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The surface of the earth is constantly in motion. The low-
ering of the earth surface over time is called land subsidence.
Land subsidence is a local phenomenon on a global scale and
is often problematic in the context of human societies.

Much of the problematic land subsidence is human-
induced, with major causes being the extraction or mining
of resources and the drainage and loading of soft soils. This
implies that human behavior also is often the key to mitigate
the negative impact of land subsidence on society. Scientists
contribute to this mitigation by quantifying subsidence, ex-
ploring its root causes, and identifying possible coping strate-
gies.

Facilitating scientists in exchanging ideas and sharing re-
search results and inspiring stories has always been the aim
of the International Symposia on Land Subsidence. Orga-
nized by a local organizing committee under the auspices of
the UNESCO International Hydrological Programme (IHP)
and the UNESCO Land Subsidence International Initiative,
already nine successful symposia have been held since the
first in Tokyo (Japan) in 1969. Following symposia were held
in Anaheim (USA) in 1976, Venice (Italy) in 1984, Hous-
ton (USA) in 1991, The Hague (the Netherlands) in 1995,
Ravenna (Italy) in 2000, Shanghai (China) in 2005, Quere-
taro (Mexico) in 2010 and in Nagoya (Japan) in 2015. Con-
tributions to each International Symposium were published
as full papers by the International Association of Hydrolog-
ical Sciences, thereby creating an impressive collection of
papers on land subsidence, freely available and accessible.
The Dutch land subsidence community feels honored and is
excited to host the Tenth International Symposium on Land
Subsidence (TISOLS) in the Netherlands.

The Nether-lands is the only country in the world to de-
rive its name from its elevation (Nether means low-lying,
i.e. the low-lying lands). It is also arguably the country with
the longest history of human-induced land subsidence, which

started already a 1000 years ago by the systematic large-scale
cultivation of coastal marshlands. Land subsidence indeed
made our country to what it is today: an even lower lying
country with the characteristic Dutch windmill and polder
landscape, as so often depicted in world famous paintings.
Approximately 25 % of the area is below sea level and the
country relies on continuous and careful water management.
And subsidence in the Netherlands is still ongoing: caused by
geological factors, but mostly by the loading and drainage of
soft soils and the extraction of gas, salt and water. In the light
of the predicted climate-induced sea level rise, continuously
loosing elevation by land subsidence is particularly worri-
some for an already low-lying and very densely populated
country. The Netherlands in this sense is exemplar for other
coastal regions around the world that are following a similar
path.

The attention for land subsidence has steadily increased
since the First International Symposium On Land Subsi-
dence. New technologies have increased our abilities to es-
tablish the rates of subsidence over larger areas, and the pre-
dictive power of models and their spatial resolution have
improved. At the same time, more attention was given to
the economic aspects of land subsidence, and to the legal
and governance framework required to implement measures.
Ever more frequent news and media coverage on land sub-
sidence have increased global awareness of land subsidence
among the public. This is important, because subsidence re-
mains an ongoing problem, which is exemplified by frequent
discoveries of apparently new subsiding areas. There is a
continuous and growing need to obtain science-based infor-
mation and insights to understand the problem and propose
effective, acceptable and feasible strategies.

Scientists play an important role in providing the data, in-
formation, knowledge and tools to allow for well-founded
decision making. TISOLS will bring together international

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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experts from around the world to share the latest research
and insights on natural and anthropogenically induced land-
level lowering. A platform is provided to share our under-
standing of land subsidence, reliable data, and innovative
techniques. Only an integrated effort will facilitate targeted
strategies and solutions for long-term sustainable living con-
ditions in subsiding areas. TISOLS takes on the challenge of
linking geodetical, hydrological, geotechnical and geologi-
cal knowledge to policy and socially acceptable solutions.
To foster the link between the natural and social sciences and
between science and society, five thematic sessions were cre-
ated: (i) measuring and monitoring land subsidence, (ii) un-
derstanding land subsidence, (iii) modelling of land subsi-
dence, (iv) impacts of land subsidence, (v) land subsidence
coping strategies. The same themes have been used as chap-
ters in the present Proceedings of the International Associa-
tion of Hydrological Sciences.

In the winter of 2020, the world has witnessed the pan-
demic outbreak of COVID-19 or the coronavirus. Quickly it
became clear that international travelling was considerably
restricted and in the following weeks, large-scale meetings
were completely banned. TISOLS 2020, to be held from 20–
24 April 2020, had to be postponed to 2021. The new date
for TISOLS is 17–21 May 2021, hoping that by then the sit-
uation has improved enough to be able to organize a great
meeting. In the meantime, we wish all land subsidence re-
searchers around the world all the best in getting through this
corona pandemic.

While TISOLS was postponed just weeks before the orig-
inal date, the Proceedings had almost been finished. It was
decided to pursue the publication as planned to share the ex-
citing research results and to do justice to all the work per-
formed. We are very grateful to all the authors and reviewers
for their contributions and we are delighted to introduce their
work in this open access issue of the Proceedings of the Inter-
national Association of Hydrological Sciences. The Proceed-
ings contain a record of 136 papers of high quality from all
over the world. The contribution to all five themes, includ-
ing the themes focusing more on social sciences, is large.
They are all essential to deal with land subsidence and we
are grateful that we managed to link them here. We hope that
this volume of papers will furnish inspiration for land subsi-
dence research and policy formulation around the world, and
we look forward to sharing the presented research results of
these Proceedings in 2021!

TISOLS Scientific Committee

Peter A. Fokker, TNO Energy Transition and Utrecht
University, the Netherlands (Chair)
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donesia

Jan van den Akker, Wageningen Univer-
sity/Wageningen Environmental Research, the Nether-
lands

Mahmoud Bakr, Dar Al-Handasah Consultants, Egypt

Alice Aureli, UNESCO IHP

Tom Burbey, Virginia Tech, USA

Enrique Cabral-Cano, UNAM, Mexico

Dora Carreón-Freyre, UNAM, Mexico (Chair Unesco
IHP Working group on land subsidence)

Kenji Daito, Daido University, Japan

Gilles Erkens, Deltares Research Institute, Utrecht Uni-
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LTD., Taiwan
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Ger de Lange, Deltares Research Institute, the Nether-
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Abstract. Land subsidence is an anthropogenic hazard triggered by different causes, one of them is groundwater
overexploitation over aquifer systems composed for granular compressible sedimentary fill. One of the effects of
this phenomenon is the generation and reactivation of ground failures, becoming risk points for aquifer pollution
through the fast infiltration of contaminated water.

A system of failures and fractures has developed in the Aguascalientes valley since 1980’s when groundwater
overexploitation became intensive. Currently, the entire valley present regional subsidence and several ground
failures have developed; many of them crossing surficial water flows and sewage pipes, thus, inducing filtering
of domestic wastewater to the subsoil and increasing the environmental hazard for the aquifer system.

In this work, we present the results of a study to assess the surficial water infiltrations through a subsidence
related ground failure crossing a small stream, which carries domestic wastewater. Additionally, we investigate
the acquisition method of Electrical Resistivity Tomography (ERT) and the electrode placement more suitable
to detect the flow of contaminated water through the studied ground failure.

To find out the potential leakage, we use electric geophysical methods, applying Schlumberger, Wenner and
dipole-dipole arrangements with electrode separations from 2.5 to 10 m in order to explore a depth from 9 to
30 m.

The obtained results showed that the Schlumberger configuration appears to be more helpful to detect changes
in the stratigraphy toward depth, while dipole-dipole and Wenner are more suitable to detect lateral variations
such as the vertical wastewater leakage in the first 6 to 8 m depth.

Resulted resistivity models showed that in the first 10 m depth, the contaminant flow follow with a vertical
path through the ground failure, then, the it becomes horizontal, flowing through the more permeable soil strata.
Therefore, for the studied sites, the filtration of domestic wastewater through ground failure does not represent
an immediate hazard to the aquifer system. Nevertheless, ground failures crossing damaged wastewater pipes or
contaminated surficial water flows in Aguascalientes Valley, could induce the infiltration of polluted water to the
near surface strata, favoring a potential aquifer pollution in a long term.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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1 Introduction

The phenomenon of subsidence is the downward and grad-
ual vertical movement of the terrain surface, which in sev-
eral cases can promote generation of terrain discontinuities
(faults or fractures) and the reactivation of ancient geologic
faults. In Aguascalientes Valley, located in the central part
of Mexico, a process on land subsidence due to the intense
pumping of groundwater has been developing since early
1980s. (Aranda-Gómez, 1989) The related surficial discon-
tinuities spreads along the entire valley damaging construc-
tions and infrastructure. Several of this ground discontinu-
ities cross surficial water flows through which wastewater is
conduced outside the valley (Fig. 1).

In the other side, the methods of electrical prospecting
have been of help to investigate the subsoil in several prob-
lems of environmental engineering, mining, and other dis-
ciplines (Harrison-Griffiths and David-Baker, 1993; Dahlin
et al., 2007; Idowu-Olayinka, 1999). Traditional electrical
resistivity methods have been replaced by new techniques
that result in two and three-dimensional resistivity models,
and manual data acquisitions by multi-electrode and multi-
channel acquisitions, allowing a large efficiency in electrical
prospecting works (Aizebeokhai, 2010).

There are different arrangements for the electrical resis-
tivity method, the most commonly used are Dipole-Dipole,
Wenner, and Schlumberger, each of them represents advan-
tages and disadvantages regarding the resolution of the re-
sulting images and the depth of exploration, therefore, it is
necessary to understand the problem and focus on the re-
sults expected in order to select the appropriate arrangement
(Nunes et al., 2016).

In this work we present a case of study on the poten-
tial hazard represented by wastewater filtration through sub-
sidence related ground faults in the municipality of Jesús
María Aguascalientes, México, using Electrical Resistivity
Tomography (ERT). The objective of the study was assessing
the surficial water infiltrations through ground failure cross-
ing a small stream. Besides to determine the arrangement
more effective to study the intrusion of wastewater through
faults to the subsoil with the specific stratigraphy of Aguas-
calientes Valley, which consist in a sequence of alluvial and
fluvial fillings (sand gravel and silt) intercalated in strata with
different size grain contain and different consolidation grade
(Pacheco-Martínez et al., 2013).

2 Materials and methods

Nine ETR measurements were taken using three electrode
configurations (Dipole-Dipole, Schlumberger and Wenner)
to determine which electrode configuration results in a re-
sistivity model with more resolution to detect the ground fis-
sure and the possible infiltrations of the wastewater and its
flow through the subsoil.

Additionally, for each electrode configuration three mea-
surements using 24 electrodes separated 2.5, 5 and 10 m each
other were implemented, in order to determine which elec-
trode separation is the most suitable to detect the target be-
fore mentioned.

Measurements were taken in a place, at the south of Jesús
María City, which is and adjacent municipality to Aguas-
calientes, where a subsidence-related fault crosses a stream
conducting wastewater (Fig. 1).

ERT lines were placed parallel to the wastewater stream,
which is a natural channel without any type of topping on its
bed to avoid infiltrations. This channel is U-shaped of 15 m
width and 3 m depth.

Most of the wastewater flow through the loose filling (sand
and gravel) laying in the bottom of the channel, therefore, the
depth of wastewater flow that can be observed reaches just
approximately 5 cm with an estimated flow of 0.1 m3 min−1.

The geophysical equipment used for this study was an au-
tomatic resitivimeter with 24 channels to connect equal num-
ber of electrodes.

3 Results

Field data were inverted and the resulted 2D resistivity mod-
els were elaborated with the same range of values in order to
make easier their reading and interpretation. The location of
the fault along the profile in Figs. 2–4 was pointed out with
an arrow.

4 Discussion of results

Figures 2 and 3 show that the resulted resistivity models
with electrode separation of 2.5 and 5 m, report a resistive
anomaly related to the location of the fault. Besides, the re-
sistivity models allow identifying a 3–4 m thick horizontal
surficial high resistivity layer, which has continuity along the
entire profile, and it is cut by the fault. Models in these fig-
ures suggest also that with the used resolution, is no possible
to detect neither the fault plane nor the path of wastewater
flow.

Furthermore, Figs. 2 and 3 show that the dipole-dipole
and the Schlumberger configurations result in models that al-
low detecting the horizontal stratigraphy, mainly the Schlum-
berger. In these models, the characteristic interbedding of
layers of the subsoil of Aguascalientes Valley can be iden-
tified as medium-resistivity horizontal anomalies. Therefore,
the Schlumberger configuration resulted more helpful to de-
tect changes in the stratigraphy of the analyzed zones.

Figure 2 shows that the models obtained from the mea-
surements with electrode separation of 2.5 m allows to detect
more efficiently the surficial layer. Therefore, these models
allow to detect an anomaly whose shape suggests that it is
directly associated to the flow path of the wastewater. This
anomaly also suggests that the wastewater flows almost ver-

Proc. IAHS, 382, 5–9, 2020 proc-iahs.net/382/5/2020/



F. Acuña-Lara et al.: Infiltration of surface water through subsidence failure assessment 7

Figure 1. Location study site (© Google Earth).

Figure 2. Profiles with 2.5 m opening between electrode,
(a) Dipole-Dipole, (b) Wenner, (c) Schlumberger.

tically in the first 5 m (Fig. 5), then, it changes to a horizontal
direction, probably controlled by the horizontal stratigraphy
of the subsoil as reported (Hernández Marín et al., 2017).

Figure 4 presents the resistivity models elaborated from
the measurements obtained using a separation between elec-
trodes of 10 m. In the three models, there is not a clear corre-
lation of electrical anomalies with neither the fault location,

Figure 3. Profiles with 5 m opening between electrode. (a) Dipole-
Dipole, (b) Wenner, (c) Schlumberger.

proc-iahs.net/382/5/2020/ Proc. IAHS, 382, 5–9, 2020
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Figure 4. Profiles with 10 m opening between electrode.
(a) Dipole-Dipole, (b) Wenner, (c) Schlumberger.

Figure 5. Interpreted lines of wastewater flow detected with ERT
using an electrode spacing of 2.5 m, and electrode configurations of
(a) dipole-dipole, and (b) Wenner.

nor the flow of wastewater. Therefore, the needed resolution
to detect the studied targets is achieved using an electrode
separation lesser than 10 m.

5 Conclusions

The method of electrical resistive tomography proved to be
an effective tool to determine infiltration to the subsoil, how-
ever, results show that the greater the depth of exploration the
lower the resolution.

The Schlumberger configuration appears to be more help-
ful to detect changes in the stratigraphy toward depth, while
dipole-dipole and Wenner appears to be more suitable to de-
tect lateral variations such as the vertical wastewater flow in
the first 6 to 8 m depth.

The results show that the resolution needed to detect
the wastewater flow path through the subsoil is using an
electrode separation around 2.5 m and using configurations
dipole-dipole and Wenner. Nevertheless, when the electrode
separation is reduced, both the length of the profile and its
prospecting depth decrease.

More investigation is needed to understand the water flow
controlling due to the specific stratigraphy of the Aguas-
calientes valley, in order to determine the real aquifer con-
tamination risk by the flow of surface water toward the sub-
soil through the subsidence-related faults and fractures.
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Abstract. Houston, Texas, is one of the earliest urban areas to employ Global Positioning System (GPS) tech-
nology for land subsidence and fault monitoring. As of 2020, the University of Houston and the Harris-Galveston
Subsidence District have integrated over 230 permanent GPS stations into their routine GPS data processing for
regional subsidence and fault monitoring. This article summarizes the GPS geodetic infrastructure in the Greater
Houston region. The infrastructure is comprised of two components: a dense GPS network (HoustonNet) and
a stable regional reference frame (Houston20). Houston20 is realized by 25 long-history ( > 8 years) contin-
uous GPS stations located outside the subsiding area and is aligned in origin and scale with the International
GNSS Reference Frame 2014 (IGS14). The stability of the regional reference frame is below 1 mm yr−1 in all
three directions. GPS-derived ground deformation rates (2010–2019) within the Greater Houston region are also
presented in this article.

1 Introduction

For over 100 years, the city of Houston, along with the
greater metropolitan region, have been impacted by land
subsidence and fault movements. The Greater Houston re-
gion covers an area of approximately 22 500 km2 (150 km
by 150 km) and centers on Harris County (Fig. 1), the third-
most populous county in the U.S. The Chicot, Evangeline,
and Jasper aquifers are the major aquifers underlying the
Greater Houston region. Land subsidence in this region is
primarily caused by the compaction of clay lenses in the
Chicot and Evangeline aquifers throughout the region and
the Jasper aquifer in the northern part of the region due to
groundwater withdrawal (e.g., Kearns et al., 2015; Turco et
al., 2015; Kasmarek and Ramage, 2017; Qu et al., 2019).
Ground deformation associated with subsidence and fault-
ing has caused widespread damage to residential, commer-
cial, industrial buildings, and public infrastructure since the
1950s. Long-term subsidence also increases the flooding
risk, which has a particular concern in many areas within

Houston along with low-lying areas near the bayous and Gulf
coast. To prevent land subsidence that contributes to flooding
and infrastructure damages, the Texas Legislature created the
Harris-Galveston Subsidence District (HGSD) in 1975 and
the Fort Bend Subsidence District (FBSD) in 1989 to reg-
ulate groundwater withdrawal in areas within their respec-
tive jurisdictions. Subsequent to establishing these two sub-
sidence districts, the Texas State Legislature established two
groundwater conservation districts, Lone Star Groundwater
Conservation District (LSGCD) (2001) and Brazoria County
Groundwater Conservation District (BCGCD) (2005). These
were created to conserve, protect, and regulate groundwater
resources in Montgomery County and Brazoria County.

Accurate and long-term monitoring of ground deformation
is critical to establishing effective groundwater regulations
for mitigating damages due to subsidence and faulting. Prior
to the 1990s, subsidence within the Houston area was mea-
sured using levelling surveys and extensometers. The Global
Positioning System (GPS) has gradually replaced conven-
tional levelling surveying and has become the primary tool

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



12 G. Agudelo et al.: GPS geodetic infrastructure

Figure 1. HoustonNet permanent GPS stations in the Greater Houston region as of early 2020. The red lines represent active faults mapped
by USGS (Shah and Lanning-Rush, 2005); the orange filled polygons represent salt domes mapped by USGS (Huffman et al., 2004).

for subsidence monitoring in the Greater Houston region
since the 1990s.

The accuracy of GPS measurements (site velocities) does
not solely rely on GPS equipment (antennas and receivers),
but largely depends on the available regional geodetic infras-
tructure, which can be defined by two fundamental compo-
nents: a dense continuous long-history GPS network and a
stable regional reference frame. The former is often referred
to as the hardware component and the latter is referred to as
the firmware component of a geodetic infrastructure. This ar-
ticle aims to expound the geodetic infrastructure within the
Greater Houston region as of 2020.

2 HoustonNet: a permanent GPS network
consisting of over 230 stations

In the early 1990s, HGSD established a surveying network of
approximately 20 permanent GPS stations for the purpose of
subsidence monitoring. These GPS sites are also called Port-
A-Measure (PAM) stations (Zilkoski et al., 2003). PAM sta-
tions were installed on free-field and designed as a campaign-
style long-term GPS monitoring solution. On average, the

GPS data was continuously collected for one week per month
at each PAM site prior to 2005 and one week every two
months since 2005. The PAM network has continuously ex-
panded, reaching100 total stations in 2019. In addition to
the PAM GPS network, there are currently over 130 con-
tinuously operating GPS stations within the Greater Hous-
ton region. These continuous GPS stations are installed on
free-fields or one- to two-story buildings and are operated
by joint efforts of the University of Houston (UH), Texas
Department of Transportation (TxDOT), National Geodetic
Survey (NGS) at the National Oceanic and Atmospheric Ad-
ministration (NOAA), SmartNet, the City of Houston, and
other agencies.

UH and HGSD have integrated over 230 permanent GPS
stations within the Greater Houston region into their routine
data processing and analysis for subsidence and fault moni-
toring (Fig. 1). This collection of GPS stations forms a net-
work called HoustonNet.

Proc. IAHS, 382, 11–18, 2020 proc-iahs.net/382/11/2020/
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3 A stable regional reference frame: Houston20

GPS positions are initially provided as a set of coordinates
with respect to a global reference frame. In general, a global
geodetic reference frame is realized with an approach of min-
imizing the overall movements of a group of selected ref-
erence stations distributed worldwide. As a result, the GPS-
derived movements at a site with respect to a global reference
frame are often dominated by factors such as the long-term
drift and rotation of the tectonic plate on which the site is
located, glacial isostatic adjustment, and other minor secular
motions (Wang et al., 2020). Localized and temporal ground
deformation, such as subsidence and fault creeping, could be
obscured or biased by those common motions. A stable re-
gional reference frame is designed to exclude those common
ground motions and highlight localized ground deformation.

3.1 Reference stations

In the surveying and geodesy community, a regional ref-
erence frame is often developed through a simultaneous
Helmert transformation from a well-established and broadly
used global reference frame. A group of common points,
known as reference stations, are used to link these two refer-
ence frames. A stable Houston reference frame was initially
established in 2013 and tied to the International GNSS Ser-
vice (IGS) Reference Frame 2008 (Wang et al., 2013). The
regional reference frame firstly provided a platform to inte-
grate long-history GPS datasets collected by number of agen-
cies in various areas with different equipment into a uniform
reference frame. The initial reference frame was updated in
2015 by adding approximately two more years of observa-
tions from 10 reference stations (Wang et al., 2015). A recent
update was completed in 2016 with over 7 years of contin-
uous observations from 15 reference stations (Kearns et al.,
2019), which was designated as Houston16. IGS updated its
official reference frame from IGS08 to IGS14 in 2017 (Re-
bischung et al., 2016). Consequently, the reference frame of
all IGS satellite orbit products was updated to IGS14. JPL’s
GipsyX software package (Version 1.2) is employed to calcu-
late single-receive phase-ambiguity-fixed Precise Point Posi-
tioning (PPP) solutions for our routine processing (Bertiger
et al., 2010). The PPP solutions are aligned to IGS14. Thus,
a local reference frame tied to IGS14 is needed.

This study updates Houston16 by removing stations that
are no longer in operation or have poor data quality, while
adding additional reference stations to improve the overall
geographic distribution and data redundancy (Fig. 2). Since
GPS data as available in early 2020 is used for realizing the
reference frame, the updated reference frame is designated
as Houston20. The detailed methods for realizing a stable re-
gional reference frame and the criteria for selecting reference
stations are addressed in recent publications for establishing
regional reference frames in North China (Wang et al., 2018),

Figure 2. Locations and horizontal velocity vectors (referred to
IGS14) of 25 reference stations utilized to realize Houston20.

Houston (Kearns et al., 2019), and the Caribbean (Wang et
al., 2019).

3.2 Realization of Houston20

The original PPP solutions are defined in an Earth-Centered-
Earth-Fixed (ECEF) Cartesian coordinate system that repre-
sents a position as a pair of X, Y , and Z coordinates. The
ECEF-XYZ coordinates with respect to Houston20 can be
obtained by the following transformation, Eq. (1):

X(t)H20 =X(t)IGS14+ T ′x · (t − t0)+R′z · (t − t0)

·Y (t)IGS14−R′y · (t − t0) ·Z(t)IGS14

Y (t)H20 =Y (t)IGS14+ T ′y · (t − t0)−R′z · (t − t0)

·X(t)IGS14+R′x · (t − t0) ·Z(t)IGS14

Z(t)H20 =Z(t)IGS14+ T ′z · (t − t0)+R′y · (t − t0)

·X(t)IGS14−R′x · (t − t0) ·Y (t)IGS14 (1)

where X(t)IGS14, Y (t)IGS14, and Z(t)IGS14 are the ECEF-
XYZ coordinates (at epoch t) of a site with respect to the
global reference frame IGS14; X(t)H20, Y (t)H20, and Z(t)H20
are the ECEF-XYZ coordinates of the site with respect to
Houston20 at epoch t . The daily positions with respect to
IGS14 (X(t)IGS14, Y (t)IGS14, Z(t)IGS14) can be obtained by
the PPP processisng. The units of these XYZ coordinates
are meters. t0 is the epoch that aligns the coordinates with
respect to these two reference frames. t0 is fixed at 2016.0
(year) for Houston20. A site retains identical XYZ coordi-
nates at epoch 2016.0 with respect to IGS14 and Houston20.
T ′x , T ′y , T ′z R′x , R′y , and R′z are constant parameters indicating
the rates (one-time derivates) of three translational shifts and
three rotations between two reference frames along the x, y,
z coordinate axes. These seven parameters: t0, T ′x , T ′y , T ′z , R′x ,
R′y , and R′z, are listed in Table 2.

proc-iahs.net/382/11/2020/ Proc. IAHS, 382, 11–18, 2020
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Table 1. Site velocities of 25 reference stations.

Ref. Location Site Velocity Site Velocity
GPS (Degree) (IGS14) (mm yr−1) (Houston20)∗ (mm yr−1)

Long. Lat. EW NS UD EW NS UD

LESV −93.269 31.142 −12.8 −1.6 −1.2 −0.2 −0.1 0.9
OAKH −92.657 30.816 −12.6 −1.3 −3.0 −0.1 −0.1 −0.7
THHR −92.081 30.529 −12.3 −1.1 −0.8 0.1 0.0 1.6
TXAU −97.756 30.312 −12.3 −2.5 −1.3 0.1 0.4 −0.2
TXBE −97.735 28.424 −12.0 −3.4 −1.4 −0.1 −0.4 −0.4
TXBT −97.479 31.033 −12.1 −3.0 −2.0 0.5 −0.1 −0.6
TXCK −95.436 31.323 −13.4 −2.4 −1.3 −0.7 −0.2 0.4
TXCU −97.276 29.134 −12.2 −3.4 −1.8 −0.1 −0.5 −0.7
TXFL −98.142 29.161 −12.0 −2.9 0.2 0.1 0.2 1.2
TXGN −95.136 31.061 −12.5 −2.5 −2.1 0.1 −0.4 −0.7
TXH1 −96.602 30.893 −12.7 −2.4 −1.6 −0.1 0.2 −0.1
TXHP −93.865 31.334 −12.3 −0.9 −2.9 0.4 0.7 −1.5
TXLF −94.718 31.356 −12.8 −2.5 −1.4 −0.1 −0.6 0.5
TXLG −96.848 29.917 −12.3 −2.4 −2.2 0.0 0.2 −1.1
TXMX −96.524 31.595 −13.7 −2.0 −0.7 0.3 0.5 0.9
TXNA −96.539 32.042 −12.6 −2.5 −0.8 0.2 0.0 0.9
TXNC −94.669 31.668 −13.1 −1.5 −1.7 −0.3 0.4 0.3
TXPI −95.595 31.724 −13.2 −2.2 −2.2 −0.4 0.0 −0.3
TXPV −96.619 28.638 −11.9 −2.4 −1.0 0.1 0.2 0.2
TXRU −95.126 31.785 −12.6 −2.1 −2.0 0.2 0.0 0.0
TXS1 −94.128 31.526 −13.1 −1.5 −2.2 −0.4 0.2 −0.1
TXSE −97.998 29.591 −12.0 −3.0 −0.3 0.2 0.1 0.8
TXSM −97.903 29.878 −12.2 −2.5 0.1 0.1 0.5 1.2
TXTA −97.445 30.564 −12.6 −2.9 −1.1 −0.1 −0.1 0.2
TXWA −97.111 31.578 −12.4 −3.0 −1.9 0.4 −0.2 −0.4

Root Mean Square 12.6 2.4 1.7 0.3 0.3 0.8

∗ The site velocities are estimated by a linear regression fit to the displacement time series within the period from
2010 to 2019. All reference stations have a minimim 8 year dataset. The uncertainties (95 % Confidence Interval)
of the velocities are at 0.3 to 0.5 mm yr−1 for the horizontal components and 0.5 to 0.9 mm yr−1 for the vertical
component.

Table 2. Seven Parameters for Realizing Houston20.

Parameters∗ Units IGS14 to Houston20

t0 year 2016.0
T ′x m yr−1 1.4040400× 10−2

T ′y m yr−1 9.6139040× 10−4

T ′z m yr−1 7.2404862× 10−3

R′x radian yr−1
−9.8590126× 10−10

R′y radian yr−1
−1.7311089× 10−9

R′z radian yr−1 1.3205311× 10−9

∗ Seven parameters are used to transform ECEF-XYZ coordinates from
IGS14 to Houston20 according to Eq. (1). Counterclockwise rotations
of the x, y, and z axes are positive.

To study ground deformation at the Earth’s surface, firstly,
the ECEF-XYZ coordinates are transformed to Houston20
from original IGS14; secondly, the geocentric XYZ coordi-
nates are converted to a geodetic orthogonal curvilinear coor-

dinate system (longitude, latitude, and ellipsoid height) ref-
erencing the GRS80 ellipsoid; thirdly, the longitude and lati-
tude coordinates are projected to a two-dimensional (2D) lo-
cal horizontal plane for tracking surface ground deformation
in the north-south (NS) and east-west (EW) directions at each
site. The change of ellipsoid heights over time is used to de-
pict the vertical displacement (subsidence or uplift). In prac-
tice, the vertical displacements derived from ellipsoid heights
retain the same measurements as those derived from ortho-
metric heights (Wang and Soler, 2014).

3.3 Stability of Houston20

The stability of a reference frame determines its ability to ex-
trapolate station coordinates accurately into the past and the
future beyond the frame range. Since blocks of the Earth’s
crust are not strictly rigid, it is a challenge to establish stable
regional reference frames. To the most stringent users, the
stability of a reference frame defines the essence of a suc-
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cessful reference frame. In practice, the stability or precision
of a regional reference frame is often evaluated by the aver-
age velocity (root-mean-square) of all reference stations with
respect to the reference frame (e.g., Blewitt et al., 2013).

The useful lifetime of a regional reference frame depends
on its stability. According to our previous investigations, the
root-mean-square (RMS) accuracy of the PPP daily solutions
is about 3 to 4 mm in the horizontal directions and 6 to 8 mm
in the vertical direction within the Greater Houston region
(e.g., Yu and Wang, 2017; Wang et al., 2017). For Houston20,
the frame range is approximately 10 years from 2010 to
2019. According to the statistics listed in Table 1, the stabil-
ity of Houston20 is at a level of 0.3 mm yr−1 in the horizontal
directions and approximately 0.8 mm yr−1 in the vertical di-
rection. The reference frame may result in an accumulated
positional-error (uncertainty) of 3 mm in the horizontal di-
rections and 8 mm in the vertical direction over a 10 year pe-
riod, which are comparable with the RMS-accuracy (repeata-
bility) of the PPP daily solutions. That is to say, the regional
reference can be confidently used for approximately 10 years
beyond the frame window (2010–2019) without causing po-
sitional errors larger than the accuracy of daily PPP solutions.
Nevertheless, special attention should be drawn when apply-
ing Houston20 for delineating ground deformation at a sub-
millimeter per year level. The stability of the regional refer-
ence frame may be further improved in future updates when a
longer time span of observations and more reference stations
become available.

4 Subsidence derived from GPS observations
(2010–2019)

Long-term GPS observations accumulated by HoustonNet
provide fundamental datasets for delineating spatial and tem-
poral variations of ground deformation over time and space.
Figure 3 illustrates the subsidence history at several sites lo-
cated in the subsidence and groundwater regulation zones
within the Greater Houston region. The locations of these
sites are marked in Fig. 4. HGSD is divided into three reg-
ulatory areas: Area 1, Area 2, and Area 3. FBSD is divided
into two regulatory areas: Area A and Area B. The Rich-
mond/Rosenberg (R/R) area is a sub-area within the regula-
tory Area A. PAM station PA01 is located in Jersey Village, a
northwest suburb within the HGSD regulatory Area 3, which
was not scheduled for a 30 % groundwater withdrawal reduc-
tion until 2011. PA01 recorded substantial subsidence (∼ 4 to
5 cm yr−1) before the 2000s. The subsidence rate reduced to
about 2 to 3 cm yr−1 during the 2000s, and further reduced
to 1 to 2 cm yr−1 during the 2010s (Fig. 3a). The reduction
of the overall subsidence rates within the Greater Houston
Region is attributed to the reduction of groundwater with-
drawals due to HGSD and FBSD regulations (e.g., Yu et al.,
2014; Shah et al., 2018).

Figure 3. Subsidence (black) and uplift (red) time series at typical
GPS sites located in different groundwater regulation zones within
the Greater Houston region.

The subsidence time series illustrated in Fig. 3a indicate
that subsidence rate varies considerably over time and space.
The main reasons causing the spatial and temporal variations
include: differences among sites in the ratios of sand, silt, and
clay; differences of previously established pre-consolidation
heads over space; and differences in rates and amount of
groundwater withdrawal over space and time. In general,
subsidence associated with groundwater pumping does not
follow a strict linear trend over a long-term period (e.g.,
> 10 years) (Fig. 3a). However, a linear trend is still an ef-
ficient tool for assessing subsidence over a time span be-
tween five to ten years (Wang et al., 2017). Figure 4 illus-
trates the estimated subsidence-rate contours and horizontal
velocity vectors derived from GPS observations during the
last decade (2010–2020). The velocities are referred to Hous-
ton20. The contour map clearly depicts a spatial pattern of
the ongoing subsidence. Subsidence in downtown Houston
and Galveston County (HGSD Areas 1, 2) has ceased; slight
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Figure 4. Map depicting subsidence-rate contours (mm yr−1) and horizontal velocity vectors (with respect to Houston20) derived from GPS
observations within the period from 2010 to 2019. The colored areas represent the groundwater regulation zones.

land rebound (∼ 1 to 3 mm yr−1) has been recorded at sev-
eral sites located in HGSD Area 1, Area 2, and FBSD Area B
(Fig. 3b). However, rapid subsidence (> 1 cm yr−1) is occur-
ring in The Woodlands (LSGCD), Jersey Village and Spring
(HGSD Area 3), and Katy (FBSD Area A) areas. Moder-
ate subsidence (between 4 mm yr−1 and 1 cm yr−1) is taking
place in a large part of Montgomery County, northwest Har-
ris County, and Fort Bend County (Fig. 4).

The horizontal velocity vectors depicted in Fig. 4 suggest
that only a few sites experienced localized horizontal move-
ments larger than 1 mm yr−1 over the past decade. Several
GPS stations adjacent to fault lines show approximately 3 to
5 mm yr−1 horizontal motions, which may be associated with
localized faulting and subsidence activities. The applications
of the regional geodetic infrastructure in urban faulting stud-
ies are illustrated in a recent article (Liu et al., 2019).

5 Summary and Conclusions

This study summarized the geodetic infrastructure in the
Greater Houston region. The primary product from this study
is the determination of the seven parameters (Table 2) needed
for converting the ECEF-XYZ positional coordinates from
IGS14 to Houston20. The regional geodetic infrastructure
provides a consistent platform for studying local ground de-
formations over space and time and serves the broad research
and surveying communities. For example, geologists and hy-
drologists may apply HoustonNet data and the regional refer-
ence frame to study ground deformation due to faulting, salt
dome uplift, drought, aquifer deformation, seasonal hydro-
logic and atmospheric pressure loading; meteorologists may
use HoustonNet data to study regional water vapor profiles
that are critically important for improving numerical weather
prediction models for forecasting hurricanes; civil engineers
may apply the rigorous reference frame to conduct long-term
structural health monitoring for critical structures, such as
high-rise buildings, highway bridges, dams, and levees. The
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regional geodetic infrastructure also makes it possible to inte-
grate observations from different remote sensing techniques
(e.g., GPS, InSAR, LiDAR, Photogrammetry) to a unified
geodetic reference and enables multidisciplinary and cross-
disciplinary research.

The frame stability of Houston20 is approximately
0.3 mm yr−1 in the horizontal directions and 0.8 mm yr−1 in
the vertical direction. Houston20 can be confidently used for
10 years beyond the frame window from 2010 to 2019. Spe-
cial attention should be drawn when applying Houston20 for
delineating sub-millimeter per year ground deformation. The
regional reference frame will be incrementally improved and
synchronized with future updates of IGS reference frames.
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Abstract. In shield tunnel boring machine constructions, backfill pressure affects surface settlement and the
stability of other underground structures nearby. Therefore, it is essential to pre-calculate backfill pressure in
the design stage. This study examines and compares the seven internationally known backfill pressure calcula-
tion theories and calculates and analyzes the backfill pressures in six virtual ground conditions. The calculated
backfill pressure increased as the ground cover increased, but the increase rate decreased. Also, this study per-
forms a numerical analysis to identify the impact on ground settlement and tunnel crown settlement. In the end,
settlement was more impacted by face pressure than backfill pressure in the unsaturated and saturated ground
conditions. Also, as the ground cover increased, the impact of backfill pressure decreased, and as the applied
face pressure decreased, the impact of backfill pressure increased.

Figure 1. Tail void in shield machine (Moeller, 2006).

1 Introduction

Recently, tunnel excavations through the blasting method
cause many complaints in cities due to noise and vibrations,
leading to the rise of shield TBM (tunnel boring machine)
that assembles segment lining while preventing the collapse
of top ground with a shield at the same time as tunnel ex-
cavation. The shield TBM method is advantageous for ur-
ban excavations because of its less noise and vibration, and
guarantees the stability of the structures at the top of the tun-
nel impacted by ground movement at the time of tunneling.
Moreover, the method has less risk of underground water in-

flow into the tunnel during tunnel excavation even under a
high ground water pressure(level) in an unconfined aquifer.

With this shield TBM method, an annular empty space is
created inevitably(hereafter referred to as tail void) caused by
the difference between the outer diameter of the shield and
the outer diameter of the primary segment lining at the time
of tunnelling, due to the mechanical characteristics of shield
machine as shown in Fig. 1. Therefore, backfilling the tail
void is an essential step for the shield TBM method. Backfill
pressure refers to the pressure injecting the backfilling ma-
terial into the tail void to prevent surface settlement during
the shield TBM excavation. Too much or too small backfill
pressure may cause uplift or settlement of the ground, affect-
ing the stability of the top structure. Also, such pressure may
transform the ground condition, or affect other underground
structures in the adjoining underground space, such as the
foundation, tunnel, or pipes. Therefore, appropriate backfill
pressure according to the ground conditions is important to
apply the shield TBM method safely.

This study examines and analyzes the backfill pressure cal-
culation theories (models) that have been studied and sug-
gested so far. By applying these models, this study calculates
the backfill pressure for each model to prevent surface settle-
ment of the top ground excavated through a shield TBM at
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the design stage in various virtual ground conditions. After-
wards, the calculated backfill pressure was applied to a nu-
merical analysis to comparatively analyze the impact of the
differences in backfill pressures in different models on the
settlement of the ground and tunnel crown according to the
ground conditions and ground cover.

2 Backfill pressure calculation theory

Backfill pressure is estimated based on the shield TBM face
pressure (lateral earth pressure), or corresponding to the ver-
tical (normal) stress and water pressure applied to the TBM
crown. Therefore, this study presents and analyzes the theo-
ries calculating backfill pressure in two types: theories based
on the bearing pressure (face pressure, lateral earth pressure)
applied to the tunnel face, and other theories based on the
normal stress on the tunnel crown.

2.1 Backfill pressure calculation theories based on face
pressure (lateral earth pressure)

Gatti and Cassani (2007) proposed the following methods
to minimize surface settlement at the time of urban tunnel-
ing using the shield TBM: pressure control in the chamber,
ground improvement, quantity control in the backfill injec-
tion and injection pressure management. They suggested that
backfill injection pressure (σinj) should be calculated larger
than the sum of the lateral earth pressure and water pressure
applied to the center of the tunnel face in order for it to avoid
convergence of the cavity and uniformly inject backfill mate-
rials. Their proposed calculation is shown in Eq. (1). Here, u,
γ ′, H , D means hydrostatic pressure, effective unit weight,
ground cover of tunnel, tunnel diameter, respectively. K , the
coefficient of earth pressure, is proposed to be larger than
the static coefficient of earth pressure obtained through the
Jaky’s law.

σinj > u+

[
γ ′

(
H +

D

2

)
·K

]
, (1)

Daniele Peila (personal communication, 2010) experientially
proposed backfill pressure (σinj) as 0.5 bar plus the applied
face pressure (σface, bar), as shown in Eq. (2).

σinj = σface+ 0.5, (2)

Oyanguren Ramirez (personal communication, 2010) pro-
posed backfill pressure (σinj) to be the applied face pressure
(σface) multiplied by 1.5–1.8, as shown in Eq. (3).

σinj = (1.5− 1.8) · σface, (3)

Based on field data in Korea, generally the minimum backfill
injection pressure (σinj) should be estimated 1–2 bar larger
than the applied face pressure (σface, bar), as shown in
Eq. (4). Such empirical method will be referred to as Em-
pirical equation, hereafter.

σinj = σface+ (1− 2 bar) , (4)

2.2 Backfill pressure calculation theories based on
normal stress

Wittke (2007) proposed backfill pressure (σinj) to be the value
corresponding to the normal stress (σv) applied to the tunnel
crown, as shown in Eq. (5).

σinj = σv, (5)

Biosca and Bono (2008) proposed backfill pressure (σinj) as
the value of the normal stress (σv, bar) applied to the tunnel
crown added by 0.5–1.0 bar, as shown in Eq. (6).

σinj = σv+ (0.5− 1.0 bar), (6)

Mollon et al. (2013) suggested backfill pressure (σinj) as the
value of the normal stress (σv) applied to the tunnel crown
multiplied by 1.2, as shown in Eq. (7).

σinj = 1.2× σv, (7)

3 Setting virtual ground conditions

This study set six virtual ground conditions as shown in Ta-
ble 1. There are three unsaturated ground conditions (Cases
1–3) where the tunnel is excavated above the ground wa-
ter level, and three saturated ground conditions (Cases 4–6)
where the tunnel is excavated below the ground water level.
According to each case, soil (ground) properties such as unit
weight (γ ), cohesion (c), and internal friction angle (ϕ) were
varied as shown in Table 1.

The tunnel excavation conditions were set as shown in
Fig. 2. Ground cover (C in Fig. 2) was 30 m, tunnel excava-
tion diameter (D = b in Fig. 2) was 8.3 m, and ground water
level from tunnel crown (hw in Fig. 2, limited only to Cases
4–6) was 50 m.

4 Ground and crown settlements according to the
changes in backfill pressure

This study applies the different backfill pressures calculated
by a model to a numerical analysis to investigate the effect of
the backfill pressure values on the ground and crown settle-
ment (ground movement) caused by shield TBM tunnel exca-
vation. For this, MIDAS GTS NX was selected as the ground
numerical analytical program that similarly models the entire
analysis process of shield TBM tunnel excavation in three
dimensions. In addition, segment lining assembly and grout
hardening processes were applied for each analysis step.

The ground conditions were applied for the numerical
analysis: on even ground, 40 m width, 90 m length along the
tunnel excavation direction, 8.3 m excavation diameter, 1.5 m
excavated tunnel length, and three different ground covers
(10, 20, 30 m representingC in Fig. 2) from the tunnel crown.
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Table 1. Ground conditions

γt (kN m−3) γsat (kN m−3) c (kN m−2) ϕ (◦) Condition

Case 1
19 –

0 35
UnsaturatedCase 2 5 30

Case 3 10 25

Case 4
– 20

0 35
SaturatedCase 5 5 30

Case 6 10 25

Table 2. Face and backfill pressure for numerical analysis (Case 5).

Ground Cover 10 m 20 m 30 m

Face Pressure (kPa)
Max Min Max Min Max Min

673 619 772 729 874 835

Backfill Injection Pressure (kPa)

Gatti and Cassani 685 685 845 845 1005 1005
Daniele Peila 723 669 822 779 924 885
Oyanguren Ramirez 1111 1021 1274 1203 1442 1378
Empirical equation 823 769 922 879 1024 985
Mollon et al. (2013) 840 840 1080 1080 1320 1320
Wittke (2007) 700 700 900 900 1100 1100
Biosca and Bono (2008) 775 775 975 975 1175 1175

Figure 2. TBM Tunnel Excavation Conditions.

The segment lining thickness and backfill grouting thickness
were 30 and 20 cm, respectively. In the saturated conditions,
the water level (hw in Fig. 2) was modelled at 50 m above
from the tunnel crown. Figure 3 shows the numerical analy-
sis model when the ground cover was 20 m.

4.1 Calculation of face pressure and backfill pressure
applied to numerical analysis

Face pressure and backfill pressure for numerical analysis
were calculated in each of Case 1–6. The aforementioned
seven theories (4 models based on face pressure + 3 models
based on normal stress) were applied to calculate backfill in-
jection pressure. Three models of Murayama (1966), Anag-
nostou and Kovari (1996), DIN 4085 (1987) and an empiri-
cal equation proposed by the Japanese Geotechnical Society

Figure 3. Numerical modelling.

were applied to calculate face pressure, after which the maxi-
mum and minimum face pressures were applied to each. This
study investigated total six cases (Table 1), but the findings of
Case 5 was only presented and discussed as the prime case.
Other cases showed similar trends. Table 2 show the applied
face pressure and backfill pressure for model according to the
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Table 3. Ground settlement according to face and backfill pressure (Case 5).

Ground Cover 10 m 20 m 30 m

Face Pressure (kPa) Max Min Max Min Max Min

Ground Settlement (mm) Face Final Face Final Face Final Face Final Face Final Face Final

Gatti and Cassani (2007) 7.00 20.83 7.28 21.08 5.58 16.10 5.76 16.31 4.28 11.76 4.41 11.93
Daniele Peila (personal
communication, 2010)

6.99 20.79 7.28 21.10 5.58 16.11 5.77 16.34 4.29 11.80 4.43 11.98

Oyanguren Ramirez
(personal
communication, 2010)

6.94 20.42 7.24 20.76 5.50 15.90 5.69 16.13 4.19 11.58 4.34 11.77

Empirical equation 6.98 20.69 7.27 20.99 5.56 16.06 5.75 16.29 4.27 11.75 4.41 11.94
Mollon et al. (2013) 6.98 20.69 7.26 20.94 5.53 15.99 5.71 16.19 4.22 11.63 4.35 11.80
Wittke (2007) 6.99 20.81 7.28 21.07 5.57 16.08 5.75 16.28 4.26 11.72 4.39 11.89
Biosca and Bono (2008) 6.98 20.69 7.27 20.99 5.55 16.04 5.73 16.24 4.25 11.69 4.38 11.86

Average 6.98 20.70 7.27 20.99 5.56 16.04 5.74 16.25 4.25 11.70 4.39 11.88

Settlement 13.72 (66.3 %) 13.72 (65.4 %) 10.48 (65.4 %) 10.52 (64.7 %) 7.45 (63.7 %) 5.80 (42.8 %)

Table 4. Crown settlement according to face and backfill pressure (Case 5).

Ground Cover 10 m 20 m 30 m

Face Pressure (kPa) Max Min Max Min Max Min

Crown Settlement (mm) Face Final Face Final Face Final Face Final Face Final Face Final

Gatti and Cassani (2007) 9.30 30.61 9.95 31.19 9.63 42.06 10.29 42.75 9.30 30.61 9.95 31.19
Daniele Peila (personal
communication, 2010)

9.29 30.53 9.95 31.23 9.63 42.07 10.29 42.77 9.29 30.53 9.95 31.23

Oyanguren Ramirez
(personal
communication, 2010)

9.25 29.72 9.91 30.49 9.60 41.92 10.26 42.64 9.25 29.72 9.91 30.49

Empirical equation 9.28 30.31 9.94 31.01 9.62 42.03 10.28 42.74 9.28 30.31 9.94 31.01
Mollon et al. (2013) 9.28 30.31 9.93 30.89 9.61 41.98 10.27 42.67 9.28 30.31 9.93 30.89
Wittke (2007) 9.30 30.58 9.95 31.16 9.62 42.04 10.28 42.73 9.30 30.58 9.95 31.16
Biosca and Bono (2008) 9.29 30.42 9.94 31.01 9.62 42.01 10.28 42.71 9.29 30.42 9.94 31.01

Average 9.28 30.35 9.94 31.00 9.62 42.01 10.28 42.72 9.28 30.35 9.94 31.00

Settlement 21.07 (69.4 %) 21.06 (67.9 %) 32.40 (77.1 %) 32.44 (75.9 %) 35.73 (77.3 %) 35.77 (76.3 %)

changes in ground cover in Case 5. In the numerical analysis,
for example, the maximum and minimum face pressure were
applied to each ground cover in Case 5. The seven backfill
pressures were applied (total 3× 2× 7= 42 cases) to calcu-
late ground settlement and crown settlement caused by shield
TBM excavation.

4.2 Numerical analysis and results

4.2.1 Ground settlement

Table 3 shows the ground settlements for Case 5 under 10, 20
and 30 m ground covers, maximum and minimum face pres-
sures, and seven backfill pressure models. “Face” in Table 3
indicates the settlement when the shield TBM face reaches

the observation point and “Final” in Table 3 means the fi-
nal settlement after tunnel excavation. When compared with
Case 2 in unsaturated conditions (even though the results are
not described in this paper due to the page restriction), the
impact of applied face pressure and backfill pressure was
smaller because water pressure mostly comprised the face
pressure and backfill pressure calculations.

When compared in quantitative values, settlement by
backfill grouting with 10 m ground cover, maximum face
pressure, and Ramirez model (largest backfill pressure,
1111 kPa), was 13.48 mm (20.42–6.94 mm in Table 3), and
with the Wittke model (smallest backfill pressure, 700 kPa),
settlement was 13.82 mm (20.81–6.99 mm in Table 3). With
minimum face pressure and Ramirez model (largest back-
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fill pressure, 1021 kPa), settlement by backfill grouting
was 13.52 mm, and with the Wittke model (smallest back-
fill pressure, 700 kPa), it was 13.79 mm. With maximum
face pressure, settlement by changed backfill pressure was
0.00083 mm kPa−1 and with minimum face pressure, it was
0.00050 mm kPa−1. When obtained with the ground cov-
ers of 20 and 30 m and maximum face pressure applied, it
was 0.00029 and 0.00013 mm kPa−1, respectively. With min-
imum face pressure, it was 0.00022 and 0.00024 mm kPa−1,
respectively. As in the unsaturated conditions, the higher the
ground cover increased, the lower the impact of backfill pres-
sure decreased on ground settlement. Unlike in the unsatu-
rated conditions, the impact was slightly larger with maxi-
mum face pressure.

4.2.2 Crown settlement

Table 4 shows the crown settlements for Case 5 under 10,
20 and 30 m ground covers, maximum and minimum face
pressures, and seven backfill pressure models. The analysis
shows similar results as in the case of ground settlement.

In the quantitative comparison, the settlement by the
changed backfill pressure was 0.00197 mm kPa−1 with
10 m ground cover and maximum face pressure. It was
0.00118 mm kPa−1 with minimum face pressure. With the
ground covers of 20 and 30 m, the settlement was 0.00027
and 0.00007 mm kPa−1 with maximum face pressure, re-
spectively, and 0.00134 and 0.00117 mm kPa−1 with min-
imum face pressure, respectively. When compared with
ground settlement in the unsaturated conditions, the impact
of backfill pressure generally increased particularly within
the maximum face pressure scenario, presumably because of
the instant impact of backfill pressure on the crown, rather
than ground, as the calculated backfill pressure increased ac-
cording to face pressure.

4.2.3 Discussion on the numerical analysis

The impact of applied face pressure was bigger on final
settlement on the ground and crown than that of backfill
pressure both in the unsaturated and saturated conditions
within the situation we applied. Ground movement by ap-
plied face pressure and applied backfill pressure was simi-
lar, but displacement immediately occurred as backfill pres-
sure applies on the crown rather than ground. As ground
cover increased on the ground and crown, the impact of back-
fill pressure decreased, and as the applied face pressure de-
creased, the impact of backfill pressure increased. However,
in the unsaturated conditions, ground settlement increased as
ground cover increased, but settlement decreased in the sat-
urated conditions, presumably because relaxed load applied
as ground cover increased. On the contrary, crown settlement
increased both in the unsaturated and saturated conditions
as the ground cover increased because crown settlement in-

stantly reacted to the application of tunnel excavation and
backfill pressure.

5 Conclusions

1. In the unsaturated conditions, the crown reacted more
sensitively to backfill pressure than the ground. As the
ground cover increased, the impact of backfill pressure
on ground and crown settlement decreased. In the nu-
merical analysis with varying face pressure, the impact
of backfill pressure increased on ground settlement as
face pressure decreased.

2. In the saturated conditions, the crown reacted more sen-
sitively to backfill pressure than the ground, as in the
unsaturated conditions. As the ground cover increased,
the impact of backfill pressure decreased on ground and
crown settlement.

3. In the unsaturated conditions, ground and crown settle-
ment increased as the ground cover increased. But in
the saturated conditions, ground settlement decreased
as the ground cover increased. This is probably because
it does not instantly react to tunnel excavation unlike
crown settlement, and as the ground cover increased,
a relaxed load applies to decrease settlement. On the
contrary, crown displacement is instant according to the
application of tunnel excavation and backfill pressure,
leading to increasing settlement according to the ground
cover.
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Abstract. The Dutch height system, called Normaal Amsterdams Peil (NAP), is realized purely trough level-
ing between designated benchmarks. In a cycle of 10 years secondary NAP benchmarks, generally located in
buildings and civil engineering structures, are surveyed to provide actual and reliable heights. However, leveling
campaigns are very labor-intensive and take a lot a of time, resulting in high costs. Furthermore, the planning of
secondary leveling is based on limited prior knowledge. Instead of yearly leveling of each bench mark within a
region, the strategy could be optimized such that deforming areas are visited more often and stable areas less.
Trends estimated from historical NAP data could be used, but these provide insufficient information about sta-
bility and reliability of published heights. Therefore we propose to use a nationwide deformation map derived
from InSAR satellite data to optimize the planning of the secondary leveling campaigns. By using InSAR de-
formations combined with information of the NAP benchmarks such as measurement date, type and location, a
planning tool has been developed. The first targeted leveling of NAP benchmarks using this tool is planned for
2020.

1 Introduction

The Normaal Amsterdams Peil (NAP) is the Dutch reference
system for physical heights. The realization of the system is
formed through a network of 1st order benchmarks that are
founded on the Pleistocene sand layer, ensuring for an as sta-
ble as possible basis height for secondary measurements (e.g.
de Bruijne et al., 2005). The heights of the primary network
have been determined relative to the datum point in Amster-
dam by nationwide precise levelings. The network of bench-
marks is further densified by secondary leveling campaigns,
resulting in a secondary network consisting of about 35 000
benchmarks that are publicly accessible. To make sure that
these NAP benchmarks have actual and reliable heights, the
heights are updated in a cycle of 10 years. In areas subject to
deformation, such as northern Groningen or Zuid-Limburg,
the update frequency is twice as high, such that the difference
between the actual height and the published height remains
small. As the average distance between secondary bench-
marks is about 1 km, the yearly amount of levelling is about
3500 km.

The current strategy has several limitations. Firstly, lev-
eling campaigns are very labor-intensive and take a lot of
time, resulting in high costs. Furthermore, the planning of
secondary leveling campaigns is based on limited or no prior
knowledge about actual deformation. Trends estimated from
historical NAP heights could be used, but these do not pro-
vide sufficient information about stability and reliability of
published heights. The planning strategy of the leveling may
be optimized such that areas affected by deformation are
measured more often than areas that are stable. Deformation
rates estimated from space geodetic techniques, more specif-
ically Interferometric Synthetic Aperture Radar or InSAR,
can provide the information to base the planning of leveling
upon.

In 2019 Rijkswaterstaat has tendered and awarded the pro-
duction of a nationwide InSAR based deformation map. This
deformation map will be estimated from data acquired by the
Sentinel-1 satellite mission. At the time of writing, a nation-
wide deformation map of the Netherlands was not yet avail-
able. In this paper the strategy is tested using a deformation
map estimated from RADARSAT-2 data.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Schematic overview of the InSAR based planningtool.

Based on the deformation map, areas may be identified
that should be prioritized in updating the NAP heights, such
as mining or gas extraction areas. Instead of selecting large
scale areas this way, we estimate the deformation of indi-
vidual NAP benchmarks from InSAR measurements that are
close to or on the object in which the NAP benchmark is lo-
cated.

The aim of this study is to optimize the planning of the
NAP leveling campaigns, rather than to obtain “true” defor-
mation rates of the NAP benchmarks. Estimates of the defor-
mation rate are not used to update the published NAP height,
but are used to obtain the year that a benchmark has to be
measured again by leveling.

A schematic overview of the concept of the developed
strategy is shown in Fig. 1. The input datasets, discussed in
Sect. 2, are combined to obtain an estimate of the deforma-
tion at the NAP benchmark. Then the estimated rate is used to
obtain the total amount of deformation since the benchmark
was last measured by leveling and find the year that this de-
formation would exceed the targeted threshold of 1 cm. This
is outlined in Sect. 3. Section 4 deals with the clustering of
the benchmarks that have been identified for resurveying. Fi-
nally, Sect. 5 gives an outlook to further study.

2 Input data

The developed strategy is tested for the province of Lim-
burg situated in the south of the Netherlands. Especially the
southern part of this province, Zuid Limburg, is affected by
strong deformations as a result of rising groundwater lev-
els in the former mining areas (e.g. Bekendam and Pöttgens,
1995; Caro Cuenca et al., 2013). For this study the NAP point
location and point type information are combined with In-
SAR to obtain an optimal estimate of the deformation at the
NAP benchmarks. This information will form the input for
the planning of the levelling. The NAP and InSAR data sets
are discussed in detail below.

2.1 NAP benchmarks

The set of NAP benchmarks for which the deformation rate is
estimated is limited to benchmarks that have been measured
in the last 10 years. Within the test area the last levelings
were done in 2012 and, in the most southern part, in 2016.
The current NAP publication also contains benchmarks with
a measurement date before 2008, but these are not consid-
ered in the estimation. The main reason for this is that these
benchmarks have a higher chance to be selected for resurvey
due to the long measurement time since the last levelling.
This would mean that the first year the new strategy is used, it
would be mainly focused on leveling the oldest benchmarks.
Furthermore, the longer a benchmark has not been revisited
the higher the uncertainty whether the benchmark still exists.

Secondary order NAP points are generally situated in
buildings or civil engineering structures (bridges, weirs,
locks) that are well-founded. A small part of the bench-
marks is located in smaller buildings like electricity houses
or in a trig point at ground level, which are generally less
well-founded. Therefore, a distinction is made here between
benchmarks that are located in buildings and benchmarks not
located in buildings. The same distinction is also made for
the InSAR data (Sect. 2.2) allowing to discard measurements
at ground level that are affected by shallow subsidence.

The horizontal positioning accuracy of the NAP bench-
marks is about 10 m. This is sufficient to find a point in the
terrain (combined with a description and a picture), but is
not accurate enough to use building outlines to make the dis-
tinction between buildings and non-buildings. Instead it was
done using the frequently used abbreviations in the point de-
scription (such as HS = house). This means that points lack-
ing such a description are wrongly classified resulting in a
less accurate estimate of the deformation rate.

2.2 InSAR PS

In this study use is made of a deformation map derived from
RADARSAT-2 imagery acquired over the southern part of
the Netherlands between June 2010 and October 2014. The
images were processed according to the persistent scatterer
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(PS) interferometry technique (Ferretti et al., 2001). The re-
sulting PS are natural stable reflectors throughout a stack of
SAR images on which the displacement van be accurately
estimated from the phase differences. The dataset used here
has been provided by Ministry of Economic Affairs and Cli-
mate Policy and was used for a study described in Project-
group GS-ZL (2016). The reported standard deviation of the
estimated deformation rates is 0.35 mm yr−1, the estimated
relative horizontal positioning accuracy of the PS is about
5 m.

For the distinction between building/non-building use is
made of an esri shapefile containing building outlines, which
is part of the Dutch registration of addresses and buildings
(BAG). The nationwide InSAR deformation map will also
include the height of the PS above ground level. This infor-
mation may be used to further classify the origin of the scat-
terer.

3 Estimation of deformation and thresholding

For the prediction of deformation rates at the location of NAP
points the interpolation technique Squared Inverse Distance
Weighting (Shepard, 1968) is used. The maximum interpola-
tion distance depends on the density of PS within the vicinity
of the NAP benchmark.

Projectgroup GS-ZL (2016) used the same dataset to pre-
dict the deformation rate at the location of NAP benchmark.
In their study they used Kriging with a maximum radius of
400 m. In this study a smaller maximum interpolation dis-
tance is used. Ideally, when a benchmark is located in a build-
ing, only the PS on that building would be used. However, as
the positional accuracy of the NAP points is rather low and
cannot be easily linked to a specific building, PS that are in
close proximity of the benchmark are used. As mentioned
in the previous section a distinction is made between build-
ings and non-buildings. Figure 2 shows an example where
the estimated rate of the benchmark is affected by a PS on the
ground close to the documented position of the NAP point,
whereas the actual location of the benchmark is at the front
of the church. Although the position of the NAP benchmark
is incorrect, using only PS on buildings close to benchmark
gives in this case a much better estimation of the deforma-
tion.

The interpolation is tested for maximum radii of 25, 50
and 100 m. It was found when a radius of 25 m is used, no
rate could be obtained for a large number of benchmarks.
This may be caused by a lack of reflections on the object con-
taining the benchmark, or by an error in the position of the
benchmark. Differences between using a interpolation dis-
tance of 50 m or 100 m were small, both for the number of
benchmarks for which a rate is estimated and for the estimate
deformation rate itself. Therefore, a maximum interpolation
distance of 50 m is used here.

Figure 2. Example where the estimated rate of the benchmark is
affected by a PS on the ground close to the documented position
of the benchmark, whereas the actual location is at the front of the
church.

A disadvantage of using the Squared IDW method is that
an outlier or low quality point close to the location of a NAP
point has a large impact on the estimated rate. To find out-
liers the predicted rates are compared to rates estimated from
NAP height time series of the benchmark. An example of an
suspected outlier strongly affecting the estimated deforma-
tion rate is shown in Fig. 3. In order to deal with low qual-
ity points the quality measure which is given for each PS
can be included in the IDW method. Commonly used qual-
ity measures are either the fit of the estimated displacements
to a temporal model (e.g. combination of linear and seasonal
model) or the temporal coherence of the PS.

The final estimated rate of the NAP points, shown in Fig. 4,
is used to compute the total deformation since the last level-
ing of the benchmarks. Then the NAP benchmarks can be
selected that show a deformation larger than a predefined
threshold. Here a threshold of 1 cm is used. However, select-
ing the benchmark this way means that benchmarks showing
a deformation slightly less than 1 cm are not selected, but
may be located near stronger deforming benchmark. This
might mean that the area would have to be resurveyed the
next year. Therefore, the year for which the threshold is ex-
ceeded is computed and used in the clustering of groups of
benchmarks to be updated.

Based on the RADARSAT-2 InSAR dataset, the total num-
ber of benchmarks to be measured in 2020 with a targeted
threshold of 1 cm is 340. This is 18 % of the total number of
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Figure 3. Example where a suspected outlier in the InSAR PS data
strongly affects the estimated deformation at the NAP point. The
outlier was identified by comparing the estimated rates from InSAR
with rates estimated from NAP height time series.

Figure 4. Result of the estimation of deformation at the locations
of the NAP benchmarks.

Figure 5. Clustered groups and individual benchmarks to be mea-
sured in 2020. Benchmarks that exceed the threshold in 2021 and
2022, but are located close to clustered groups need to be measured
as well.

benchmarks within the test area. Whether this is a large num-
ber can only be assessed when the strategy can be applied
on the whole nationwide dataset. Obviously, the workload is
much less when the target threshold is set to 2 cm. In that
case the number of benchmarks to be updated is 73 (4 %).

4 Clustering

The majority of the benchmarks that have been identified in
the previous section are located within the former mining
area that is affected by deformation due to rising ground-
water levels. These benchmarks can be connected by lev-
elling within a large network. However, a large number of
benchmarks are isolated from others and cannot be easily
connected to a levelling network. Therefore, the benchmarks
are divided in groups of points belonging to individual net-
works and isolated points, based on some predefined rules
such as maximum distance and minimum number of points.
In this example we used a maximum distance of 2 km and a
minimum of 2 points.

The clustering consists of several steps. First, the points to
be measured in 2020 are selected and distances between near-
est points are computed. Then points that are within 2 km are
connected to form a network. This network is then buffered
and overlapping networks are connected to a single network
to form a stronger network in terms of reliability and re-
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dundancy. Finally the buffered networks are intersected with
benchmarks to be measured in 2021 and 2022 to prevent a
yearly revisit in the same area for a smaller number of points.
This is both more cost-efficient and leads to a more reliable
levelling network.

The clusters that are found in this manner are shown in
Fig. 5. The clusters are the input for the planning of the lev-
eling network. Groups of benchmarks are to be connected
to 1 order benchmarks to obtain a stable connection to the
NAP datum. For isolated points a different strategy could be
followed. In the same way that InSAR is used to identify the
deformation of NAP benchmarks, it could be used to identify
benchmarks that are stable. Then the isolated benchmarks
may be connected to at least 2 stable benchmarks. Alterna-
tively, the NAP point could be flagged in the publication as
unstable or be removed from the publication altogether.

5 Outlook

The next step to an operational use of the developed strategy
is to refine the various parameters using the Sentinel-1 na-
tionwide deformation map when this becomes available. Pa-
rameters to be optimized include the maximum interpolation
distance and the maximum distance used for the clustering
of benchmarks to be updated. Furthermore, it is to be seen
whether the target threshold of 1 cm maximum deformation
of a NAP point is feasible or even necessary from a user per-
spective. An improvement in the estimation of the deforma-
tion of NAP benchmarks could be obtained if the position
accuracy of the benchmarks can be improved and if the type
classification (such as building versus non-building) can be
enhanced.

In the new update strategy smaller leveling networks than
in the current strategy will be surveyed. This means that the
networks will be connected to fewer 1st order benchmarks.
This limits the possibility to test the stability of these 1st or-
der benchmarks in a constrained least squares adjustment, as
can be done in larger leveling networks. A new precise na-
tionwide leveling may be the only way to update the heights
of 1st order benchmarks, relative to the datum point in Am-
sterdam. Finally, a large number of 2nd order benchmarks
will not be resurveyed for longer periods, especially when
they are found to be stable. This means that inspections may
become necessary to flag benchmarks that have disappeared
due to construction work or cannot be reached due to ob-
struction.

Data availability. The InSAR results based on the RADARSAT-2
SAR data were provided by the Ministry of Economic Affairs and
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Abstract. Subsidence can now be routinely mapped on a national scale thanks to ESA’s Sentinel-1 sensors and
advanced scalable SqueeSAR® processing. In order to be integrated into existing monitoring programmes, the
SqueeSAR® datasets can be calibrated with GNSS measurements. The dense spatial coverage of SqueeSAR®

deformation maps captures local deformation phenomena, and with appropriate calibration, can advance the
understanding of regional deformation trends. The regular and reliable SAR image acquisitions by Sentinel-
1, as well as significant improvements in the scalability of SqueeSAR® processing allow regular updates of
deformation maps on a national scale. Filtering the large amount of data for relevant information is achieved by
using an algorithm to detect changes in displacement trends.

1 Introduction

The Sentinel-1 satellites of the European Space Agency
(ESA) are acquiring SAR images since late 2014, and are
the first (civilian) sensors specifically designed for surface
deformation monitoring over large areas. The Sentinel-1
image stacks have been used to produce the deformation
maps presented here, which have been processed using TRE
ALTAMIRA’s advanced InSAR processing algorithm called
SqueeSAR®. Significant improvements in computing power
and adapting the SqueeSAR® processing to cloud comput-
ing allow regular updates of nationwide InSAR deformation
maps. The calibration methodology presented here provides
a way to integrate InSAR deformation maps with GNSS
measurements. The results show examples from some of the
yearly updated national deformation maps currently provided
for Denmark, Japan, France and California (US) (e.g. Ferretti
et al., 2019). Furthermore, examples from Tuscany are pre-
sented, where as part of a continuous monitoring programme,
regional deformation maps are updated every two weeks. To
retrieve relevant information from this large amount of data,
the maps are filtered with a trend change detection algorithm
to highlight areas of significant deformation (Del Soldato et
al., 2019).

2 Methodology

SqueeSAR® is a proprietary multi-interferogram technique
(Ferretti, 2014; Ferretti et al., 2011), providing high precision
measurements of ground displacement by processing multi-
temporal satellite SAR images acquired over the same area,
from the same acquisition geometry. By means of a statis-
tical analysis of amplitude and phase data, the SqueeSAR®

technique can select a sparse grid of image pixels, which can
be used as a “natural geodetic network” to study and monitor
slow surface deformation phenomena, with a precision of a
few millimetres (Ferretti, 2014).

2.1 2-D Displacement Data

As any other InSAR analysis, the SqueeSAR® technique
measures the projection of the displacement vector affect-
ing each radar target along the satellite’s line of sight (LOS)
(Ferretti et al., 2019). However, a proper combination of
SqueeSAR® results obtained from two different acquisition
geometries (i.e. ascending and descending), acquired over
the same area in the same temporal period, allows one to
estimate 2-D measurements, along vertical and east-west di-
rection.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Decomposition of LOS displacements into vertical and
horizontal components from images acquired in ascending and de-
scending orbits.

This methodology requires the same target to be visible
from both ascending and descending orbits: a condition not
met very often in real-life scenarios. To overcome this lim-
itation, the constraint of the radar target is relaxed: the area
of interest is split into small patches of terrain and the mea-
surements of all measurement points within the same cell
are averaged, creating just one “pseudo-PS”. The combina-
tion of the results and the estimation of the 2-D displacement
time series is then performed for each cell containing data
from both acquisition geometries (Ferretti, 2014; Teatini et
al., 2011).

It should be noted that, since the acquisition dates usually
differ from one dataset to another, the displacement measure-
ments of each “pseudo-PS” are interpolated and re-sampled
on a common temporal grid. For Sentinel-1 data, the spatial
grid used for the estimation of 2-D displacement data is typ-
ically 80 × 80 m, while the sampling step in time is usually
kept equal to 12 d.

2.2 Wide area monitoring with InSAR (SqueeSAR®)

Compared to InSAR analyses over areas of interest of hun-
dreds or a few thousand square kilometres, Wide Area Pro-
cessing (WAP) is characterized by four main challenges (Fer-
retti et al., 2019):

Atmospheric effects – It is well known that the variance of
atmospheric effects increases with the distance from a refer-
ence point (Ferretti, 2014; Hanssen, 2001). Moreover, iono-
spheric effects can become more significant. It is then ex-
tremely important, for the generation of high quality InSAR
results over wide areas, to reduce the impact of this kind of
disturbances, by using prior information (e.g. using GNSS
data) or numerical weather models (Yague-Martinez et al.,
2016).

Data mosaicking – in WAP, it is mandatory to deal with
data mosaicking, to avoid introducing inconsistencies in
combining results obtained from a number of independent
“processing sites”. As a minimum, for Sentinel-1 data ac-
quired in TOPS mode, the processing algorithm should not
introduce any phase variations passing from one burst to an-
other (Yague-Martinez et al., 2016).

Computational burden – It is somewhat obvious that what
is feasible when running a multi-interferogram approach on
30 images acquired over an area of interest of 100 km2 can
become extremely challenging, if not impossible, when ex-
tended to 300 000 km2 covered by thousands of SAR images.
Requirements on data storage, processing times, number of
CPUs involved, and speed for data transfer can change by or-
ders of magnitude. Although cloud computing can indeed be
the solution, it is worth recalling that a proper and efficient
use of the cloud requires bespoke software development, at
least for complex processing chains, which can have major
impact on processing costs.

All three points mentioned above, were carefully consid-
ered when developing the new processing chain for wide area
processing used to generate the InSAR results presented in
this paper.

2.3 SqueeSAR® calibration using GNSS networks

Calibration with other measurements, such as GNSS data, is
essential to validate and to tie nationwide InSAR data into
existing monitoring programmes. In order to limit the im-
pact of spurious regional trends on the estimated displace-
ment data, it is recommended to rely on several GNSS sta-
tions to calibrate the SqueeSAR® datasets. An example of
the calibrated SqueeSAR® results for the Denmark national
deformation map is shown in Fig. 2, with the GNSS stations
marked in red.

The calibration methodology can be applied to both LOS
measurements and the derived vertical and east-west compo-
nents. The following outlines the main steps in the calibration
procedure:

Time series filtering: GNSS time series are filtered using
a moving average to reduce noise in the measurements. The
time series of SqueeSAR® measurement points within a cer-
tain radius of each GNSS station (e.g. 200 m) are averaged.

Low frequency phase component: during the initial
SqueeSAR® processing, the large-scale low frequency phase
patterns are removed, to avoid biases caused by uncompen-
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Figure 2. GNSS calibrated vertical deformation over Denmark. GNSS stations are shown in red.

sated atmospheric components. To recover low frequency
patterns due to real motion, first the difference in average ve-
locity (linear trend) between each average SqueeSAR® time
series and the corresponding filtered GNSS station time se-
ries was calculated. These differences were then used to esti-
mate a first order surface (plane), which was subtracted from
the SqueeSAR® data. This ensures that SqueeSAR® mea-
surement points now also contain the low frequency com-
ponent of the motion that was removed during the initial
SqueeSAR® processing.

Calibration: this step ties the two measurement techniques
together and references the relative SqueeSAR® measure-
ments to the reference of the GNSS network. The proce-

dure involves the generation of a time series of residuals,
which is derived from comparing the averaged SqueeSAR®

time series to the corresponding GNSS time series for each
GNSS station. All the time series of residuals are then av-
eraged to define a common time series of residuals (cRTS).
This cRTS represents the movement of the local SqueeSAR®

reference points with respect to the GNSS reference frame.
The cRTS was then removed from every SqueeSAR® mea-
surement point time series.

The flow chart in Fig. 3 is a summary of these steps.

proc-iahs.net/382/31/2020/ Proc. IAHS, 382, 31–37, 2020
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Figure 3. Overview of the steps in the calibration procedure.

3 Results

The following examples are taken from the national
SqueeSAR® map for California (US), which was calibrated
with GNSS data, from the national SqueeSAR® map for
Japan, which was not calibrated with GNSS data and from
the SqueeSAR® monitoring service provided to the region
of Tuscany (Italy), which is updated every two weeks.

3.1 Aquifer related subsidence in San Joaquin Valley,
California (US)

Nationwide ground deformation maps can deliver unique in-
formation by constraining the spatial extent of large-scale
ground deformation phenomena, such as the subsidence in
San Joaquin Valley, California, shown in Fig. 4. It is well
established that land subsidence in San Joaquin Valley is a
danger to infrastructure, such as bridges, and that it has been
caused by a combination of anthropic and natural factors,
such as water pumping for agriculture and droughts (Faunt
et al., 2016). In fact, water overdraft and the subsequent land
subsidence over San Joaquin Valley already started in the
1920s, and became a widespread concern in the 1950s, when
the water levels were lowered at unprecedented rates (Ireland
et al., 1981). Since land use, surface-water availability and
aquifer recharge vary, land subsidence across the valley is
heterogenous, which makes monitoring crucial for managing
the risk posed to infrastructures (Faunt et al., 2016). The na-
tionwide ground deformation map created with SqueeSAR®,
based on Sentinel-1 SAR images, reveals these heteroge-
nous patterns. The vertical displacement time series in Fig. 4
demonstrate the different subsidence behaviours at two lo-
cation, which appear to be influenced by varying degrees of
aquifer recharge.

3.2 Post-seismic subsidence in Kumamoto (Japan)

Monitoring ground deformation on a large spatial scale ben-
efits from GNSS calibration, since the calibration allows low
frequency components of motion to be included. However,

Figure 4. Map of the subsidence observed over California’s St
Joaquin Valley. Location is indicated on the overview map in the
bottom left corner. Time series in the graph below show the differ-
ence in subsidence behaviour at location A compared to location B.

if no GNSS data are available, large scale phenomena can
still be detected, such as the deformation occurring in the
aftermath of the earthquakes in April 2016 in Kumamoto,
Japan, shown in Fig. 5. This example was taken from the
SqueeSAR® national deformation map for Japan, which is
based on Sentinel -1 SAR images (Ferretti et al., 2019).

The ground displacement patterns shown in Fig. 5 match
well with the results of ALOS-2 interferometry published by
Fujiwara et al. (2016). The structures shown in Fig. 5 are

Proc. IAHS, 382, 31–37, 2020 proc-iahs.net/382/31/2020/



C. A. Bischoff et al.: Nationwide deformation monitoring 35

Figure 5. Maps showing (a) vertical and (b) east-west displacement
rates between December 2015–June 2018 over Kumamoto, Japan.
The location is indicated on the overview map in bottom right cor-
ner. Black lines show faults inferred from ALOS-2 SAR interfer-
ometry by Fujiwara et al. (2016). The time series shows vertical
displacement at location C, indicated in map a).

Figure 6. LOS deformation map from the continuous monitoring
service provided to the region of Tuscany (Italy). The location is
indicated on the overview map in bottom right corner. The violet
markers highlight SqueeSAR® measurement points that display a
significant recent trend change in their displacement. The time se-
ries is an example of a measurement point highlighted by the trend
change algorithm.
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secondary faults interpreted from the results of the ALOS-2
interferograms by Fujiwara et al. (2016). According to the
authors, these faults form a graben group and are not directly
related to the main faults on which the earthquakes occurred.
The SqueeSAR® time series in Fig. 5 shows that there is
approximately −15 mm vertical displacement between April
and December 2016. A second phase of relatively fast verti-
cal displacement started in March 2017, however the cause
for this is unknown (see time series in Fig. 5). From June
2017 onwards, the area appears to stabilise.

Fujiwara et al. (2016) point out that there remains a ques-
tion as to whether these secondary fault systems could be-
come “primary” earthquake faults in the future. While there
is currently no concrete answer for this, Fujiwara et al. (2016)
suggest that preparing for the possibility is important. Rou-
tinely monitoring displacement using InSAR may help to
better understand and predict the behaviour of these struc-
tures.

3.3 Local subsidence in the region of Tuscany (Italy)
automatically detected by a trend change algorithm

Despite the benefits of a dense spatial coverage of
SqueeSAR® measurement points over wide areas, filtering
the data for relevant information can become challenging.
This is especially important if deformation maps are up-
dated more regularly, such as for the service provided to the
region of Tuscany (Italy), where SqueeSAR® deformation
maps based on Sentinel-1 SAR images are updated every
two weeks. This continuous monitoring generates a stream
of data that needs to be filtered for significant changes in the
displacement trends. This task is currently performed by an
automatic trend change detection algorithm. Variables such
as the magnitude of the trend change deemed significant, or
the time period considered, can be changed depending on the
phenomena of interest (Del Soldato et al., 2019).

The map in Fig. 6 shows the displacement rate along as-
cending LOS, over an industrial area in the Montemurlo Mu-
nicipality, Tuscany. The time series in the graph in Fig. 6
shows that after negative displacement started in Decem-
ber 2016, there has been another more recent trend change,
which was highlighted by the trend change algorithm.

The negative displacement in LOS shown in Fig. 6 is likely
to be related to the over-pumping of water to meet the needs
of local textile factories, which are numerous in the Monte-
murlo Municipality (Del Soldato et al., 2019). The displace-
ment pattern observed in this industrial estate (see Fig. 6) is
discussed as a case study in more detail by Del Soldato et
al. (2019).

4 Conclusions

Deformation can now be mapped routinely on a national
scale with the frequent and reliable coverage provided by
ESA’s Sentinel-1 SAR sensors, both in LOS and vertical- and
east-west direction. Producing these maps is possible with
bespoke cloud-based software using the SqueeSAR® algo-
rithm, which allows scalable processing of the large SAR im-
age stacks. By calibrating the SqueeSAR® data with absolute
GNSS data, the deformation maps can be integrated into ex-
isting monitoring programmes. Furthermore, GNSS calibra-
tion allows the monitoring of large-scale, low frequency de-
formation patterns with unprecedented spatial resolution. In
addition, the great amount of data generated in this way can
be filtered for recent localised displacement trend changes,
as for example caused by landslides.
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Abstract. The analysis of the vertical movements of the soil in the Po River plane of the Emilia-Romagna
Region (Italy) was updated through an interferometric analysis referred to the 2011–2016 time-span. This activity
is a continuation of previous studies on the state of knowledge of vertical soil movements in the same area,
analyzed firstly by levelling and GNSS and more recently by SAR interferometry for the periods 1992–2000,
2002–2006, 2006–2011, on behalf of the Emilia-Romagna Region. The survey area analysed was approximately
13 300 km2, which corresponds to the territory of the regional plain. The interferometric dataset was calibrated
through the use of velocity time series of several permanent GNSS stations. Among the 36 stations analysed, 22
were included in the study area: 16 were used for the calibration and 6 as check points). The velocities required
for the calibration of the SAR analysis were calculated in the period following the important seismic events that
struck the territory of the Emilia Romagna Region in May 2012. The interferometric analysis was carried out
by TRE ALTAMIRA using the SqueeSAR™ technology. In particular, in order to update the interferometric
dataset to 2016, it was necessary to perform a joint processing of the available RADARSAT-1 data and of the
data acquired by the RADARSAT-2 satellite using a specific operating mode of the SqueeSAR™ algorithm
known as stitching; this approach allowed the joint processing of images acquired in the same geometry by these
two satellites. The study of the time series of the GNSS permanent stations used to provide the velocity datum
to the interferometric analysis, is described, and the results of the SqueeSAR™ interferometric processing are
reported. Statistical analyses on the spatial distribution and the type of scatterers have been performed during the
screening and validation procedures of the dataset, and for the identification and removal of the outliers. Finally,
the resulting map is described in order to analyse the measured soil movements with respect to the results
obtained in past analyses, and the possible geological and human-induced causes, which could have produced
them.
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1 Introduction

This work focuses on the alluvial plain of the Po River
valley, Emilia Romagna region (Italy). This sedimentary
basin has been affected by a widespread land subsidence
of both natural and anthropogenic origin, studied since sev-
eral decades (Caputo et al., 1970; Arca and Beretta, 1985).
Ongoing natural factors (i.e. tectonic, consolidation, oxida-
tion, organic soils shrinkage) still contribute a few mm yr−1.
Human-induced subsidence reaches higher values and it is
mainly due to the groundwater exploitation. It was mostly
intense after World War II, mainly because of groundwater
pumping and, subordinately, because of the gas production
from a number of deep onshore and offshore gas reservoirs
(Teatini et al., 2006). During the second half of the 20th cen-
tury, several cm per year were observed in the Po River delta
and in the Bologna area, where a significant decrease of the
subsidence is observed in the last period, as pointed out by
this analysis.

2 Materials and methods

Since the 1950s, different agencies handled the subsidence
monitoring in the Emilia Romagna region by geodetic level-
ling surveys. The campaigns have been initially performed in
the localized areas where the phenomenon had become par-
ticularly evident, without the benefit of a consistent geode-
tic network design at regional scale. Over the years, different
approaches were adopted, comprising three main techniques:
geodetic levelling, GNSS and SAR interferometry.

2.1 Subsidence monitoring in Emilia-Romagna region:
previous activities

In 1999, ARPA-Emilia-Romagna (Regional Agency for En-
vironmental Prevention in Emilia-Romagna Region), in col-
laboration with University of Bologna, designed and insti-
tuted a network of 2300 levelling benchmarks, connected to
60 GNSS stations; it was the first integrated regional-scale
monitoring geodetic network (Bitelli et al., 2000). Both the
levelling and the GNSS networks were surveyed in 1999; the
GNSS survey was repeated in 2002.

During the successive campaigns, different techniques
have been integrated. In 2005, the high precision geode-
tic levelling of a subnet of the 1999 network (more than
1000 benchmarks), and the radar interferometric analy-
sis (PSInSAR™ – Permanent Scatterers SAR Interferom-
etry, by TRE – Tele-Rilevamento Europa) have been inte-
grated to update the subsidence measurements (Bissoli et
al., 2010). PSInSAR™ analysis was conducted using Euro-
pean Space Agency’s (ESA) ERS1 and ERS2 data for the
interval 1992–2000; data from ESA’s Envisat and Canadian
Space Agency’s Radarsat (RSAT) satellites have been pro-
cessed for the 2002–2006 period. The SqueeSAR™ technol-
ogy (developed by TRE ALTAMIRA) was further applied

Figure 1. The workflow from data acquisition to final map produc-
tion.

on RSAT ascending data for the 2006–2011 campaign. No
geodetic levelling surveys were performed during this period.
Seventeen GNSS-derived positioning time series were pro-
cessed both for inserting the whole survey in an international
geodetic datum and for the calibration and validation of the
SqueeSAR™ results. After sub-sampling on a 100 × 100 m
grid based on the radar coherence, the final dataset was com-
posed of about 320 000 PS (Permanent Scatterers) and DS
(Distributed Scatterers) points, more than double the number
of points derived from the 2002–2006 dataset. Geostatistical
interpolation methods were applied to compute a dense regu-
lar grid (100 m × 100 m) of ground vertical movements cov-
ering the Emilia-Romagna Po River plain (Bitelli et al., 2014)
and to subsequently generate a contour-based thematic map
by isokinetic isolines with a contour interval of 2.5 mm yr−1.

The workflow process is described in Fig. 1; the same ap-
proach has been adopted, with some fine-tuning, in the pro-
cessing of the 2011–2016 campaign.

2.2 Data collection for 2011–2016 period

The interferometric analysis for the 2011–2016 period, cov-
ering the territory of the Emilia-Romagna regional Po River
plain (red polygon in Fig. 2), was carried out by TRE
ALTAMIRA using the SqueeSAR™ technology. The radar
dataset includes imagery from RADARSAT-2 (RSAT) and
COSMO-SkyMed (CSK) in ascending geometry with a res-
olution of 20 m × 5 m and 3 m × 3 m respectively (Table 1);
the delimitation of the areas for the six tracks is shown in
Fig. 2.
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Figure 2. The area covered by the 6 tracks of processed radar data.

Table 1. The 6 tracks of processed radar with their area (km2) and
point density (dens.: points km−2).

ID Track Sat. Area Dens.

1 Piacenza RST 4715 62
2 Parma CSK 573 1456
3 Bologna RST 4715 40
4 Mirandola RST 3726 23
5 Ravenna RST 9738 48
6 Rimini RST 269 50

2.3 GNSS analysis and SAR data calibration

Radar data calibration was performed using measurements
from GNSS stations, following the basic approach of the pre-
vious campaign. A network of 16 permanent GNSS stations
within the study area was used to perform an accurate SAR
calibration. An additional 6 permanent GNSS stations were
used as control. The movements of the 22 permanent ref-
erence stations (inside the blue area of Fig. 3b) have been
processed within a reference European network, depicted in
Fig. 3a.

2.4 Outlier detection and geostatistical analysis

Prior to the generation of the subsidence map, a thorough
statistical analysis was performed in order to identify out-
liers in the acquired dataset. Any potential outlier could de-
grade the subsidence estimation. In this scenario, an outlier
is an anomaly of a single radar target, or a small group of
radar targets, with a low spatial correlation to surrounding
radar targets. Therefore, their vertical movement is deemed
to be unrelated to subsidence phenomena, and ascribed to

Table 2. Comprehensive list of radar targets before (Origin) and
after (COH. ≥ 0.7) the application of coherence threshold.

ID Track Origin COH. ≥ 0.7

1 Piacenza 141 987 140 894
2 Parma 1 285 490 1 252 127
3 Bologna 166 358 166 295
4 Mirandola 34 262 34 262
5 Ravenna 325 871 322 400
6 Rimini 20 182 20 154

Total 1 974 150 1 936 132

problems related to interferometric processing or local de-
formation such as thermal deformation or the construction of
new structures, buildings or roads. Outlier detection is both a
crucial and delicate process, carried out through the applica-
tion of statistical procedures and an objective approach. The
process needs the evaluation and control of an experienced
operator.

The dataset was preliminary filtered by the selection of a
subset of points that present coherence stability in the time
series. The density of those points is obviously higher in ur-
ban areas than in the vegetated ones. In our case, the selected
coherence threshold was set to 0.7 after several analysis on
study area and from previous experiences: any scatterer, per-
manent or distributed, with a coherence (COH.) lower than
0.7 was discarded from further processing (Table 2).

The total number of points preserved for further process-
ing was 1 936 132 after having discarded 1.93 % of points.
Considering each track, the largest percentage of points were
discarded from the Parma track, which is the track with the
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Figure 3. (a) GNSS permanent stations used as reference to frame
the Emilia-Romagna geodetic network within the International Ter-
restrial Reference Frame (ITRF14). (b) Locations of the GNSS per-
manent stations processed for data SAR calibration. In blue the
study area.

Figure 4. Spatial distribution of 338 isolated outliers within the
study area.

highest density realized by CSK. No points were discarded
from the Mirandola track (Tables 1 and 2).

An automatic procedure was used to isolate the outliers
from the filtered dataset. The procedure estimated a predicted

Figure 5. Spatial distribution of outliers in cluster within the area
of the case study.

Table 3. Outliers detection in 2 steps.

Step Input Outlier Ratio

1 1 936 132 19 226 1.0 %
2 1 916 906 2412 0.1 %

Output 1 914 494 21 638 1.1 %

displacement speed at each point and compared its value
against the measured displacement speed. The analysis was
performed with the use of Kriging algorithm: an exact in-
terpolator for the optimal estimation of a measurement dis-
tributed over an area. All the values are estimated using the
available observations and providing a reliability information
for each known value. Then, the results obtained by the in-
terpolation derived from the Kriging processing are used as
input to a Cross Validation (CV) phase. CV is the procedure
that computes the value of each point and relies on spatially
adjacent data; the difference between the predicted value and
the measured value is defined as a residual.

The procedure was performed iteratively in two subse-
quent steps, with the results shown in Table 3. At each step,
the points with the standard deviation of the residual value
greater than the defined 5σ threshold were classified as out-
liers. The remaining points, below the threshold, were kept
for the next step.

This analysis identified a total of 21 638 outliers, equal to
1.1 % of the input dataset. Two procedures were applied for
further validation before discarding the outliers. A total of
338 outliers were identified as isolated, with less than 5 valid
points within a radius of 500 m (Fig. 4). After a careful val-
idation by a direct inspection, 24 of them were reintroduced
in the output dataset.

A total of 1784 outliers were identified as grouped in
clusters, potentially representing significant local phenom-
ena such as new construction. After an automatic approach
using density maps in a GIS analysis and further validation,
about 33 % of them were reintroduced in the output dataset
for a total of 1 915 122 points.
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Figure 6. Updated subsidence map of Emilia-Romagna region with isokinetic isolines.

In a final step, 2341 points were removed from the dataset
after a supervised analysis that identified local phenomena
unrelated to subsidence. The final dataset is then composed
by 1 912 781 points.

3 Results and discussion

The 1 912 781 points of the final dataset were processed with
geostatistical interpolation methods (Kriging) to produce a
dense regular grid of ground vertical movements with a reso-
lution of 100 m × 100 m, which is a useful resolution to rep-
resent the phenomenon. The grid was then clipped and only
cells inside the Emilia-Romagna plain were preserved, as in
the previous steps a narrow buffer around the in-land bound-
ary was considered in order to reduce border effects. A the-
matic map showing isokinetic isolines was finally generated
with a contour interval of 2.5 mm yr−1 (Fig. 6).

Compared to the precedent 2006–2011 time interval in-
vestigated (Bitelli et al., 2014), subsidence has decreased in
a large portion of the Emilia-Romagna plain, and in some
places a small rate of uplift was indicated (green areas in
Fig. 6). Quite impressive is the change in some parts close to
Bologna area, where a strong subsidence has been recorded
until the recent past (Bitelli et al., 2014). Uplift seems to be
related to a large and fast rising in piezometric level, due to
a reduction in pumping from water wells (ARPAE, 2018).
Uplift recorded in the western part of the study area was also

registered in all the previous surveys and is related to tectonic
movements (Cenni et al., 2012).

4 Conclusions

The land subsidence results for 2011–2016 period, described
in this paper, update the long history of measurements of
vertical movements for the Po River plain that began in the
1950s. Different evolving approaches and technologies were
adopted for these studies over this period. The use of modern
SAR interferometry techniques, combined with accurate ver-
ification and validation procedures, demonstrate the strength
of this approach over very large regions. In particular, the
integration with GNSS was crucial for the calibration.

The results derived from this study indicate continued
subsidence in some areas of the Emilia-Romagna region,
whereas a reduction in the subsidence rate and even uplift
was indicated in other areas.
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Abstract. Land subsidence associated with groundwater-level declines is stipulated as an “undesirable effect”
in California’s Sustainable Groundwater Management Act (SGMA), and has been identified as a potential issue
in San Diego, California, USA. The United States Geological Survey (USGS), the Sweetwater Authority, and
the City of San Diego, undertook a cooperative study to better understand the hydromechanical response of the
coastal aquifer system using Interferometric Synthetic Aperture Radar (InSAR) techniques. Three periods of
interest were analyzed for this study that correspond to the periods before and after two substantial changes were
made to the location and volume of pumpage: (1) April–August 2016 when groundwater levels and land sur-
face elevation were relatively stable during normal pumping, (2) September 2016–May 2017 when groundwater
levels recovered and the land surface uplifted during a period of substantially reduced pumping, (3) June 2017–
October 2018 when groundwater levels declined and land subsidence occurred when pumpage resumed and
expanded to new wells. Spatial and temporal characterization of the hydromechanical response to changes in
pumpage is important for managing land subsidence. Further study using InSAR techniques, especially when
combined with ground-based geodetic and monitoring-well networks, will provide water managers information
to help effectively manage groundwater resources as stipulated in the SGMA.

1 Introduction and background

Groundwater is an important source of water supply for
the San Diego metropolitan areas serviced by the Sweet-
water Authority (SWA). The SWA is a publicly-owned wa-
ter agency and provides agricultural, municipal, and domes-
tic water supply for approximately 190 000 people within
a 93 km2 area. SWA supplies 70 % of demand from lo-
cal supplies; the remaining 30 % is imported from the Col-
orado River, State Water Project, or Sacramento-San Joaquin
Delta (Sweetwater Authority, 2019). In contrast, local wa-
ter sources for the greater San Diego area have accounted
for only about 10 % of demand; the remaining 90 % is im-
ported (Danskin, 2006). In order to maintain a reliable sup-
ply of water and decrease the reliance on imported water,
the SWA expanded its Richard A. Reynolds Groundwater
Desalination Facility (Sweetweater Authority, 2019). Recent

state-wide emphasis on developing alternative water supply
has provided the SWA with grant funding to expand its de-
salination programs, in part by drilling new wells perforated
in brackish groundwater that had previously been considered
unusable for human consumption (Danskin, 2006). Pumpage
from these new wells has the potential to cause groundwater-
level declines, compaction of the aquifer system, and resul-
tant land subsidence in densely populated areas. Because
land subsidence is specifically described as an “undesir-
able result” in California’s Sustainable Groundwater Man-
agement Act (SGMA), the SWA and the City of San Diego
began a cooperative study with the United States Geologi-
cal Survey (USGS) to better understand the hydromechanical
response of the coastal aquifer system under varying hydro-
logic conditions.
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Figure 1. Study area showing Continuous GPS (CGPS) sites, highways, rivers, and Sweetwater River basin, San Diego, California, USA;
(a) Continuous GPS (CGPS) and InSAR time series relative to first CGPS data point at P473; (b) CGPS and InSAR time series relative
to first CGPS data point at P475; (c) stacked interferogram for 21 April 2016–20 October 2018 (excluding 22 May–27 June 2017) with
wells, InSAR time series locations, and InSAR detected lineament; and (d) InSAR timeseries, monthly pumpage volumes and water levels.
Sweetwater River Basin modified from Danskin and Church (2005). Basemap is NAIP imagery from 2014, Universal Transverse Mercator
projection, zone 11N, North American Datum of 1983 (NAD 83).

2 Description of study area

The Sweetwater River basin (Fig. 1) is a major alluvial basin
in the San Diego area. The arid basin has a topographic relief
that ranges from sea level on the west near San Diego Bay

(Fig. 1), to more than 1500 m on the east. The groundwa-
ter system from which pumpage occurs primarily consists of
gravel, sand, silt, and clay (United States Geological Survey,
2019), and comprises two units; a shallow unconsolidated al-
luvial system estimated to be as much as 100 m thick, and a
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deeper semi-consolidated system estimated to be as much as
400 m thick. The contact between the shallow alluvial system
and the deeper system is uncertain; however, a geochemi-
cal analysis indicated that while production wells extract wa-
ter from both the shallow and deep systems, a majority of
pumpage comes from the deeper part of the coastal aquifer
(Danskin and Church, 2005).

3 Interferometric synthetic aperture radar methods

Interferometric Synthetic Aperture Radar (InSAR) is a
satellite-based remote sensing technique that is used to pro-
duce maps of land-surface-elevation change called interfero-
grams. Synthetic Aperture Radar (SAR) imagery is produced
by reflecting radar signals off a target area and measuring
the 2-way travel time. An interferogram is then generated by
differencing (interfering) two SAR images of the same area
taken at different times to map the relative change in appar-
ent line-of-site distance (range change) between the ground
and the satellite. Range change is then converted to vertical
elevation change using the look angle from the satellite to the
target area.

InSAR signal quality is dependent on atmospheric effects,
topography, and other factors. The principal source of er-
ror in the InSAR method applied to the San Diego area re-
sults from atmospheric artifacts caused by non-uniform at-
mospheric water vapor in the form of clouds or fog, and by
variable land-surface elevation (higher elevations have less
atmosphere). Water vapor slows the radar signal, making the
ground appear farther away, and can lead to erroneous de-
formation interpretations (Zebker et al., 1997). A secondary
source of error in the InSAR imagery results from the paral-
lax effect of measuring a point on the ground from two differ-
ent locations in space (each satellite pass) and becomes more
pronounced in areas with steep topographic relief. The rela-
tively flat topography of the Chula Vista area (where land de-
formation was measured) compared to the surrounding hills
and steep cliffs along the coast indicates topography-related
errors are not likely to adversely affect land deformation in-
terpretations. Sneed et al. (2014) describe InSAR methodol-
ogy in more detail.

SAR imagery from the European Space Agency’s
Sentinel-1A satellite was used for InSAR analysis. Sixty
SAR images with acquisition dates between April 2016 and
October 2018 were obtained, and more than 125 interfero-
grams were processed for this study. Twenty-one interfero-
grams with time spans ranging from 12 d to about 8 months
were of suitable quality to be used in the analysis. Interfero-
grams in this study had a spatial resolution of approximately
10 m due to the 10 m resolution of the digital elevation model
used for georeferencing and terrain corrections during pro-
cessing. The high spatial resolution of InSAR imagery can
be coupled with ground-based geodetic monitoring networks
to help improve the accuracy of land deformation measure-

ments at specific locations and can also be used to identify
locations where new geodetic benchmarks could be installed
for more detailed analysis.

To assess the quality of InSAR data, Continuous
GPS (CGPS) data from Scripps Orbit and Permanent Ar-
ray Center (2019) and University Navigation Satellite Timing
and Ranging Consortium (2019) were compared to InSAR
results for 2016–2018 at 4 CGPS sites distributed throughout
the San Diego area: two inland sites, and two coastal sites.
A representative inland site (P473; Fig. 1a) and a represen-
tative coastal site (P475; Fig. 1b) are presented in this re-
port. Day-to-day CGPS height solutions varied by as much
as about 30 mm, which is likely the result of variable atmo-
spheric conditions, random walk noise, and other effects not
related directly to land-surface-elevation change (Zerbini et
al., 2001; Williams et al., 2004; Langbein, 2008). To min-
imize this high-frequency noise and to enable better com-
parison between CGPS heights and InSAR measurements, a
31 d moving average was applied to the CGPS heights; re-
moving day-to-day variations and maintaining seasonal and
long-term deformation trends. Vertical changes at the inland
CGPS sites compare favourably with InSAR time series; the
two datasets show similar trends, and the difference between
CGPS and InSAR data over comparable periods is gener-
ally less than about 5 mm (Fig. 1a). InSAR results from the
coastal sites compare less favourably with CGPS data, where
CGPS and InSAR data can differ by up to about 40 mm
(Fig. 1b). Because the area near P475 has high topographic
relief (this site is near a cliff adjacent to the ocean), it is
suspected that InSAR results at this site were degraded by
spatially localized topographic or atmospheric artifacts that
could not be readily removed. Despite the increased devia-
tions, the variance for InSAR and CGPS data for this coastal
site are similar, and both datasets indicate relative stability
for the majority of the study period. Overall, the comparisons
provide confidence in the measurements of land deformation
using InSAR.

4 InSAR reveals deformation in the San Diego area

The twenty-one interferograms were examined individually
for time-series analysis and stacked to generate a deforma-
tion history between April 2016–October 2018, with only a
single 36 d gap during May–June 2017. Deformation was as-
sumed to be zero during this gap. The resultant stacked inter-
ferogram (Fig. 1c) reveals an elongate north-south trending
land subsidence feature (about 1.5 km by 8 km) where at least
10 mm land subsidence occurred. The feature is in a densely
populated area approximately bounded by the Sweetwater
River on the north, Otay River on the south, San Diego Bay
to the west, and Interstate 805 on the east (Fig. 1). The area
of maximum land subsidence within this feature occurs at its
northern extent near the city of Chula Vista, where as much
as about 75 mm of land subsidence occurred (PT2, Fig. 1c
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and d). A 0.50 km by 0.25 km uplift feature is also noted just
northwest of the land subsidence feature (Fig. 1c), where as
much as about 45 mm uplift occurred about 1.5 km north of
Chula Vista (PT1, Fig. 1c and d).

The stacked interferogram indicates a roughly northwest-
southeast trending lineament that partially limits the lateral
extent of deformation (Fig. 1c). This lineament partially de-
fines the western lateral extent of the land subsidence feature,
and the eastern lateral extent of the uplift feature discussed
previously. In alluvial basins like those in the San Diego area,
the high spatial resolution of InSAR imagery can be used
to infer the locations of groundwater-flow barriers where
groundwater pumping occurs in compressible deposits and
causes differential water levels, and therefore land defor-
mation, across the barrier. Faults commonly are barriers to
groundwater flow caused by the juxtaposition of consolidated
rocks against water-bearing deposits, or from the displace-
ment of preferential flow paths in water-bearing deposits
(Galloway et al., 1999). Further investigation is needed to
better understand the mechanisms that limit the lateral extent
of differential land deformation.

5 Relation of pumpage, groundwater levels and land
deformation timeseries

The relation between pumpage, groundwater levels, and land
subsidence was analyzed to better understand the hydrome-
chanical response of the coastal aquifer system during peri-
ods of varying pumping strategies. In September 2016 and
June 2017, the SWA made substantial changes in the loca-
tion and volume of groundwater pumpage, resulting in three
periods of interest for analysis: April–August 2016, Septem-
ber 2016–May 2017, and June 2017–October 2018.

During the first period (April–August 2016), pumpage pri-
marily occurred in a single well field immediately north of
the Sweetwater River channel, and less than 1 km west of In-
terstate 805 (Group 1 production wells; SDF1, SDF2, and
SDF6, Fig. 1c and d). These wells are perforated in both
the shallow alluvial deposits and the deeper aquifer. Monthly
pumpage volumes were fairly steady; ranging from about
300–400 thousand m3 per month, and groundwater levels
were fairly stable. InSAR analysis showed little to no change
in land-surface elevation during this time.

During the second period (September 2016–May 2017),
pumpage was sharply reduced to enable the SWA to con-
duct aquifer tests before the activation of new wells. Within
the first month of this period, groundwater levels recovered
as much as 30 m, and as much as about 45 mm of uplift oc-
curred near the Group 1 well field (PT1, Fig. 1c and d). After
the rapid water-level recovery and uplift, groundwater levels
and the land-surface elevation remained fairly stable through
May 2017.

During the third period (June 2017–October 2018),
pumpage resumed in the existing well field and began in five

new spatially distributed wells (Group 2 production wells;
SDF7–SDF11, Fig. 1c and d) that were drilled within about
2.5 km south of the Group 1 well field. These wells are
mostly perforated in the deeper system. Pumpage was more
than twice that of the first period (about 750–1100 thou-
sand m3 per month during winter and summer periods, re-
spectively). Within about the first four months of this period
(June to October 2017), water levels declined up to about
35 m, and interferograms indicate about 65 mm of land sub-
sidence occurred (PT2; Fig. 1c and d). Interferograms and
water-level records during October 2017–October 2018 indi-
cate variable land-surface deformation and water levels that
correlate with seasonal changes in pumpage. An increase
in pumpage generally translated to water-level decline and
land subsidence, and a decrease in pumpage generally trans-
lated to water-level recovery and either a slowing of subsi-
dence rates or uplift. The net effect during October 2017–
October 2018 was an additional 5 m of water level decline
and about 10 mm of land subsidence. Water levels in wells
of various depths indicated a response to the changes in
pumpage; however, wells with depths between about 150 and
300 m (28R5, 28R6, Fig. 1d) showed the greatest variability,
which is expected because the majority of pumpage occurs
in this deeper portion of the coastal aquifer. Water levels for
these wells reached their lowest recorded values (over their
less than 10 year history) in October 2018 (Fig. 1d).

6 Conclusions

Groundwater is an important source of agricultural, munici-
pal, and domestic water within the San Diego area. Recently,
the SWA increased the development of brackish groundwater
resources to supplement their local water supply in an effort
to maintain a reliable supply of water and decrease the re-
liance on imported water. Spatial and temporal characteriza-
tion of the hydromechanical response to changes in pumpage
is important to effectively manage water resources as stipu-
lated in the SGMA. A maximum of about 45 mm of uplift
and about 75 mm of land subsidence occurred as a response
to changes in the location and volume of pumpage, and the
lateral extent of deformation is partially controlled by a lin-
eament that could be a barrier to groundwater flow.

Especially when combined with a ground-based geodetic
and monitoring-well network, InSAR techniques will pro-
vide water managers information to help effectively man-
age groundwater. Because the coastal aquifer system in the
San Diego area responded quickly to changes in pumpage,
future changes to water management practices will likely
cause near immediate effects. Further study is necessary to
fully understand the hydromechanical response to changes in
pumpage and whether the land-surface deformation is likely
to be permanent or recoverable.
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Abstract. The purpose of this investigation is to develop a semi-analytical procedure for quantifying aquifer
and aquitard properties from a single extensometer record in lieu of the time-consuming development of more
complex numerical models to quantify and constrain these parameter values. Despite a limited 12-year record
and the fact that water levels both decline and increase on an annual basis, estimates of both aquifer and aquitard
parameters have been reasonably estimated at the Lorenzi extensometer site in Las Vegas Valley, Nevada when
compared to the estimates developed numerically. The key factors that allow for accurate estimates of elastic
and inelastic skeletal specific storage and hydraulic conductivity of the aquitards and elastic specific storage and
hydraulic conductivity of the intervening aquifers is the presence of pumping cycles at multiple frequencies,
and measured heads at all the aquifer units covered in the extensometer record and the inherent assumption that
the aquitards have identical hydrologic characteristics and are homogeneous and isotropic. This latter assump-
tion is also a usual limitation in numerical modelling of these settings because of the complex temporal head
relationships occurring within the aquitards that are rarely, if ever, measured.

1 Introduction

Extensometers have some distinct advantages over the
satellite-based methods such as GPS and InSAR. Firstly, if
designed properly, they can accurately measure compaction
at the sub-millimetre or even to a few 10’s of microns. Sec-
ondly, the data can be continuous so even if pumping oc-
curs at diurnal frequencies, it is possible for the extensome-
ter to record possible compaction from these high frequency
pumping events. Thirdly, in many localities we have a much
longer historical record with extensometers than we do with
satellite data. Extensometer data have been available at some
sites since the 1960s, when subsidence rates were much
higher due to the fact that subsidence was not as yet well
known as a consequence to excessive groundwater pump-
ing. Fourthly, extensometers measure the compaction over
the depth of the extensometer pipe, typically within the zone
of active pumping (which is how they tend to be designed)
so that tectonic and eustatic changes are not part of the de-
formation record. They are also not subject to topographic

effects that often plague InSAR processing and can inter-
fere with signal coherence. The two biggest disadvantages to
the implementation of extensometers is the cost and the fact
that they are point measurements. As such, it is uncommon
for more than a few extensometers to exist within an entire
aquifer system or basin.

Extensometer data, when coupled with continuous time-
series water-level data in the aquifers through which the
extensometer penetrates, can yield important aquifer sys-
tem hydrologic properties (Epstein, 1987), particularly when
cyclical pumping patterns occur at multiple frequencies.
In this analysis, water-level data responding to multiple-
frequency pumping patterns are used along with compaction
data from a single extensometer record extending through a
multiple aquifer/aquitard system at the Lorenzi site in Las
Vegas, Nevada. The aim is to estimate important hydraulic
parameters including the specific storage and hydraulic con-
ductivity of the aquifers, and the elastic and inelastic specific
storage and hydraulic conductivity of the aquitards.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Map of Las Vegas Valley showing the location of the Lorenzi extensometer site and estimated and measured land subsidence for
the period 1963–1990 adapted from Bell et al. (2002).

2 Field Site and data

Las Vegas Valley (Fig. 1) represents an extensional struc-
tural basin filled with more than 1500 m of alluvial deposits
that have produced a complex and heterogeneous sequence
of aquifers and aquitards of varying thickness and compress-
ibility. A near-surface aquifer overlies a more extensive prin-
cipal aquifer system from which domestic water originates
in the valley. The principal aquifer system contains various
confining layers that contribute to land subsidence. Pumping
has occurred in the valley for approximately 100 years caus-
ing as much as 90 m of water-level decline (Burbey, 1995)
and nearly 2 m of compaction in the northwest subsidence
bowl since 1963 (Bell et al., 2002). The principal aquifer

system contains three confining layers and three aquifers,
referred to here as the shallow, middle, and deep confin-
ing layers and aquifers, respectively. The aquifers are com-
posed largely of sands and gravels with minor thin layers
of silts and clays, while the aquitard units are composed al-
most entirely of clays and silts. Drilling logs from the exten-
someter borehole (244 m total depth) and geophysical sur-
veys have defined the depths and thicknesses of the aquifer
and aquitard units within the larger principal aquifer system
of the basin (Pavelko, 2000). Hourly water-level data from
each of the three aquifers along with hourly compaction data
were collected at the extensometer site from November 1994
to December 2007. The Lorenzi extensometer site is located
within 3200 m of approximately 14 municipal pumping wells
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Figure 2. Mean daily record of the compaction and water level
records for the shallow, middle and deep aquifers at the Lorenzi
extensometer site for the entire measured record, 1995–2007.

that pump at different diurnal and seasonal rates. Figure 2
shows the entire available water level and compaction record
of the Lorenzi site. Fluctuations in diurnal water levels are
not evident at the scale of Fig. 2. These daytime to-night-
time water-level fluctuations are attributed to differences in
daily pumping of 5400 m3 in the period of evaluation.

3 Methods of data analysis

The methodology used here is a three-step process in which
the first step involves the evaluation of aquifer elastic stor-
age and horizontal hydraulic conductivity using the Theis
equation by taking advantage of the diurnal pumping signals
that reflect the aquifer conditions only. The second step in-
volves the evaluation of aquitard elastic skeletal storage and
vertical hydraulic conductivity of the aquitard units. The as-
sumption here is that all the aquitard units have the same hy-
draulic properties. The long-term inelastic signal is removed
from the record using a low-pass filter. Seasonal periodic
pumping is used as this frequency of pumping elastically de-
forms a portion of aquitards on a yearly basis. The portion of
aquitard thickness undergoing elastic deformation is deter-
mined in this process. The third step involves the evaluation
of aquitard inelastic storage, which is based on the known
pumping history and the nature of the inelastic deformation
time-series. In this approach, a time constant for the aquitard
is approximated based on aquitard thickness, the calculated
hydraulic conductivity (from step 2) and the nature of the in-
elastic compression.

The first step in analysing the aquifer system of the
Lorenzi extensometer site is to attempt to quantify the aquifer
properties by using daily periodic water levels attributed to
diurnal fluctuations caused by daily pumping cycles, which
isolates the aquifer response and is too quick to induce leak-

age and subsequently compaction of the intervening confin-
ing units. For this analysis a 5-day period in June 1998 is cho-
sen where pumping and recovery periods are known as well
as the pumping rates (Pavelko, 2000). Under diurnal pump-
ing cycles the aquifers behave as confined units, which can
be readily analysed using the Jacob formulation of the Theis
equation and implementing periodicity (Eq. 1):

s(k)=
Q(k)

4πK(k)b(k)
ln
[

2.25K(k))t
r2S(k)

]
t ≤ t1 (1)

s(k)=
Q(k)

4πK(k)b(k)
ln
[

2.25K(k)t
r2S(k)

]
−

Q(k)
4πK(k)b(k)

ln
[

2.25K(k) (t − t1)
r2S(k)

]
t > t1 (2)

where s is the drawdown,Q is the pumping rate and the sub-
script (k) refers to the aquifer (shallow, middle or deep), K
is the hydraulic conductivity, b is the aquifer thickness, r is
the distance from the pumping well to the observation wells,
S is the storage coefficient, t is the total time (over all cy-
cles of pumping) and t1 is the time since pumping stopped.
Pumping is apportioned to each aquifer based on the cumu-
lative relative head change over the range of the five cycles
for the aquifer compared to the total head change across all
three aquifers (expressed as a percentage). This approach
yields the total pumping fractions of 0.02, 0.21 and 0.77 for
the upper, middle and lower aquifers, respectively. Table 1
(columns 3–5) shows the initial and calibrated pumping rates
for each aquifer based on these percentages. Parameters are
optimized by minimizing an objective function representing
the sum of the squared residuals of drawdown for the 5 cycles
of pumping and recovery for each aquifer.

The second step is to evaluate the elastic aquitard pa-
rameters from the seasonal periodic pumping patterns asso-
ciated with high summer pumping demand and winter re-
covery, which is enhanced with a known quantity of arti-
ficial recharge (injection). Because no water-level data are
available from within any of the aquitards and because only
one composite compaction record is available, it must be as-
sumed that each of the three aquitards (thicknesses are 78, 34
and 32 m, respectively) exhibit the same behavior and thus
have the same parameter values of vertical hydraulic con-
ductivity and elastic storage. Furthermore, it is hypothesized
that the seasonal elastic response of the total compaction is
attributed largely to the confining units and is associated with
the seasonal head changes in the aquifers. From the seasonal
pumping cycle, a cross-spectral analysis over the 12-year
record showed that no significant lag exists between what
is deemed as the elastic aquitard response and the seasonal
water-level record.

To isolate the seasonal elastic response of the system, a
low-pass filter is used to remove the long-term decadal trend
(inelastic component) of system compaction (Fig. 3) and then
to fit a periodic sine function to the seasonal elastic response.
The mean seasonal elastic recovery can then be readily cal-

proc-iahs.net/382/51/2020/ Proc. IAHS, 382, 51–56, 2020



54 T. J. Burbey: Parameter estimation of a multiple aquifer-aquitard system

Table 1. Calibrated hydraulic conductivity and storage parameters for the shallow, middle and deep aquifers using the Theis equation (Eq. 1)
for cyclical daily pumping.

Initial % Final calibrated
of total Initial pumping pumping rate Calibrated Calibrated

Aquifer Well pumping rate (m3 h−1) (m3 h−1) K (m s−1) Sk Ssk (m−1)

Shallow PZs 2 108 150 0.0065 4×10−5 2.5×10−6

Middle PZm 21 1134 1100 0.0045 1.6×10−5 6.6×10−7

Deep PZd 77 4158 4150 0.0026 1.3×10−5 2.2×10−7

Figure 3. (a) long term compaction (blue) with trend line (orange),
(b) long-term compaction trend removed to reveal annual com-
paction pattern over period of record, and (c) annual compaction
(blue) with sine wave fit (orange) showing mean frequency and
amplitude of annual elastic compaction due to persistent seasonal
pumping patterns.

culated from the mean fitted periodic curve and is 2.7 mm.
Next, we can identify the seasonal compaction contribution
of each aquifer from the total seasonal compaction record
through the following equation:

n∑
i=1

1bi =

n∑
i=1

Si1hi (3)

where 1b is the compaction in an aquifer i (i = 1–3, n= 3),
S is the storage coefficient for the aquifer evaluated from
the Theis equation (Table 1), and 1h is the seasonal head
change shown for each aquifer (i). By deconvolving the total
head record for each aquifer and isolating the seasonal head
change using a low-pass filter, the longer decadal trend is
removed from the record. The head change is then fitted to a
mean sine function, which represents the mean seasonal head
amplitude over the period of record as shown in Fig. 4 (only
deep aquifer shown). The middle plot (labeled b) of the fig-
ure leaves only the seasonal changes for each year while the

Figure 4. (a) Long-term deep piezometer record (blue) with trend
line (orange), (b) seasonal water levels with trend removed and
(c) seasonal water levels (blue) with fitted sine function (orange)
revealing mean frequency and amplitude of water levels in the shal-
low aquifer.

lower plot shows the sine function fit and represents the fre-
quency and mean amplitude for the entire period of record.
From this analysis, the total seasonal head change for the
shallow, middle, and deep aquifers is 4.70, 8.04 and 10.23 m,
respectively. Multiplying these head changes by the aquifer
storage coefficient according to Eq. (2), yields aquifer com-
pactions for the shallow, middle, and deep aquifers of 0.19,
0.13 and 0.13 mm, respectively. The sum produces a cumu-
lative compaction assigned to the three aquifers of 0.45 mm.
This outcome reveals that 26 % of the total seasonal com-
paction is attributed to the aquifers. Therefore, the remain-
ing 74 % of the seasonal compaction, or 2.25 mm, must be
coming from the three aquitards. Using the aquifer relative
head changes results in 20 %, 35 % and 45 % of the total
compaction originating from the upper, middle and lower
aquitards, respectively. This translates to a total compaction
assigned to each of the three aquitards as 0.45, 0.79, and
1.01 mm, respectively.
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For a singly draining unit (aquifer head decline causes an
elastic response to one side of the aquitard) the time constant
is defined as:

τ =
S′sk

(
b′
)2

K ′v
(4)

where the primes indicate the variables pertain to the aquitard
and b′ is the length of the drainage path, K ′v is the ver-
tical hydraulic conductivity of the aquitard and S′sk is the
aquitard skeletal specific storage. In this analysis we take a
reverse approach and assume the time constant to be equal
to the seasonal pumping period of 182 days. This effectually
produces the effective thickness of the aquitard that under-
goes elastic deformation. We know that during this time pe-
riod the aquitard acts elastically so the specific storage will
represent the elastic component (S′ske). Under these condi-
tions b′ refers to the thickness of the confining unit under-
going elastic deformation during the time of pumping. This
thickness is independent of the magnitude of head change
occurring within the unit. Figure 5 shows a plot of different
elastic confining unit thicknesses for different values of elas-
tic skeletal specific storage and vertical aquitard hydraulic
conductivity. The shaded box shows the range of values ob-
tained from the literature from eight different sites across
the country where extensometer data were used to obtain
aquitard parameter values either graphically (stress-strain di-
agrams), or numerically (one or two dimensional flow and
compaction models) (Epstein, 1987; Hanson, 1989; Hey-
wood, 2003; Pavelko, 2004; Pope and Burbey, 2004; Riley,
1969; Sneed and Galloway, 2000). The point within the box
is the numerically calibrated values of these aquitard param-
eters from Pavelko (2004) for the Lorenzi site in Las Vegas.
Based on these data, the elastic aquitard thickness undergo-
ing seasonal response varies from 3 to 5 m with 4 m being
the average and optimal value used in this analysis with 3
and 5 m representing the upper and lower range of reasonable
thicknesses, respectively. This thickness represents the verti-
cal extent into the aquitards directly adjacent to the aquifers
that responds elastically to the seasonal head changes in the
adjacent aquifers. The skeletal elastic storage coefficient can
now be estimated by the simple relation, S′ke =

1b′

1h
.

Since we have assumed homogeneous conditions for the
aquitards we can realistically only use a mean value for
the skeletal specific storage. Furthermore, since we calcu-
lated the thickness of the compacting confining unit to be
8, 8, and 4 m, respectively surrounding the upper, middle
and deep aquifers, the elastic skeletal specific storage can
also be readily calculated. The mean optimal skeletal stor-
age and skeletal specific storage values are calculated to be
S′ke = 1.15×10−4 and S′ske = 1.6×10−5 m−1 respectively.
Finally, using Eq. (3) to solve for the confining unit hydraulic
conductivity yields an estimate of K ′v = 1.4× 10−6 m d−1.
These values are all within 10 % of those numerically calcu-
lated by Pavelko (2004).

Figure 5. Plot of aquitard thicknesses responsible for contributing
to elastic compaction associated with seasonal head changes for a
range of elastic skeletal specific storage values and hydraulic con-
ductivity values of the confining units. The orange box represents
the range of parameter values found in the literature for extensome-
ter sites in the United States. The red circle represents the optimal
values from the numerical analysis of Pavelko (2004).

Step three in the parameter estimation process involves es-
timation of the inelastic skeletal specific storage of the con-
fining units. The difficulty in this estimation lies in the fact
that the heads in the confining layers are not in equilibrium
with the measured heads in the aquifers due to the slow re-
lease of water from these units, creating a hydrodynamic
lag between the heads in the aquifer and the observed com-
paction. Because the heads in the first few years of the data
set (Fig. 2) are decreasing and the heads in later years are
recovering, the resulting heads in the confining units show a
continual decline at their centers (expulsion of water), but
show both declining and increasing heads in the portions
of the aquitards nearest the aquifers (the elastic aquitard re-
sponse).

The long-term trend (annual to decadal compaction) in
compaction (Fig. 3) shows a significant change in slope that
is associated with the slowing of drainage from the aquitards
as the heads in the aquifers begin to recover. A linear annual
trend can be found when plotting heads against compaction
data with a high degree of correlation. However, the slope as-
sociated with such a trend does not reflect the inelastic spe-
cific storage of the confining units.

In this analysis, a semi-analytical approach is used to es-
timate S′skv. Since it’s likely that compaction has been on-
going (no uplift) at this site since the inception of pump-
ing in Las Vegas Valley, we set the time constant equal to
the total time of pumping (and co mmencement of head de-
clines), which is roughly 90 years. This value is reason-
able for the thicknesses of the middle and lower confining
units based on estimates from this and other systems (Ep-
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stein, 1987; Pavelko, 2004; Sneed and Galloway, 2000). Us-
ing Riley’s (1969) expression for the time constant for doubly
draining aquitards and rearranging to solve for the specific
storage, which in this case now refers to the inelastic skeletal
specific storage of the confining units

S′skv =
τK ′v

(b′/2)2 (5)

The thickness of each of the lower two aquitards is nearly
identical so an average thickness of 33 m is used here. Dif-
ferent possible time constants for the average confining unit
thickness of 33 m are calculated for a range of hydraulic con-
ductivity and inelastic skeletal specific storage values of the
confining units. Using 90 years as the time constant repre-
sents the minimum realistic time constant since compaction
is still occurring (Fig. 2) in the inelastic range from the incep-
tion of pumping. Furthermore, since the water-level recov-
eries are clearly impacting the slope of the long-term com-
paction record, it is unlikely the time constant for these con-
fining units is likely to exceed 200 years. Figure 3a shows
that the compaction is asymptotically approaching zero tem-
poral change, which implies that the dispersive flux from
the aquitards is decreasing at the same rate as the rate of
compaction (assuming constant parameter values for S′skv
and K ′v). This result at least qualitatively implies that the
aquitard is approaching equilibrium with the heads in the
aquifer. Even with a 110-year possible length for the time
constant, this greatly narrows the possible range of viable
S′skv values to a factor of only 2. The 90-year time con-
stant yields a calculation of S′skv = 1.7× 10−4 m−1, which
is nearly identical to the value produced numerically by
Pavelko (2004).

4 Conclusions

The goal of this investigation is to determine if a simplistic
semi-analytical approach could be used to reasonably quan-
tify the aquifer and aquitard parameters at a point site (ex-
tensometer) in lieu of having to build a more complex and
time-consuming numerical model to estimate parameter val-
ues. With careful examination, extensometer data can pro-
vide more than just a continuous record of the total com-
paction history associated with the lowering of hydraulic
heads within the measured zone of the extensometer pipe.
This investigation reveals that important parameter values of
the aquifer and aquitards including the hydraulic conductiv-
ities and elastic and inelastic specific storage can be reason-
ably quantified under the following conditions: (1) all hy-
drostratigraphic units important to the overall compaction
record have been identified and their thicknesses established,
(2) all the intervening aquifer hydraulic heads are measured
over the length of the extensometer pipe, (3) cyclical pump-
ing patterns are available for the length of the record and
preferably at multiple temporal frequencies, and (4) a rea-

sonable historic understanding of the length of the pumping
history affecting the measured record.

Data availability. The time series data used in this investigation
will be available on the CUAHSI HydroShare web site and is avail-
able upon request to the author in the meantime.
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Abstract. For the dike strengthening project Krachtige IJsseldijken Krimpenerwaard (KIJK) a study has been
undertaken to optimize the amount of land subsidence. Based on archive information originally a subsidence
rate of 11 mm yr−1 is used in the design calculations. This means that for a 50-year period an additional 0.55 m
must be considered which does not comply with the macro-stability problems of the dike. Based on INSAR and
LiDAR measurement data and reanalysing the archive data, the rate of subsidence is determined at an average of
8 mm yr−1. This could mean a reduction of 27 % on the amount of soil needed to balance subsidence.

1 Introduction

Since January 2017 the assessment of safety for primary
dikes in the Netherlands should comply to the WBI2017, see
MIM (2017). One of the criteria to be checked is the height
of the dike to withstand hydraulic loading conditions. The
level of the dike crest is an important factor, so the amount
of land subsidence must be considered. This paper covers
the determination of land subsidence for the dike strengthen-
ing project Krachtige IJsseldijken Krimpenerwaard (KIJK).
The 10 km long KIJK project is located next to the river
Hollandse IJssel, in the Krimpenerwaard near Rotterdam, the
Netherlands, see Fig. 1. The Krimpenerwaard is an area con-
sisting of soft Holocene soil layers with ongoing subsidence
mainly caused by changing groundwater levels and the as-
sociated drying out and oxidation of peat. The rate of sub-
sidence for the crest of the dike itself is different from that
of the hinterland. Based on information of the Water author-
ity “Hoogheemraadschap van Schieland en de Krimpener-
waard” (HHSK) the average rate of subsidence for the crest
of the dike is about 11 mm yr−1. For the project this means
that for the period 2025–2075, besides effects of sea level rise
an additional 0.55 m of subsidence must be considered. Large
parts of the dike also do not comply for macro stability which

means that every additional load on top of the dike would in-
crease the stability problem. A study has been undertaken to
determine the rate of subsidence based on monitoring data
from INSAR and LiDAR measurements (IB-KIJK, 2017).
This paper covers the result from the performed study.

2 Method of analysis

The first step was to plot all the data of each dataset to de-
termine an average subsidence rate along the dike. Also, the
“outliers” in the data could visually been recognized and

the locations of these outliers can be determined. Expla-
nations for these outliers were sought based on different fac-
tors such as, the soil profile, the profile of the Hollandse IJs-
sel underneath the waterline or other activities, e.g. previous
strengthening projects on parts of the dike or road works.
Based on the explanation of the outliers the assumption was
made that a subsidence rate of more than 20 mm yr−1 is
caused by external circumstances and is therefore excluded
from the data. Also, measurements that indicated a rise in a
measurement period were not considered. After filtering the
data for each dataset, a weighted average of the subsidence
rate is determined. With this weighted average an overall av-

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



58 M. de Koning et al.: Determination of land subsidence based on monitoring data

Figure 1. Location KIJK project; Hollandse IJssel between Krimpen – Gouderak [aerial photo 2016; nationaal georegister].

erage subsidence rate for the entire dike is determined as well
as more specific average subsidence rate for each dike sec-
tion.

3 Analysis of archive data

The first step of the study was to reanalyse the archive data of
HHSK on which an average subsidence rate of 11 mm yr−1

for crest of the whole dike trajectory was determined. The
data consisted from the measured settlements of the dike at
different moments in the period 1961–2007. In Fig. 2 all the
data from the dataset of HHSK is shown. In the graph also
data of the period 2007–2011 is shown. It was found that
the average subsidence of 11 mm yr−1 was determined only
with the data from this short period. With the analysis it was
also found that the data for 2011 was based on extrapola-
tion from data during the period 1961–2007. In the deter-
mination of a new subsidence rate the data from the period
2007–2011 is disregarded. In the data from HHSK, an in-
creased rate of subsidence in the period 2003–2007 can be
seen, which causes the weighted average of the subsidence
rate to increase considerably. Also, in the period 1971–1981
a higher rate of subsidence is noted. From the weighted av-
erage it appears that a bandwidth for the subsidence rate is
found between 5 and 10 mm yr−1 with a few outliers towards
the 15 mm yr−1. The average rate of subsidence over the en-
tire dike is approximately 7 mm yr−1.

4 Monitoring Data from INSAR and LiDAR
measurements

To determine the rate of subsidence for the crest of the dike,
monitoring data from INSAR and LiDAR measurement is
analysed.

4.1 INSAR (Interferometric Synthetic Aperture Radar)

INSAR is a technique that determines deformations of sur-
face points based on radar satellite measurements. With this
technique the deformation from a point can be measured with
high precision, in the order of millimetres. It must be noted
that the precision depends on the weather conditions during
the time of measurement and the resolution of the satellite.
For the INSAR measurements, data from points located on
the crest of the dike during the period between 2013 and 2016
is used. The used satellite data is generated and processed by
SkyGeo and is shown in Fig. 3. From the weighted average
it appears that a reasonably good bandwidth between 5 and
10 mm yr−1 can be obtained with a few outliers towards the
20 mm yr−1. The average rate of subsidence over the entire
dike is approximately 7 mm yr−1.

4.2 LiDAR (Light Detection and Ranging of Laser
Imaging Detection And Ranging)

Also, the Current Dutch Elevation (Actueel Hoogtebestand
Nederland, AHN) is used for determining the subsidence
rate. The AHN map is a digital height map for the Nether-
lands based on 3D-height information obtained by LiDAR
measurement from airplanes or helicopters. The map con-
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Figure 2. Determination of average subsidence rate based on HHSK archive data.

Figure 3. Determination of average subsidence rate based on INSAR measurements from the period 2013–2016.

tains detailed and precise information based on an average
of eight measurements per square meter. AHN has a sys-
tematic error of 5 cm and stochastic error of 5 cm (https:
//data.overheid.nl, Open data van de Overheid, 2019). In gen-
eral, it can be stated that only a good indication of the sub-
sidence can be found if it is greater than the scatter in the
measurements, 15 cm. It is of course possible that a better
estimate can be made by combining various data files, so
that a more reliable statement can be made than just based
on AHN (http://www.ahn.nl, Ahn, 2019). For determining
the subsidence from AHN the data from version 2 (2008) is
compared with version 3 (2014). To do this the difference in
the AHN data was determined with the aid of QGis. The re-
sulting rate of subsidence between these periods is shown in
Fig. 4. From the difference between AHN2 and AHN3 it ap-
pears that a bandwidth between 5 mm yr−1 and 15 mm yr−1

is obtained with a few outliers towards the 20 mm yr−1. In
the AHN data, two outliers in the subsidence rate stand out.

These peaks are in the ranges Hm 29.75–30.1 and Hm
32.65–33.05. These outliers are in good agreement with 2 of
the 3 outliers as found in the measurement data of the INSAR

measurements. The average subsidence rate from the LiDAR
data over the entire dike is approximately 9 mm yr−1.

5 Comparison Data from different methods

The comparison of weighted average of the subsidence rate
from the three different datasets is shown in Fig. 5. From the
graph it can be concluded that:

1. Between 25.58 and 27.1 a good agreement is found
between all the datasets. It is noticed that in the Li-
DAR data outliers are found above 10 mm yr−1 and
even 1 mm yr−1 which are not found in the HHSK and
INSAR data.

2. In the INSAR and LiDAR for the trajectory 29.75–30.2
and 32.65–33.0 peaks are found in the subsidence rate.
These peaks are not present in the HHSK data. This
could be explained that by the fact that the INSAR
and LiDAR measurements (respectively 2013–2016 and
2008–2014) are of a later period than the data from
HHSK (1961–2007).
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Figure 4. Determination of average subsidence rate based on difference in LiDAR data from 2008 and 2014.

Figure 5. Comparison of subsidence rate determined with different measurement methods and HHSK archive data.

3. Between the trajectory 30.2 and 32.65 the determined
subsidence rate for the three datasets well matches.
Excluding the outlier in the INSAR between approx-
imately 31.4 and 31.7 and an outlier with a very low
subsidence rate in the LiDAR between approximately
32.05 and 32.65.

4. For the trajectory 33.0 to 37.53 the subsidence rate as
found from the INSAR data and from HHSK reasonably
match. The data from the LiDAR data shows generally
a higher subsidence rate.

5. In general, the INSAR data and the HHSK data give
almost the same average subsidence rate for the entire
dike of about 7 mm yr−1. The average subsidence rate
based on the LiDAR data is 8.9 mm yr−1.

In Fig. 6 the determined subsidence rate for the whole tra-
jectory as well for a specific dike section is shown. For the
dike sections N until U the LiDAR data shows a higher sub-
sidence rata of about 4 mm yr−1. Since the INSAR and Li-
DAR data are taken in almost the same period and based
on specification of HHSK that there was no strengthening

project in this period or road works it is concluded that the
difference can be explained by the difference in accuracy of
the methods, INSAR measurement is more accurate than Li-
DAR measurement. Also, the different methods don’t consist
of the same measurements point. Explanations were sought
for the peaks in the determined subsidence. This was done
by relating the subsidence to the thickness of the settlement
sensitive soft Holocene layers (organic clay and peat layers)
underneath the crest of the dike or previous work to the dike.
In Fig. 7 the comparison of the subsidence rate and the thick-
ness of the Holocene soil layers along the dike trajectory is
given. Based on this graph no clear conclusion can be drawn
of a relation between a higher subsidence and the thickness
of the soft Holocene layers.

Also, a relation was sought between the subsidence rate
and the profile of the Hollandse IJssel underneath the wa-
terline as determined with bathymetry (IB-KIJK, 2017). For
some locations the bathymetry showed a steeper underwater
slope or a local deepening of the bottom. This can indicate a
weaker location in the dike with a trigger for outward move-
ment of the dike, which can cause a higher subsidence rate.
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Figure 6. Comparison of subsidence rate for every dike section as determined with the three different datasets.

Figure 7. Comparison of determined subsidence rate with thickness Holocene soil layers.

For some locations along the dike this relation was found,
but overall there was not a good explanation of a higher sub-
sidence rate due to the underwater profile of the Hollandse
IJssel.

6 Conclusions

In this paper the INSAR and LiDAR monitoring data and the
determination of the rate of the subsidence for the KIJK dike
project are discussed. Based on the results from this study the
rate of subsidence for the crest of the dike could be reduced
from an average of 11 mm yr−1 to an average of 8 mm yr−1.
This could mean a reduction of 27 % on the amount of soil
needed to counteract for the subsidence. The used analysis
provides HHSK a method for future projects to get a better
estimate of the rate of subsidence of dikes, which helps to
design dike-strengthening more economically.
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Abstract. At the start of gas production its effects on land subsidence are not certain. There are uncertainties
in mechanisms, models and parameters. Examples are non-linear deformation of reservoir rock, fault transmis-
sibility, behaviour of overlaying salt and aquifer activity. Looking back at historical cases in the Netherlands, a
factor two or three difference between initial prediction and final outcome is quite common. As the Dutch regu-
lator, SSM is tasked with assuring proper management by operators of the risks associated with land subsidence
from natural gas production in The Netherlands. Large initial uncertainties can only be tolerated if operators
can demonstrate that timely actions can still be taken when predefined subsidence limits are at risk of being
exceeded now or in the future. The applied regulatory approach is illustrated by the case history of gas produc-
tion induced subsidence in the Dutch Wadden Sea area. This environmentally highly sensitive UNESCO World
Heritage Site is a natural gas province. Extensive legal, technical and organisational frameworks are in place to
prevent damage to its natural values. Initial uncertainties in the predicted subsidence (rate) were later exacerbated
by the detection of strong non-linear effects in the observed subsidence behaviour, leading to new concerns. It
was realised that – depending on the underlying physical cause(s) – there will be a different impact on future
subsidence. To assure proper management of the additional uncertainty by the operator, several improvements
in the regulatory approach have been implemented. Possible underlying mechanisms had to be studied in depth
and improved data analysis techniques were requested to narrow down uncertainties as time progresses. The
approach involves intensified field monitoring, scenario’s covering the full range of uncertainties and a particle
filter approach to handle uncertainties in predictions and measurements. Spatial-temporal double differences,
production data and the full covariance matrix are used to confront scenario predictions against measurements
and to assess their relative probability. The regulator is actively involved in assuring this integrated control loop
of predictions, monitoring, updating, mitigation measures and the closing of knowledge gaps. The regulator in-
volvement is supported in the Mining law and by appropriate conditions in the production plan assent. With the
approach it can be confidently assured that subsidence (rate) will remain within the allowed range.

1 Introduction

The Dutch regulator State Supervision of Mines (SSM) is,
amongst other things, tasked with the supervision of the risk
associated with land subsidence due to natural gas produc-
tion. With half the country near sea level and some of the pro-
duction activities near the unique natural areas of the Wad-
den Sea tidal flats, land subsidence from gas production is
not an issue that is taken lightly in the Netherlands. Experi-
ence over the last 50 years demonstrates that accurate predic-
tion of induced land subsidence at the early stages of a gas

production project is difficult. A 100 %–200 % deviation in
outcome compared to what was considered the most likely
scenario at the start of production is not unusual (de Waal
et al., 2012, 2015b). From the perspective of the regulator,
initial predictions with such large uncertainties can only be
accepted if the operator can demonstrate – at any moment
during the production period – that timely actions can still be
taken when predefined subsidence limits are at risk of being
exceeded now or in the future. A scenario-based approach
with uncertainties reducing as time progresses and a contin-
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Figure 1. The Dutch Wadden Sea is part of a semi-contiguous UN-
ESCO world heritage site that spans the coastline of The Nether-
lands, Germany and Denmark. (© UNESCO; source: http://whc.
unesco.org, last access: 28 March 2020).

ued demonstration that control can be retained if reality starts
to deviate outside the expected range are crucial elements of
the regulatory approach. To achieve this SSM has stimu-
lated the development and application of advanced monitor-
ing and data analysis tools by operators as integral part of
the regulatory framework (de Waal et al., 2012, 2015b). The
need and realisation of these further advances in the regula-
tory approach are illustrated in this paper by the case history
of gas production induced subsidence in the environmentally
sensitive Wadden Sea area in the Netherlands.

2 The Wadden Sea case history

The Wadden Sea (Fig. 1) is a large temperate coastal wetland
system behind a chain of coastal barrier islands. It is one of
the world’s most important wetlands and it is on the UN-
ESCO world heritage list, based on its rich diversity, unique
morphodynamical features and its wildlife values. It is one of
the Netherlands most notable nature conservation areas pro-
tected under the European Birds and Habitats Directives. Gas
production from fields underneath the Wadden Sea is never-
theless permitted, but only under very strict conditions.

3 Existing regulatory framework

The key question underpinning the applied approach for the
Wadden Sea has always been: how much subsidence is ac-
ceptable and at which rate? And from the regulator perspec-
tive: how can it be reliably assured that (future) subsidence
will stay within these limits? To address the issue the con-

Figure 2. When subsidence and sea level rise are balanced by (ex-
tra) sedimentation, the intertidal flats are maintained, and the natural
values are likely preserved.

cept of “effective subsidence capacity” was developed (van
Herk et al., 2010). It is the maximum human-induced sub-
sidence that the affected area can robustly sustain. To deter-
mine this “effective subsidence capacity”, the maximum vol-
umetric rate of relative sea level rise that can be accommo-
dated in the long term, without damaging the natural values
of the Wadden Sea area, was established first. The volume
of sediment that can be transported and deposited by nature
into the tidal basin where the subsidence occurs ultimately
determines the “limit of acceptable average subsidence rate”.
The capability of the tidal basins to “capture” sediment is the
overall rate-determining step (Fig. 2). Effective subsidence
capacity is then the maximum average subsidence rate avail-
able for human activities. It is obtained by subtracting the
subsidence volume rate “consumed” by natural relative sub-
sidence in the area (sea-level rise plus natural shallow com-
paction) from the total long-term acceptable subsidence vol-
ume rate limit.

In the operational procedure for mining companies, six-
years-average expectation values of subsidence rates are used
to calculate the maximum allowable production rates. This is
done under the provision that production will be reduced or
halted if the expected or actual subsidence rate (natural +

man induced) cannot be guaranteed not to exceed the limit
of the acceptable subsidence rate now or in the future. The
approach is known as the “Hand on the Tap” method. Mon-
itoring and management schemes ensure that predicted and
actual subsidence rates stay within the limit of acceptable
subsidence rate and that no damage is caused to the protected
nature. For further details see (van Herk et al., 2010) and (de
Waal et al., 2012).

4 Challenges from observed subsidence delay

Initial uncertainties in the predicted subsidence (rate) of the
Ameland field underneath the Wadden Sea were exacerbated
by the observation of strongly non-linear (delayed) subsi-
dence during later stages of the production period, see e.g.
(Houtenbos, 2015). These were not accounted for in the orig-
inal subsidence scenarios. Initially the operator assumed that
the unexpected behaviour resulted from bi-linear elastic be-
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Figure 3. Prognosis for the deepest point on the Wadden Isle of
Ameland over time. The current (2019) prognosis for the eventual
subsidence is some 40 cm. During the first decades of production,
subsidence prognoses were strongly adjusted after each observation
survey (© NAM; source: NAM, 1998; Eysink, 1995).

haviour of the reservoir rock. Later, a continued more or less
constant subsidence rate at much reduced reservoir depletion
rates was observed, and it became clear that this is too limited
an approach (NAM, 2015).

It was realised that – depending on the underlying (com-
bination of) physical cause(s) – the impact on future sub-
sidence could be very different. In addition, it had become
clear that the observed steepness of the edges of the subsi-
dence bowl was much larger than predicted and that the ap-
parent reservoir poromechanical compressibilities required
to match the geodetic data substantially differed from labo-
ratory compaction data (NAM, 2017). To assure proper man-
agement of the uncertainty, several improvements were re-
quested by the regulator to be developed and implemented
by the operator:

– Identification and in-depth study of possible mecha-
nisms that could be the cause of the observed subsi-
dence behaviour;

– Improved data assimilation techniques to test if field
data can be used to assess which of the above mecha-
nisms play(s) a role in the field;

– Testing of the newly developed approach against the 30-
year-plus production/subsidence history of the Ameland
gas field located underneath the Wadden Sea.

The project was coined LTS (Long Term Subsidence). The
first phase (LTS-I) focussed on identifying possible and cred-
ible physical causes for the observed delayed subsidence.
The second phase (LTS-II) focussed on applying this knowl-
edge against an actual Wadden Sea field case (Ameland). A

Figure 4. The area around Ameland is measured using a variety of
techniques, with different spatial and temporal coverage density (©
NAM; source: NAM, 2017).

sophisticated data assimilation technique was developed and
used to test if – using field and surveyance data – it can be
determined which of the remaining post-LTS-I mechanisms
factually plays a role in the observed delay in the subsidence
above the fields underneath the Wadden Sea. Apart from ad-
dressing the three main objectives listed above, the LTS stud-
ies generated a number of valuable spin-offs:

– Software to manage large volumes of geodetic data;

– A procedure to combine GPS and benchmark data;

– Improved, more formal and objective methods to iden-
tify and manage outliers in the geodetic observations;

– An objective method to take noise in the geodetic data
from shallow movements into account;

– The use of spatio-temporal double-differences and the
full covariance matrix to confront subsidence predic-
tions against geodetic survey data, eliminating the need
for (assumed) stable reference points;

– A solution to prevent ensemble collapse from occur-
ring while testing scenario’s against field data using an
ensemble-based data assimilation technique;

– An improved workflow to derive in-situ compaction
from time-lapse GR-logs of signals from radioactive
bullets shot into the formation.

5 LTS study organisation

The study had to be carried out to the satisfaction of the
Inspector General of Mines (the head of the State Super-
vision of Mines of the Netherlands). Its execution was an
official condition for the approval of a number of Wadden
Sea Field Development Plan updates. The aim of the study
was to improve knowledge of the physical background of
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the measured time-dependent effects in the subsidence be-
haviour and its possible influence on expected subsidence in
the long term. The study was to lead to a better understand-
ing of the physical processes that explain the subsidence that
had already occurred, with the aim of improving the fore-
casting of future subsidence. The study had to be based on
generally accepted rules of physics, objective measurement
data and proven scientific methods. The LTS study was car-
ried out on the basis of a proposal by the operator: “Proposed
Research Program for Higher Order Subsidence Modelling
of The Netherlands Gas fields” (NAM, 2015). The proposal
included an overview of the historical development of exist-
ing practices, their identified deficiencies and a proposed re-
search program and deliverables for the LTS study. The doc-
ument resulted from framing and brainstorm sessions within
the operator organisation and with experts from SSM and
the TNO AGE group (that exclusively advises SSM and the
Ministry of Economic Affairs and Climate). Given the impor-
tance of the study, it was decided to establish an independent
LTS Steering Committee (the SC LTS). The LTS study was
carried out by the operator and external parties (public uni-
versities and research laboratories) with oversight provided
by the SC LTS and SSM. The Wadden Sea Academy – es-
tablished in 2008 with the task of providing a scientific ba-
sis for the management of the natural and social values of
the Wadden Sea Region – was asked to create, facilitate and
chair the SC LTS. The committee consisted of six interna-
tionally renowned experts in the fields of Geodesy, Exper-
imental Rock Mechanics, Theoretical Rock Mechanics and
Mining induced Subsidence. The SC LTS members were pro-
posed partly by the operator and partly by the Wadden Sea
Society (an independent NGO). They were subsequently also
accepted by the Wadden Academy. Chairman and Technical
Secretary for the committee were provided by the Wadden
Academy. Representatives from SSM and TNO-AGE partic-
ipated in the SC LTS as observers. The members met on a
bi-annual basis between April 2013 and June 2015 to dis-
cuss progress and to provide guidance to the first phase of
the LTS study. Between meetings, separate discipline meet-
ings took place as well as telephone discussions and emails.
Regular meetings were organised by the Wadden Academy
to inform stakeholders from nature conservation and public
organisations about the project progress and to address their
questions and suggestions. For further details see (Wadden
Academy, 2015).

At the end of the project a fully independent review
was carried out at the request of SSM by an internation-
ally renowned expert not involved in the LTS study (Teatini,
2017).

6 LTS Phase I

During the first phase of the study (LTS-I) the emphasis was
on the identification and study of potential mechanisms that

Figure 5. Four quadrant summary of the LTS elements. Both mod-
els and measurements are assigned a functional and a stochastic de-
scription. The LTS study aims at confronting these. Images from ©
NAM; source: NAM (2017).

could explain the observed non-linear subsidence behaviour.
The following six credible explanations were initially identi-
fied:

1. The non-linearity is not real but an artefact from noise
and uncertainties in the data;

2. Salt flow in thick layers of rock salt overlaying the gas
reservoir causes the observed delays;

3. Slow (delayed) depletion in underlaying and adjacent
aquifers not captured in the modelling;

4. Non-equilibrium pressure diffusion within the reservoir
during the initial production period;

5. Intrinsic non-linear and/or non-elastic in-situ reservoir
rock compaction against pressure drop;

6. Collapse of high porosity reservoir rock intervals after
reaching a large depletion of the initially strongly over-
pressured gas in the reservoir.

The hypotheses were addressed in a number of separate dis-
cipline studies. In addition, several other possible influences
on the surface subsidence were studied. These included dif-
ferent influence functions relating reservoir compaction to
surface subsidence, effects of upscaling and the effects of
a strongly heterogeneous and spatially variable overburden.
The results of all studies carried out have been published
in technical reports and scientific publications (NAM, 2015,
2017) and references therein. The outcomes are briefly sum-
marised below and in Fig. 5.
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6.1 Noise and uncertainties

The studies carried out concluded that the observed non-
linear subsidence behaviour is real and not an artefact of
noise and/or uncertainties in the geodetic and other data. The
hypothesis was therefore discarded. The studies did show
that subsidence modelling precision can be improved signif-
icantly by taking correlation structures in the geodetic data
into account. Improved methods were developed for objec-
tive outlier identification and handling, data reduction tech-
niques for large geodetic data sets and for the processing
and use of GPS data (Samiei-Esfahany and Bähr, 2015),
(Williams, 2015). The work was supported by the develop-
ment of a Bayesian framework to test and validate the quality
of subsidence predictions against field measurements (Park
and Bierman, 2015).

6.2 Salt flow

Extensive 1D and 3D modelling studies were carried out at
the University of Utrecht to assess the potential effect of salt
flow in the thick halite layers above the gas reservoirs in the
Wadden Sea (Marketos et al., 2015). Results demonstrate that
– on its own – such salt flow cannot explain the observed
subsidence behaviour and in particular not its temporal be-
haviour. Also, an observed translation of the subsidence bowl
over time is likely the result of changes in the reservoir de-
pletion pattern over time and not a result of salt flow. Nev-
ertheless, the studies demonstrate that salt flow can have an
effect on the shape of the subsidence bowl and on the time
evolution of subsidence, all very much depending on the val-
ues of the in-situ salt material properties. Note that salt flow
can influence the shape of the subsidence bowl but not its
volume.

6.3 Delayed aquifer depletion

Aquifer pressure depletion and its uncertainty range play a
key role in the subsidence in the Wadden Sea. Important un-
certainties are how well the aquifers are connected to the
gas bearing intervals, the permeability in the aquifers and
whether or not residual gas (significantly slowing down de-
pletion rates) is present. Existing reservoir engineering mod-
els to calculate the effect of aquifer depletion were improved
taking new production and well data into account. Results
suggest that aquifer depletion is probably slower than origi-
nally assumed. Use of the reservoir engineering models un-
der different parameter assumptions allows the calculation of
alternative scenarios that can be tested against field produc-
tion and subsidence data.

6.4 Anomalous pressure diffusion within the reservoir

The mechanism is based on the assumption that low perme-
ability areas within the reservoir and possibly even at the
microscopic pore level could result in a long-term (tens of

years) non-equilibrium gas pressure distribution within the
reervoir rock that would strengthen its effective macroscopic
compressibility (Mossop, 2012, 2015). Although not proven
impossible, the mechanism seems unlikely and could not be
made more plausible on the basis of the study. The hypothe-
sis was discarded.

6.5 Non-linear and/or non-elastic reservoir rock

Extensive long term (up to 12 weeks) laboratory compaction
experiments under simulated in-situ conditions were carried
out on Rotliegend reservoir rock samples: the gas-bearing
rock in the Wadden Sea gas fields (Hol et al., 2015). The
rock was sampled specifically for this study from the Wadden
Sea Nes field. Results demonstrate that the compaction of the
samples becomes increasingly inelastic (up to 80 %) at higher
porosities and that the inelastic component remains consid-
erable (some 50 %) at 20 % porosity (representative for the
average in-situ reservoir rock). The laboratory derived inelas-
ticity/creep turned out independent of temperature or the type
of pore fluid over the ranges applied during the laboratory ex-
periments. Overall, the compaction numbers measured dur-
ing the laboratory measurements are comparable to those de-
rived from field data. To capture the observed inelastic creep
behaviour a rate-type constitutive model (Pruiksma et al.,
2015) was used in the subsequent (LTS2) subsidence mod-
elling to describe the constitutive behaviour of the Rotliegend
reservoir rock. Note that the degree of non-linear reservoir
rock compaction (with pressure drop) in first order does not
influence the shape of the subsidence model while it has a
large effect on the volume of the subsidence bowl at a given
level of pressure depletion.

6.6 Pore collapse at high pressure depletion

The observed increase of subsidence rate would be due to
“pore collapse” of weaker (high porosity) intervals in the
reservoir at large amounts of pressure depletion during the
later stages of production. Such behaviour has been observed
during oil and gas production from chalk fields (Smits et al.,
1988), and in the laboratory for high porosity samples from
highly over-pressured sandstone gas fields (Schutjens and
de Ruig, 1997). At high enough effective stresses the phe-
nomenon is observed for all porous rock but usually only at
stress levels far above the range that can occur in de Wadden
Sea gas fields. The option could be excluded by long term
laboratory experiments on high porosity Rotliegend reservoir
samples at effective stresses significantly exceeding those
that can occur in-situ. The hypothesis was discarded (Hol et
al., 2015).

7 LTS Phase II

During the second phase of the LTS study the emphasis was
on testing the relevance of the credible explanations that sur-
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vived LTS-I in the real world and in particular for the ob-
served subsidence delays in the Wadden Sea. A probabilistic
Bayesian framework Ensemble based Subsidence Interpre-
tation and Prediction tool (ESIP), was developed by TNO
(Candela et al., 2017) to objectively confront a large set of
different scenarios against geodetic observations by calculat-
ing the match of the model with the data expressed by a χ2
value. Next to delivering a probabilistic confrontation work-
flow, the tool also provides an objective statistical descrip-
tion of the outcome, i.e. an expectation case based on the
weighted average and a 95 % confidence interval of the pos-
terior model ensemble. TU Delft developed advanced geode-
tic processing software providing an interface between the
geodetic data and the confrontation workflow (van Leijen et
al., 2017).

The operator subsequently tested a somewhat modified
version of the ESIP tool on the Ameland field underneath the
Wadden Sea (NAM, 2017) as recommended by the SC LTS
and as requested by SSM. The Ameland case was selected
as the first test case given the long (30 year plus) production
history and the large set of reservoir, production and geodetic
survey data available for the field.

7.1 Scenarios tested

Some 58 history-matched pressure depletion scenarios were
tested. Each meets the (gas and water) production data and
the pressure data over the full Ameland field history while
covering a wide range of different aquifer depletion distri-
butions, with and without the presence of residual gas in the
aquifers. For each of these pressure scenarios, parameter val-
ues of a generic RTICM subsidence model (Pruiksma et al.,
2015) and (van Thienen-Visser et al., 2015) and a (moving)
rigid basement influence function (Geertsma, 1966; van Op-
stal, 1973; Thienen-Visser and Fokker, 2017) were varied in
a Monte Carlo simulation. The RTICM model was adapted
to be able to handle the large amount of initial gas overpres-
sure in the Ameland field. A time dependent shape factor was
added to the influence function with a value dependent on the
viscous behaviour of the salt layer above the reservoir. Each
set of parameters drawn from the prior distributions during
the Monte Carlo simulations results in a subsidence model
member with the total set of members defining the ensemble.
When confronted against the geodetic data (the full covariant
matrix of the spatio-temporal double differences), the result-
ing fit of each member defines its probability and thereby its
weight. The theory used to calculate the test metric accounts
for the uncertainties in both the geodetic data and the geo-
mechanical model and is based on a further development of
(Nepveu et al., 2010). Modifications were successfully made
to the applied goodness-of-fit metric to avoid ensemble col-
lapse problems (Snyder et al., 2008) typical for particle fil-
tering methods involving a large number of independent vari-
ables (9 independent parameters in the present study).

Figure 6. Posterior scenarios within the 95 % confidence band stay
below the long-term average subsidence rate limit (© NAM; source:
NAM, 2017, Fig. 62).

Figure 7. The Wadden sea tidal flats just after sunset.

It is important to not only use the quality of fit of predic-
tions against double difference geodetic data as some simple
features of the misfit can then easily be missed. E.g. a rel-
atively small lateral shift of the calculated subsidence bowl
relative to its measured position will result in none of the
subsidence members achieving a good fit against the double
difference geodetic data and ESIP’s discriminating capability
will be lost. To identify and avoid such issues, visualisation
and visual inspection of the predicted and measured subsi-
dence (contours) remains important.

8 Results

Using the ESIP, some 20 000 subsidence members, cover-
ing the large range of possible parameter values were tested
against the geodetic data for each of the 58 pressure scenarios
resulting in a total of more than one million members.

The following results were obtained:

1. Likely reservoir and aquifer depletion scenarios and pa-
rameter values for the subsidence model, salt flow and
the influence function can be identified for Ameland;
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2. Posterior parameter uncertainties are much reduced rel-
ative to the prior distributions as more geodetic data be-
comes available over time. In particular early measure-
ment campaigns already significantly narrow the uncer-
tainty for Ameland;

3. Posterior RTICM parameters derived are consistent
with those derived from laboratory measurements (de
Waal et al., 2015a);

4. The effect of lateral aquifers seems limited;

5. Salt flow alone cannot explain the observed time depen-
dent (delayed) subsidence;

6. Extrapolations show that the likely scenarios within a
95 % confidence band will stay within the defined sub-
sidence capacity including the longer term “acceptable
average subsidence rate” limit (Fig. 6);

7. Emergency stop scenarios demonstrate the feasibility of
the “Hand on the Tap” approach with its effectiveness
obviously decreasing towards the end of field life.

Data availability. This paper discusses the regulatory approach
developed to assure that gas production induced subsidence (rate)
in the Dutch Wadden Sea area stays within pre-defined limits, de-
spite large uncertainties in its prediction. The paper adds overview
and synthesis from the perspective of the regulator to the results of
studies carried out by or for the operator at the request of the regula-
tor. No data other than that resulting from these studies is used. Data
availability is via reference to the publications on these studies.
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Abstract. Sinkholes are common geohazards, frequently responsible for sudden catastrophic ground collapse.
Thus, effective monitoring would allow for further understanding of the mechanism of occurrence of sinkholes
and lead to the development of a potential early warning system to provide an alarm or a warning of incipient col-
lapse. In the current study, fiber Bragg gratings (FBGs) were used to instrument reduced scale models, simulating
a sinkhole event. The tests were conducted by embedding optic fiber sensors in the soil and inducing failure until
critical conditions were reached. FBG sensors were manufactured in a single optic fiber cable. The measurements
of small horizontal strains were recorded simultaneously and in various positions. Failure mechanism was found
to relate to the backfill density, and compaction.

1 Introduction

Sinkholes are expressed on the ground surface as surface de-
pressions, due to lack of support of the soil and rock hosting
and existing vault. They occur with little or no warning and
directly or indirectly affect communities and major and mi-
nor infrastructure. There are various events recorded world-
wide with hotspots in Florida, South Africa, or the Deep Sea
in karst dominated areas. They often initiate as small cav-
ities and expand due the prolonged action of water seep-
ing through the overburden (Fig. 1). Eventually the cavity
becomes large enough that the remaining overburden is no
longer able to arch across the cavity and collapses (Augarde
et al., 2003). Unstable cavities may be formed due mining ac-
tivities or leaking pipes. The term used in mining is “Chim-
ney caving” for the formation of a sinkhole due to unsup-
ported mined void through the overlying material (Brady and
Brown, 1993). The initial sinkhole expression to the surface
is usually a small indicator of the final size of the subsequent
failure of the overhanging soil around.

Popular methods for high precision recording of displace-
ment in soil span from noncontact laser techniques which
measure surface displacement of the soil, point, line or area
based (i.e. laser radar, laser line triangulation, shape from
shading, close – range photogrammetry and particle image
velocimetry (PIV), White and Bolton (2002). Linear variable

Figure 1. Conceptual model of cavity propagation (Augarde et al.,
2003).

differential transformers (LVDTs) can measure internal de-
formation and linear displacement within soil (Zhang et al.,
2017). There are various types of strain gauges, mechanical,
electrical, optical, pneumatic and acoustical strain gauges to
name a few, that measure the strain on the surface of a soil.
These methods measure displacement at the surface of the
soil, but do not measure displacement internally.

Therefore the use of a relatively new technology like fiber
optic sensors to monitor the internal deformation for sinkhole
or subsidence precursor phenomena detection seems to be
promising.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 2. Optic Fiber structure, © National Instrument.

In this paper we use reduced scale models and monitor the
variation for different experiment conditions, especially in
the range of small strain at early stages of failure, can lead to
early prediction of horizontal and vertical ground displace-
ment. This kind of technology can inform further on failure
mechanism, of sinkhole collapse and the critical factors that
influence the response of the prototype through the study of
the model.

There is a large amount of previous work on sinkhole
propagation studies through physical modelling. The stabil-
ity of soils was approached through the use of normal grav-
ity tests and geotechnical centrifuge tests in order to ex-
amine the stability of cohesive layers in Craig (1990) and
weakly cemented layers in Abdula and Goodings (1996), Ja-
cobsz (2016), over circular openings. Costa et al. (2009), per-
formed studies on active trapdoors in granular soil simulat-
ing deep and shallow conditions. Among their findings was
that the surficial settlement is influenced by the relative den-
sity (Dr) of the soil. In this study we further report on the
effect of relative density based on tests on small scale mod-
els instrumented by fiber optic sensors under normal gravity
conditions.

2 Introduction to Fiber optic sensing

2.1 Principles of fiber optic sensing

In fiber optic technology, fiber (cables) transmit continuously
modulated analogue streams of light, or a series of digi-
tal pulses from one point to another along the optic fiber.
A side view of typical single-mode optic fiber is shown in
Fig. 2. Cladding material with higher refraction index keeps
the propagating light pulse inside the glass core. The buffer
coating and the jacket are used to offer resistance to external
or internal interferences and for the protection of the glass
core (Iten, 2011).

The pulses are generated to specific characteristics by
an optical spectrum analyser. Once a pulse has propagated
through optic fiber, it is a fed into an interrogator or optical
spectrum analyser (Othonos, 2000). The pulse is then anal-
ysed by the device, to determine any attenuation or change in
wavelength (which may have resulted from scattering dur-
ing the pulse’s propagation). The popularity of fiber optic
sensing techniques has risen due to several advantages it has
over conventional sensing techniques. These are immunity to

electromagnetic interference, immunity to power fluctuation
along the optical path, insensitivity to corrosion and fatigue,
high precision and durability, and reduced size and cable re-
quirement.

2.2 Fiber Bragg Gratings (FBGs)

The photosensitivity of optical fibers allows for the forma-
tion of phase structures within its’ core, called gratings (Oth-
onos, 2000). The operational principles of fiber Bragg grat-
ings (FBGs) is based on the presence of these gratings within
the optical fiber which are created as a series of density al-
terations positioned periodically along the optical fiber glass
core (Iten, 2011). The principle of operation is based on
Bragg’s law.

According to Bragg’s law, a portion of light travelling
through the optic fiber, with a specific wave-length, is re-
flected when it passes a Bragg grating. The value of this spe-
cific wavelength at which a light ray is reflected, is called
Bragg wavelength. This value is dependent on the distribu-
tion of the Bragg gratings along the optic fiber (grating pe-
riod) as well as the refractive index of optic fiber All the other
light rays with different wavelengths pass the Bragg grating
undisturbed. The light ray that is reflected provides informa-
tion for potential strain changes, Fig. 3. This is because the
Bragg grating period is dependent on the strain in the spec-
imen being monitored (Iten, 2011). The FBG wave-length
change is sensitive to tensile and compression stress and tem-
perature. The relationship between the refractive index ne of
the fiber’s core, grating period 3 and Bragg wavelength λB
is expressed mathematically following Eq. (1):

λB = 2ne3 (1)

where ne is the effective refractive index of the grating in the
fiber core and3 is the grating period. An FBG is sensitive to
elongation and temperature, following Eq. (2):

1λB

λB
= (1−pe)ε+ (α3− an)1T (2)

Where 1λB is the shift of the reflected wave-
length=

(
λ′B− λB

)
, pe is the photoelastic coefficient,

a3 is the thermal coefficient, and an is the thermal mod-
ulation of the core refractive index. The shift of reflected
wavelength has a linear relationship with the axial strain ε
and the change of temperature 1T . Temperature sensors
(FBGs which are covered and protected from strain) are
usually embedded to detect temperature variations in the
specimen being monitored. Temperature variations are
usually not observed for short-term physical-model tests.

3 Reduced-Scale Physical Model Description

3.1 General characteristics

A simple sinkhole propagation simulation model was de-
signed and developed, to verify the use of optical fiber sens-
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Figure 3. Fiber Bragg grating system, adopted from Xu et
al. (2017).

Table 1. Scaling laws for applicable physical properties.

Property (prototype) 1 g Scale factor (model)

Length N

Mass density 1
Stress 1
Displacement N

Strain 1

ing fibers for deformation measurement. The sinkhole model
was constructed inside a Perspex box, with inner dimensions
of 400× 270× 80 mm (length× height×width). The sink-
hole was represented through a balloon full of water. The
sinkhole collapse was induced by the deflation of a balloon,
using a controlled valve. The diameter of the balloon was
90 mm, representing a prototype of 12× 8.1× 2.4 m, using
a scale of 1 : 30. The prototype is representing the scenario
of a medium sinkhole 2–5 m, at medium (1–5 m) to large (5–
15 m) depth categories (Buttrick et al., 2001). For model tests
to be meaningful, similitude must be established between
stresses and strains in the model and prototype. The model
is reduced by a scale factor (N ) scaling laws can be used to
convert the measured properties and values of the model to
a full-scale prototype equivalent. Applicable scaling laws are
shown in Table 1.

The layers of sand were placed and four optic fibre cables
with FBGs on each optic fibre cable were placed. Twelve
strain sensors (S1–S12) were multiplexed into 3 FBGs per fi-
bre cable, 53 mm apart, to determine the maximum expected
strain and strain near the boundaries of the cavity as it prop-
agates upwards, Fig. 4. The FBG sensors were manufac-
tured in single mode photosensitive fibre in the Photonics
Research laboratory of the University of Johannesburg us-
ing the phase mask technique and an Nd:YAG laser using the
266 nm wavelength. The FBG sensors were printed to reflect
in the wavelength range between 1540 and 1555 nm.

Figure 4. Failure surfaces with medium compact sand fill, the per-
centages refer to balloon volume reduction (photo taken by Jean-
dre Labuschagne).

3.2 Material properties

The soil used for the experimental work was a silica sand
known as Cullinan sand from a commercial site. The poorly
graded sand was characterised as SP, and had a D50 particle
diameter of 0.15 mm. The sand angle of repose ws measured
to be 37◦. Coloured sand was used as an indicator to enable
simultaneously record and display internal deformation pro-
cess. The sand was placed and compacted in alternating lay-
ers of uncoloured sand (20 mm) and coloured sand (10 mm).

3.3 Testing program

The experimental component of this project included three
tests of reduced scaled models. The variable that was investi-
gated was sand relative densityDr. The models we rebuild to
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Figure 5. Very well compacted sand fill, at a 100 % volume reduc-
tion (photo taken by Jeandre Labuschagne).

sand relative density values of 60 %, 65 % and 95 % and den-
sities of 1560.98, 1623.41, 1705.61 kg m−3 respectively and
were tested under normal gravity (1 g). The water-inflated
balloon had a diameter of 90 mm. The deflation of the bal-
loon allowed for the upwards propagation of the sinkhole
in two-dimensional plane-strain conditions, Jacobsz (2016).
The balloon was deflated by letting water out at a flow rate of
34.17, 47.40 and 41.43 mL min−1 respectively. The induced
movement due to the balloon deflation was 90 mm, which al-
lowed for the visualisation of fully developed failure surfaces
within the soil mass.

4 Results

4.1 Failure mechanism

Figures 4, 5 and 6 show the failure surface that developed as
was observed from the Plexiglass wall for the 60 % (test 1)
and 65 % (test 2) and 95 % (test 3) relative density of the
sand. The parameters that were used in order to describe the
failure surface, are the angle with horizontal (θi), and the
maximum height of the failure surface measured from the
base of the model (hv) (Costa et al., 2009).

According to the results in both tests a failure surface on
both sides of the balloon initiating at 6 cm from the centre
developed towards the middle of the model, at 10 % vol-
ume reduction and eventually propagated to the surface at
22 % reduction volume. The observed failure pattern is that
of a chimney caving with a width of 3.80 and 2.28 cm for
test 1 and test 2 respectively. Secondary failure surfaces de-
velopped after 30 % volume reduction from the middle of the
height to the surface with an angle of 80◦ to the horizontal.
The maximum settlement was 2.80 cm for test 1 and 2.28 cm
for test 2. The settlement trough width was 11.4 and 14.28 cm
for test 1 and test 2 respectively. The chimney width was 3.8
and 5.71 cm for test 1 and test 2 respectively.

Figure 6. Failure surfaces with compact sand fill, the percent-
ages refer to balloon volume reduction (photo taken by Es-
merelda Steyn).

4.2 FBGs Measurement results

The analysis of the experimental results that were recorded
by the FBGs sensors were used in order to identify a subsi-
dence pattern above the balloon resulting from the induced
collapse. Each sensor array contained three gratings that
were written along a single fiber by using UV laser. The
sensing length of each FBG was 6 mm. The spacing between
FBGs in one fiber was specified for the collection of strain at
certain positions. Fiber 1, 2, 3, 4 were installed horizontally
(Fig. 4).

Figures 7 and 8 present the strain variation of the sensors
for the two models. The results from test1 showed that

the maximum strain was measured by sensor S4 approxi-
mately 7.5× 10−3 in nε at 40 % balloon volume reduction.
S1 in fiber 1 close to the left side of the balloon measured
8× 10−4nε. S7, S8, S9 measured 6× 10−4nε between 40 %
and 80 % volume reduction. Interestingly S10, S11, S12, did
not measure high strains as it would theoretically has been
expected based on settlement experienced.

The results from test 2 indicated that the maximum strain
was measured by sensor S3 approximately 6× 10−4nε at
30 % balloon volume. S6 measured 7×10−4 and S9 1×10−3.
The recorded strain relates to the secondary failures. The sen-
sors located at the centre and the array laid at the highest
level within the model measured very low strain which does
not verify what would be expected from the empirical ob-
servation of surficial settlements induced by excavations of
tunnels (Peck, 1969).
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Figure 7. Strain variation for of all FBGs during test 1.

Figure 8. Strain variation for of all FBGs during test 2.

5 Conclusions

The failure mechanism in a granular soil induced by the de-
flation of a balloon simulating an underground cavity was
studied in this paper, though small-scale models. The models
were built with a ratio of overburden (H ) to the balloon di-
ameter (D) of 4, simulating deep conditions. The following
conclusions can be drawn:

The mechanism involved an initial well defined vertical
failure surface propagating to the surface following a chim-
ney caving pattern, with an evident curvature upwards. A sec-
ondary failure surface at 80◦ to the horizontal in the region
above the balloon develops at almost 35 % volume reduction.

The soil density influenced the magnitude of the surficial
settlement, which was almost 2.5 % of the balloon diameter.
Surficial settlement was larger in less compacted sands and
did not develop at all in very well compacted sands. The max

strains that were recorded by FBGs sensors indicated that the
highest stains were recorded at the secondary failure surfaces
that were developed starting from the sides of the balloon. A
complete program of experiments is planned to further in-
vestigate the effect of relative density, and water content, in
a geotechnical centrifuge facility.

The technique is also planned to be applied at identified pi-
lot areas in collaboration with the local municipalities. Sites
that are prone to sinkhole hazard for the last thirty years or
so, are going to serve as monitoring sites, where the current
methodoly can be fyrther implemented and tested as to pro-
viding an early warning system.

Data availability. Data acquired during the project will be avail-
able through University of Johannesburg repository.
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Abstract. Sinkholes are alarming and dangerous events, they have a worldwide occurrence, and are imposing
a potential risk to urban communities and the widely developed built environment. Losses due to catastrophic
sinkhole collapse, foundation, pavement and structural repairs, occur more often, due to the increased pressure
to develop even on sinkhole prone land, and the aging of existing water supply infrastructure in the majority of
cities. Remote sensing earth observation methods have proved to be valuable tools during the last two decades in
long-term sinkhole hazard assessment. Satellite air borne and ground earth observation methods have primarily
facilitated the wide detection of continuous displacement on the earth’s crust. National sinkholes catalogues are
necessary for town planers decision makers, and government authorities. In many instances the ground collapse
is the result of water ingress from old poorly maintained leaking pipelines, or extensive dewatering activities. In
the current study a comprehensive review of the current literature is presented in order to show experiences from
South Africa and present recent mapping using PSInSAR methodology in Centurion South Africa.

1 Introduction

Sinkholes are considered a dangerous natural and man-made
hazard, affecting transportation and infrastructure networks,
responsible for property loss and fatalities, in regions un-
derlain by soluble bedrock. In South Africa, large parts of
the urban fabric between Pretoria and Johannesburg are sit-
uated on Proterozoic dolomites of the Malmani Subgroup
(Chuniespoort Group, Transvaal Supergroup) formed in the
Transvaal Basin. During the previous decades, in the Far
West Rand, sinkholes occurrence was induced by exten-
sive dewatering of dolomite groundwater compartments due
to mining and resulted into the loss of life of 38 peo-
ple (De Bruyn and Bell, 2001). A community of approxi-
mately 30 000 households was relocated to safer ground in
a dolomite area west of Johannesburg, at a cost exceeding
USD 600 million (Buttrick et al., 2011).The rhythm of de-

velopment of these densely populated areas is on the rise, as
these megacities serve as the economical core of the country,
increasing the risks posed by surface subsidence and sink-
holes. Tshwane municipality also sources more than 40 mil-
lion litters of drinking water per day (5 %–8 % of require-
ments) from the dolomite aquifers, (Dippenaar et al., 2019).
Nof et al. (2019) propose that sinkhole potential maps are
mandatory for the planning and licensing of new infrastruc-
ture. The necessity for effective monitoring and installation
of early warning systems is required to reduce the risk for
people, infrastructure, and property. In the current study we
present on the findings of the application of PSInSAR in the
Centurion area South Africa and underline the potential of
the PSInSAR method for the monitoring and assessing sus-
ceptible to sinkhole hazard urban areas.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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2 Mechanism of sinkhole formation

A sinkhole is defined as a feature whose surface expression
may occur suddenly and manifests as a hole in the ground
that is typically circular in plan view. In international lit-
erature the term sinkhole is often synonymous with doline
(SANS1936, 2012). A subsidence is defined as a shallow
enclosed depression that occurs slowly over time and may
typically be circular, oval or linear in plan (SANS, 1936,
2012).The process of sinkhole formation is continuous dis-
solution of sub terrain soluble rocks, progressively leading
to the development of cavities. When the soil above these
cavities reach critical conditions (soil material exceeds shear
strength), soil collapses, as a result of reduction of soil ver-
tical stress. Main causes of underground cavities are the
ingress of water, the lowering of groundwater table, or ex-
tensive pumping leading to dewatering (Intrieri et al., 2015;
Dippenar et al., 2019). An idealized profile in karst is illus-
trated in Sowers (1996). One can recognize the succession of
the layers from the surface downwards to the dome and the
soluble bedrock. Intrieri et al. (2015) rank among sinkhole
predisposing factors, as the most dominant factor the lithol-
ogy i.e. the presence of soluble rocks subject to karstic pro-
cesses, followed by the pre-existence man made underground
cavities, of low geomechanical properties of the bedrock, and
(acidic) groundwater circulation promoting the dissolution of
evaporate and carbonate rocks.

The triggering is attributed to the input of water into the
ground which in return contributes to increase the load of the
soil material deposited in the vadose zone. This as a result
may reduce the geomechanical strength of the soils and pro-
mote internal erosion and dissolution processes (Gutiérrezet
al., 2009).

3 Remote sensing and sinkhole hazard

As part of the process of sinkhole risk management, hazard
evaluation, and susceptibility mapping sinkhole inventories
or catalogues need to be compiled as reliably as possible.
Satellite and airborne imaging technologies offered geosci-
entists the opportunity to collect valuable data, which serve
as input to sinkhole hazard assessment models in a short pe-
riod of time and under a cost-effective way. Remote sens-
ing methods both satellite, and airborne imaging have been
widely used to support sinkhole susceptibility assessment.
The use of these methods either supports the compilation of
extensive sinkhole catalogues or focuses on to the detection
of indicators as precursor phenomena. Interferometric syn-
thetic aperture radar (InSAR) and its derivatives have proved
to be the most valuable and widely used method in sinkhole
mapping and long-term deformation monitoring (Gutierrez
et al., 2014; Vaccari et al., 2018). According to Vaccari et
al. (2018), challenges associated with these big datasets are
primarily the development of analysis tools that can synthe-

Figure 1. Idealized subsurface profile in karst, with enlarging soil
void or dome above bedrock after Sowers (1996). (1) Remoulded
structureless layer with highly variable stiffness; (2) over consoli-
dated residual soil; (3) normally or lightly over consolidated resid-
ual soil; (4) randomly distributed rock pinnacles, rock blocks with
soft soils, and voids or soil domes; and (5) hydraulically active com-
petent limestone.

size them into products meaningful to the geotechnical com-
munity.

InSAR according to Rosen et al. (2000), operates by relat-
ing the coherent phase difference between radar echoes col-
lected from the same point on the ground at two different
observation times to the path-length difference between the
aircraft and the ground, enabling highly accurate measure-
ment of surface displacement in the line-of-sight direction.
Only the cumulative displacement that occurred during the
time interval between the imaging is measured, InSAR can-
not detect movement perpendicular to the imaging plane, but
along the line of sight (LOS).

Further methods and algorithms were developed to remove
topographic and atmospheric effects from the derived inter-
ferogram. The use of Differential InSAR (DInSAR) takes
into account the digital elevation model (DEM) of the im-
aged area to remove the topographic effects. As a result,
the deformation along LOS of the satellite is quantified. An
advanced DInSAR technique named permanent/persistent
scattered InSAR (PSInSAR) was introduced (Ferretti et al.,
2011), to resolve atmospheric interference problems. Vac-
cari et al. (2018) state that for those locations (perma-
nent/persistent scatterer – PS) that have a large signal-to-
noise ratio across several SAR images, PSInSAR can deliver
deformation measurements with an accuracy of less than 1
cm. PS method gives better results, when features such as
rocky outcrops, lamp posts, crash barriers, transmission tow-
ers, fences, buildings exist in the imaged area. Thus, in rural
areas, the density of PS can be extremely low. The introduc-
tion of an improved version of PSInSAR, SqueeSAR (10)
usually refers to as the second generation of PSInSar, with
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Figure 2. Distribution of sinkholes occurrences in the region
of Centurion, CBD area, early 1970s–mid-2012 (Oosthuizen
and Richardson, 2011), ©OpenStreetMap contributors 2019. Dis-
tributed under a Creative Commons BY-SA License Planet dump
(Data file from 1 October 2019 of database Geofabrik). Retrieved
from https://planet.openstreetmap.org.

an additional layer of statistical analysis is used to identify
regions providing a consistent and traceable response to the
radar pulses over time.

However, the literature documenting detection of precur-
sor phenomena through remote sensing is very limited. Many
researchers (Intrieri et al., 2015; Gutiérrez et al., 2019; Ma-
linowska et al., 2019), mention, that there is a need for an
identification of precursory deformation prior to the catas-
trophic main sinkhole events. Baer et al. (2018) suggest that
the temporal relationships between subsidence and sinkhole
collapse and particularly the factors controlling the duration
of the precursory subsidence are still poorly understood.

4 PSInSAR application in Centurion

Persistent Scatterers (PS) as previously discussed, is a multi-
interferometric technique which enables to generate dis-
placement time-series for chosen radar targets. The general
assumption of PS model is a linear temporal velocity of
ground movement (Ferreti et al., 2011). Based on this as-
sumption the reliability of ground motion observation allows
to be described through standard deviation. The accuracy of
PS method ranges from 0.1–1 mm yr−1 in the LOS direction
(Colesanti et al., 2003). One of the challenges when apply-
ing this method is that PS with high standard deviation val-
ues could present process artefacts due to low signal-to noise
ratio or non-linear motion. Thus, the analysis of spatial cor-
relation among PS with high standard deviation could lead to

Figure 3. Coverage of the study area with PS point’s overlaid
on former observed sinkhole events, ©OpenStreetMap contribu-
tors 2019. Distributed under a Creative Commons BY-SA License.
Planet dump (Data file from 1 October 2019 of database Geofabrik).
Retrieved from https://planet.openstreetmap.org.

identification of zones with non-linear displacement veloci-
ties.

On the 17 May 2017 a massive sinkhole occurred in the
densely built-up area on the corner of Gerhard Street and
Jean Avenue, in Centurion. In Fig. 2 the spatial distribution of
1100 events that occurred during the last four decades in the
area south of Pretoria (Oosthuizen and Richardson, 2011).
The occurrence of this event was a motivation to extend the
research on sinkhole prone areas identification for the Cen-
turion region. The analysis was aimed at investigating the
possible evidence of subtle movement related to the known
sinkholes in the area.

Ground movements were established based on Sentinel-
1A images acquired from the European Space Agency
(ESA). The images were acquired every 12 d from ascend-
ing and descending orbits. The interferometric wide swath
mode cover was of 250 km. The medium resolution was at a
range of 5 to 20 m and azimuth direction (ESA, 2013). The
vertical displacements were analysed for the period between
May 2015 to May 2017. For this study 12 and 24 scenes have
been acquired respectively from Sentinel-1satellite. The per-
pendicular baseline is given with respect to the master image
acquired at 18 April 2007. The interferograms were gener-
ated using the software SNAP and SNAPHU (ESA, 2017).

5 Results

For the processed data, we observe a good number of PS ob-
jects generally uniformly distributed over the study area. The
density of the PS was high mostly due to fact that study area
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Figure 4. Yearly subsidence for the period May 2015–May 2017,
©OpenStreetMap contributors 2019. Distributed under a Creative
Commons BY-SA License. Planet dump (Data file from 1 Oc-
tober 2019 of database Geofabrik). Retrieved from https://planet.
openstreetmap.org.

was intensely built up. The total number of the processed
points was 15 370 (Fig. 3). PS displacement are measured
along the satellite LOS, i.e. the sensor looking direction.
The year displacement velocities, for the sensing period ap-
pear spatially homogeneous, decreasing with negative values
(subsidence) to the N (Fig. 4).

The range of the vertical displacement is of −5 to
−12 mm yr−1. The PS to the centre and S of study area were
subsiding up to −3 mm yr−1. The observed increase of sub-
sidence close to the SW outskirts attributed to noise and pro-
cessing artefacts.

6 Discussion and conclusions

The maximum subsidence velocity of −12 mm yr−1 was ob-
served to the N part of Centurion, which agrees to the high
spatial density distribution of former sinkholes. The N of
study area belongs to a high extend to the South Africa Spa-
tial Forces. However, in the vicinity of sinkhole which oc-
curred on corner of Jean and Gerhardt street (blue circle
on Fig. 5), no significant linear subsidence was observed.
Theron (2017) and Intrieri et al. (2015) concur that in the case
of sinkholes, deformation in the order of a few mm to cm are
expected to occur days, months or even years before the fail-
ure. In general, measurable deformation has been observed
before major displacement occurs, although the main limi-
tation lies in the opportunity to observe such deformation.
Latest observation of ground movement before sinkhole de-
velopment revealed accelerating character of ground move-
ments (Malinowska et al., 2017). PS technique assumes that

Figure 5. Standard deviation of PS points in the vicinity of the cor-
ner Jean and Gerhardt street, ©OpenStreetMap contributors 2019.
Distributed under a Creative Commons BY-SA License. Planet
dump (Data file from 1 October 2019 of database Geofabrik). Re-
trieved from https://planet.openstreetmap.org.

observed ground displacement has a linear character. When
the process becomes non-linear the values of the observed
standard deviation is higher. The analysis of the spatial distri-
bution of standard deviation led to the identification of a zone
with standard deviation higher than −7 mm yr−1 (Fig. 5), in
the vicinity of the recent sinkhole event.

Consistency of PS points distribution with high standard
deviation was very high.

The PSInSAR analysis was carried out using ascend-
ing and descending SAR images from Sentinel-1 between
May 2015 and May 2017. The PSInSAR study for the
temporal interval preceding sinkhole occurrence on the
17 May 2017 shows subsiding and stable zones. Most of Cen-
turion region seems to be relatively stable with an average
displacement velocity of 6 mm yr−1. In the N of study area,
the mean annual subsidence reached −12 mm yr−1.

The displacement in that area is linear and the standard
deviation does not exceed −2.0 mm yr−1. Observed ground
movement in the vicinity of sinkhole which occurred on the
17 May 2017 is inferred that did not have linear character.
Due to the known widespread presence of several sinkholes
in the Centurion area, it is tempting to associate these local-
ized, isolated displacement time series with the precursory
movements associated with the nearby, possibly undetected
sinkhole.

Comparison between levelling mean velocities and PS
mean vertical velocities is planned for comparison and vali-
dation of PSInSar measured displacement. Further measure-
ments are planned in the N of the study area.
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As demonstrated in the present study, SAR interferometry
may represent an essential tool to detect displacement asso-
ciated with sinkhole presence. Such studies can be used to
influence the engineering design choices for the risk miti-
gation in urbanized areas characterized by the presence of
soluble rocks.
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Abstract. The regular monitoring of the relative position of a sequence of radioactive bullets shot through
the well of a vertical borehole can provide in-situ measurements of deep rock compaction. Developed in the
’70s, this technology has experienced a growing interest in the ’90s, but in recent years, its use and relevance
in land subsidence management above producing hydrocarbon reservoirs have been often debated. The present
communication analyses the state of the art of the radioactive marker technique and provides a critical review on
the role that these measurements might play in the future evolution of land subsidence monitoring and modelling.

1 Introduction

The Radioactive Marker Technique (RMT) was first intro-
duced in the ’70s to monitor the ongoing reservoir com-
paction during the exploitation of the Groningen gas field,
the Netherlands (de Loos, 1973). After the initial promis-
ing applications, RMT experienced several technological im-
provements in the ’90s and ’00s and was used in a number
of hydrocarbon fields worldwide, such as in the North Sea
(Menghini, 1989), Gulf of Mexico (de Kock et al., 1998),
and Northern Adriatic Sea (Ferronato et al., 2003). This tech-
nique consists in the regular monitoring of the relative po-
sition of a number of weakly radioactive bullets located at
fixed intervals along a vertical, generally non-productive well
(Fig. 1, Macini and Mesini, 2002). The most recent techno-
logical developments of the logging tool, currently managed
by Schlumberger, allow for a nominal accuracy of the com-
paction measurements of 1 mm over a 10 m spacing.

In principle, the main objective of the RMT application
in producing fields is twofold: (i) measuring the amount of
reservoir compaction directly connected to hydrocarbon ex-
traction activities, and (ii) estimating the mechanical prop-
erties of the reservoir rock to improve the quality of the
subsidence modelling predictions. In recent years, however,
the development of alternative cheaper techniques for such
aims and the intrinsic RMT technological limitations, which
can sometimes prevent from obtaining the expected outcome,
have raised some concerns on the use of radioactive markers.

The present work provides a review of the status of the
current RMT implementation and critically discusses its role
and evolution in the next future. On one hand, the RMT com-
petitiveness with respect to other promising techniques to
monitor deep compaction, such as fiber optics, seems to be
progressively decreasing as far as the temporal and spatial
resolution is concerned.

On the other hand, the recent huge development of accu-
rate subsidence monitoring strategies, e.g., InSAR and GPS,
and numerical methods to derive the rock compressibility by
inverse modelling, e.g„ Data Assimilation algorithms, can
partially reduce the need of deep compaction measurements.
Finally, the experience acquired over almost 30 years of ex-
tensive RMT use in the Northern Adriatic basin suggests a
progressive decay of the compaction measurement quality,
with late data generally affected by a larger uncertainty and
a significant noise.

2 RMT implementation in the world

The first RMT installation worldwide dates back to 1973
in the Groningen field, the Netherlands. At that time, the
main issue was the accurate monitoring of land subsidence
in highly vulnerable areas. The idea was to identify the deep
reservoir compaction in order to derive the related vertical
motion of the ground surface. It was soon realized, however,
that the nominal accuracy of 1 mm over a 10 m compacting

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. The Radioactive Marker Technique.

rock spacing was hard to obtain in practice. To cope with this
difficulty, new algorithms for the radioactive signal analysis
were introduced, leading to a more accurate marker detec-
tion (Mobach and Gussinklo, 1994). In the late ’80s and early
’90s, there was a growing interest in RMT, with applications
in the Ekofisk and Valhall chalk fields, North Sea (Menghini,
1989), Champion oil field, offshore Brunei (Schmitt, 1996),
and Gulf of Mexico (de Kock et al., 1998). The implemen-
tation in the chalk fields of the North Sea was particularly
interesting. As it is well-known, the Ekofisk field was char-
acterized by a very significant compaction, with important
subsidence values affecting the offshore platform. Although
“initial results from the time-lapse monitoring proved to be
disappointing” (Menghini, 1989), most of the early techni-
cal issues were successfully addressed and the compaction
monitoring is still active today.

In the ’90s, RMT has been implemented in a number of
gas fields located in the Northern Adriatic sedimentary basin,
Italy (Macini and Mesini, 2002). By distinction with pre-
vious applications, the Northern Adriatic reservoirs, buried
at a depth ranging from 1000 to 4500 m, are characterized
by a multi-pay structure of alternating sand and clay forma-
tions, with a thickness of the mineralized layers varying from
dozens of meters to a few centimetres. In-situ compaction
measurements led to compressibility estimates of the reser-

voir rock that proved appreciably lower than those provided
by lab tests on core samples (Cassiani and Zoccatelli, 2000),
but generally more consistent with the measured land subsi-
dence. Then, the RMT results were used to develop a hys-
teretic compressibility law for the sedimentary rock at the
basin-scale (Baù et al., 2002), which was later supported by
other experimental data (Hueckel et al., 2005; Ferronato et
al., 2013). As new compaction data became available in time,
however, the statistical dispersion of the compressibility es-
timates unexpectedly grew, with no benefits for the confi-
dence interval of the compressibility law developed in the
early ’00s. Such an occurrence was related to a progressive
decay in the quality of the detected RMT measurements and a
number of studies were devoted to investigate this behaviour,
e.g., Ferronato et al. (2004, 2007), Macini et al. (2006).

More recently, no other scientific publication on RMT is
available. Compaction monitoring is currently ongoing only
in Groningen, Ekofisk and Northern Adriatic. A recent tech-
nical report from NAM (Kole, 2015) analyses the condition
of the marker-equipped boreholes in the Groningen field. The
report notices that only 3 out of 8 wells are still used for mon-
itoring purposes, but the quality of the collected data is pro-
gressively declining. The current accuracy does not exceed
5 mm over a 10 m spacing, observing that “for new fields,
it is therefore unlikely that the GR marker technique will be
applied in the future” (Kole, 2015). Another reason for the
progressive lack of interest in RMT is its cost. For instance,
the cost for drilling a 2000 m deep instrumented borehole in
the Northern Adriatic presently amounts to about EUR 20 M,
while a single FSMT survey costs approximately EUR 200 k.

3 Technical issues

The problems in the RMT use can be classified into two
categories: (1) in-situ data collection; (2) data interpretation
and use. Problems in class 1 mainly affect the quality of the
recorded data, reducing the expected accuracy. Such difficul-
ties can be usually addressed by improving the acquisition
technology. By distinction, problems in class 2 basically con-
cern the role that RMT measurements may play in modern
computational geomechanics for land subsidence monitoring
and prediction.

3.1 In-situ data collection

RMT surveys are carried out with the aid of the Formation
Subsidence Monitoring Tool (FSMT) by Schlumberger. The
last variant of this tool consists of a bar of stainless steel
equipped with 8 gamma-ray sensors, located in two groups
about 10.5 m apart (Fig. 2).

The main technical problems affecting the record quality
are as follows.

– Marker location. The signal intensity decays with the
square of the distance. The ideal marker positioning lies
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Figure 2. The FSMT logging tool.

between 240 and 420 mm from the casing. Out of this
interval, the signal is either too low or influenced by the
casing presence.

– Tool movements. The tool should move at a constant
speed from the bottom of the well upward. Any irregular
movement adds a noisy error component that can hide
the actual signal, especially after several years from the
marker installation.

– Reservoir conditions. FSMT is designed in order to
limit its deformation up to 175 ◦C and 1000 bar. How-
ever, monitoring surveys over large depth intervals can
be affected by significant temperature and pressure
changes.

– Marker spacing. The measurement accuracy progres-
sively decreases when the actual spacing between two
consecutive markers moves farther from the separation
of the FSMT groups of sensors, i.e., about 10.5 m.

– Time decay. The radioactive marker intensity halves in
about 30 years. This means that after a few decades
some markers are definitely undetectable.

– Tool calibration. This is a very important stage for en-
suring a good measurement quality. If this procedure
provides results differing by more than 0.5 mm before
and after the survey, the monitoring campaign should
be carried out again.

3.2 Data interpretation and use

RMT compaction data are filtered by a statistical analysis and
excluded from the records if they do not satisfy strict accept-
ability tolerances (Mobach and Gussinklo, 2004). Nonethe-
less, they can present a large statistical dispersion (Baù et
al., 2002). The correct interpretation of the collected data is
strictly related to their role in the reservoir development. The
main motivations for measuring the deep rock compaction
are twofold: (i) subsidence monitoring, and (ii) reservoir rock
mechanical characterization.

RMT was originally introduced for subsidence monitoring
purposes. In the ’70s and ’80s, it was particularly attractive
for monitoring offshore fields or increasing the frequency of
measurements with respect to the traditional spirit leveling.
Most of these motivations, however, are no longer valid to-
day, because of the development of satellite techniques, such
as GPS and InSAR, which allow for an accurate subsidence
monitoring with a high frequency in both time and space at a
relatively low cost. Nevertheless, the knowledge of deep rock
compaction can still be of interest, even if more as a contri-
bution to the calibration of numerical models rather than as
a direct subsidence monitoring. The use of RMT compaction
measurements for an in-situ rock mechanical characteriza-
tion is still a matter of great interest. To this aim, however,
a number of conditions should be satisfied, in order to avoid
misleading interpretations:

– The rock compaction can be directly related to the verti-
cal uniaxial compressibility (Baù et al., 2002) in the hy-
pothesis of oedometric conditions. If other mechanisms
are important, such as arch effect, three-dimensional de-
formation or poro-elastic coupling, RMT data may lead
to a compressibility underestimation;

– Even if oedometric conditions are satisfied, the com-
pressibility can be correctly deduced from RMT data
by an accurate knowledge of the vertical effective stress
acting in the monitored interval. This can be easily ob-
tained from the pore pressure values only under some
conditions, such as constant total stress, incompress-
ible grains or absence of significant mechanical hetero-
geneities;

– RMT data allow for estimating the average compress-
ibility between two points in the σ -ε space, indepen-
dently of their distance in space or time. Such a value
is therefore acceptable if the rock deforms in nearly
linear-elastic conditions. Deviations from this hypothe-
sis, which are more likely to occur in long time intervals
or with large pressure variations, can lead to inaccurate
results;

– A critical issue is the marker location with respect to the
actual lithological stratigraphy. The presence of unde-
pleted layers, which could also expand, could give rise
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to inconsistent data, e.g., expansions with a pore pres-
sure decline;

– Possible rate-dependent processes cannot be detected
by the RMT analysis and could lead to significant un-
derestimates of the actual rock stiffness.

For these reasons, the rock mechanical characterization de-
rived from marker data has been often the object of debates
within the scientific community in the last years.

4 Discussion and conclusions

The analysis developed in this work reveals that the RMT
methodology for deep compaction monitoring appears to
move towards a rapid decline. After the developments in the
’80s and ’90s, with the RMT implementation in the Nether-
lands, Brunei, North Sea, Gulf of Mexico and Italy, the oil
and gas market has experienced a strong demand contraction
for such a technology, which has been abandoned by some
major service companies, such as Halliburton and Western
Atlas. Currently, deep compaction by RMT is monitored reg-
ularly only where land subsidence is felt as a major envi-
ronmental hazard, such as in some fields of the Northern
Adriatic, Italy, and in few chalk reservoirs of the North Sea
where compaction can take on extremely significant values,
i.e., a minimal percentage of potential market of hydrocar-
bon reservoirs worldwide. For these reasons, the only ser-
vice company currently operating with radioactive markers
is Schlumberger and no significant technological innovations
are under development in this field.

The motivations leading to this situation appear to be only
marginally related to the technical difficulties connected with
the RMT implementation and the data collection. Most of
these difficulties, such as those depending on the irregular
FSMT movement along the borehole, the accurate detection
of the actual marker position or the reservoir temperature and
pressure conditions, have been successfully addressed, and
often solved, with the aid of technological advances on the
recording tool and the analysis software. Rather, the limited
investments on this technology and its abandonment by the
major oil companies worldwide appear to be mainly related
to the debate on the actual role and importance that these in-
situ measurements might play in the economic and environ-
mental management of a producing hydrocarbon reservoir. In
particular:

a. As a methodology for land subsidence monitoring, like
it was originally conceived, the RMT appears to be more
expensive, less accurate, less informative and less reli-
able than other modern techniques used for recording
the land motion, such as GPS or InSAR;

b. As in-situ measurements used for the deep rock me-
chanical characterization, RMT compaction data re-
quire several assumptions, which are rarely satisfied

in real-world installations. In particular, the most un-
favourable situations are those characterized by a pro-
nounced lithological layering and three-dimensional de-
formation, which are often encountered, for example,
in the Northern Adriatic basin (Ferronato et al., 2003).
This can limit the RMT relevance for an effective rock
mechanical characterization.

Nonetheless, it is hard to conclude that deep compaction
measurements are of no interest at all. In the modern com-
putational simulation of land subsidence, they can provide
additional pieces of information that contribute to the devel-
opment of more accurate and reliable predictions. The cur-
rent trends in the numerical modelling of land subsidence
advocate the use of non-deterministic approaches, where the
realizations are constrained by the available measurements,
and the increase of the number of observations in time and
space leads to a progressive uncertainty reduction. For in-
stance, such stochastic approaches can rely on the applica-
tion of proper data assimilation techniques, which can lead to
the development of a novel methodological approach for land
subsidence prediction (van Thienen-Visser and Fokker, 2017;
Gazzola et al., 2019). In this sense, where already available,
RMT measurements can provide a useful contribution to bet-
ter condition the model outcome (Zoccarato et al., 2018).

It appears unlikely, however, that radioactive markers will
be installed for future reservoir developments, especially in
basins where RMT is already present and other more conve-
nient land motion monitoring techniques are available. Any-
way, the experience acquired over the last 25 years in the
Northern Adriatic suggests that, to be effective, FSMT sur-
veys should be scheduled yearly in the initial 5 to 10 years
from the installation, when the signal is good and a large
pressure variation is usually experienced, and every 3 to
5 years afterward, when pressure changes are smaller and the
signal weaker.
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Abstract. The study aims to evaluate ground deformations in a vast area characterized by the coexistence of
intense anthropic activities and offshore natural gas production. Onshore subsidence can be studied by GNSS,
InSAR, high precision leveling and extensometers that provide broad datasets for a fully integrated description
of the phenomenon. At present, seafloor subsidence monitoring cannot be carried out by high precision leveling,
and GNSS is the only reliable method, implemented by means of permanent stations installed on offshore hy-
drocarbon production facilities. In the Northern/Central Adriatic Sea gas production platforms, GNSS data are
recorded since more than 15 years, allowing to estimate not only the average subsidence of the platform/seafloor,
but also possible velocity variations due to underground fluids withdrawal. This study shows the comparison of
22 offshore GNSS permanent stations located in the study area. Raw data have been processed with two dif-
ferent software packages (GIPSY-OASIS and GAMIT-GLOBK) based on different approaches and considering
different boundary conditions of geodetic and/or modeling nature. Main results point out the high accuracy of
the GNSS technology considering also the impact of data processing. Finally, at selected permanent stations we
also performed a comparison of results obtained by GNSS, InSAR and high precision leveling.

1 Introduction

The Italian section of the northern Adriatic Sea is a vast area
characterized by the presence of many natural gas produc-
tion fields, located both onshore and offshore, or straddled
in between the shoreline. The altimetry and the geological
features of the coastal area make it very sensitive to flood-
ing. This territory encompasses the Eastern part of the Po
Valley sedimentary basin, which is characterized by Pleis-
tocenic unconsolidated deltaic sediments. Here, large areas
are located at about the mean sea level, or even below. More-
over, the coastal lowlands and deltaic plains of the Emilia-
Romagna and Veneto Regions, including the Po River delta,
are historically affected by relevant subsidence phenomena,
which includes also many inland areas of the Po Valley, such
as the plain areas surrounding the highly populated urban ar-
eas of Bologna, Modena, etc. (Brighenti et al., 1995; Teatini
et al., 2005). Therefore, in these areas it is paramount to mon-

itor both the natural subsidence of the recent sediments and
the eustatic variation of the mean sea level, and to limit as
much as possible the anthropogenic subsidence due to un-
derground fluid withdrawal. In some cases, land subsidence
and other natural phenomena have been associated with an-
thropic activities, such as natural gas production and intense
aquifer exploitation, making subsidence a hot topic in the
public debate. Therefore, a strong effort is carried out in or-
der to guarantee an effective monitoring of the territory, in
terms of subsidence rates, especially in those areas close to
production fields.

At present, several monitoring techniques are available for
vertical displacements monitoring, such as high precision
leveling, GNSS (Global Navigation Satellite Systems) and
InSAR (Interferometric Synthetic Aperture Radar). In par-
ticular, high precision leveling is very accurate and reliable,
with an accuracy in the order of 1 mm km−1, although it only
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provides a discrete description of the height variations and is
quite expensive for the monitoring of large areas.

Differently, InSAR techniques have the advantage of pro-
viding virtually continuous datasets (interferograms) with an
accuracy of a few mm. For this reason, despite the high cost
of data processing, InSAR techniques can be considered a
cost-effective alternative to high precision leveling whenever
large areas must be monitored. Unfortunately, both high pre-
cision leveling and InSAR cannot be easily applied in off-
shore environments, due to the impossibility of using level-
ing instruments in the marine environment and because of the
poor reliability of InSAR interferograms estimated on small
stable spots surrounded by the incoherent shapes of the sea
waves.

At present, GNSS give the estimation of the ellipsoidal
vertical coordinate with centimetric level of accuracy. Nev-
ertheless, its capability of producing continuous data acqui-
sition provides very consistent time series that, if properly
analysed, leads to estimations of velocity trends with mm
per year level of accuracy. GNSS receivers can be easily in-
stalled on offshore structures and therefore this technique is
becoming an important tool for the subsidence monitoring of
hydrocarbon production areas. Actually, novel techniques for
offshore seafloor subsidence monitoring are under develop-
ment, but not yet operative on a large scale (Miandro et al.,
2017; Cenni et al., 2017).

The present paper focuses on the impact of different calcu-
lation approaches and different software packages for GNSS
data processing on the estimation of time series trends. A
test was performed based on a consistent dataset of GNSS
data gathered by 34 permanent stations, 12 located onshore
and 22 installed on offshore gas production structures for a
period of about seven years (Fig. 1). Two different calcula-
tion approaches have been considered, the classical relative
approach performed using the GAMIT-GLOBK (Herring et
al., 2015) and the PPP (Precise Point Positioning) approach
implemented in the GipsyX software packages (Webb and
Zumberge, 1997). Finally, the paper compares the estimation
of subsidence velocity by using the three abovementioned
techniques on a particular case study in the investigated area
(Northern Adriatic Region), in the same timeframe.

2 Impact of different GNSS data processing
approaches in offshore subsidence monitoring

The dataset analysed in this study is constituted by daily
RINEX (Receiver Independent Exchange format) files pro-
vided by 34 GNSS permanent stations located along the
Emilia-Romagna coastline (12 onshore stations) and in the
north-west Adriatic Sea (22 offshore stations). GNSS observ-
ables were acquired with 30 s interval from 2007 to 2013.
The whole dataset was processed using both the GipsyX
and the GAMIT-GLOBK software packages. The first one
is the latest release of the GIPSY-OASIS software, devel-

oped and maintained by the NASA Jet Propulsion Labora-
tory, which implements a PPP approach. Therefore, it has the
capability to provide highly precise coordinates of a single
receiver using both code and carrier phase observables (Gan-
dolfi et al., 2016). Conversely, the GAMIT-GLOBK software
package, developed at Massachusetts Institute of Technol-
ogy, implements the classical differenced approach toward
the GNSS observables, thus providing the estimations of the
baseline vectors linking two or more receivers. The bound-
ary conditions used for the data processing were as much as
possible the same for both software packages. In particular,
VMF1 tropospheric mapping function (Herring et al., 2008)
and igs_14.atx absolute antenna calibration files were used.
Moreover, all the coordinates’ solutions were aligned to the
ITRF2014 reference frame using Helmert transformation pa-
rameters estimated ad hoc by using the same 9 International
GNSS Service reference stations.

As for the post processing of the coordinate solutions, both
datasets were treated using the same automated procedure
that, basing on the Least Squares approach and the Heavi-
side function, allows to solve discontinuities in time series
and to estimate the mean velocity parameters. The mean ve-
locity of the height component characterizes the subsidence
trend over the considered period. Aim of the test was to as-
sess the coherence between the solutions given by the two
different calculation approaches. Table 1 reports the differ-
ences between the velocity estimations calculated by the two
abovementioned software packages, together with the related
uncertainties, which were calculated by applying variance
propagation.

Results show a consistency of about 0.1 mm yr−1 for most
of the GNSS stations, with a few cases up to 0.5 mm yr−1.
Figure 2 shows the Up component of one of the investigated
GNSS station calculated by the two software packages. From
a statistical point of view, assuming a 3-sigma confidence in-
terval, there are only five stations showing significantly dif-
ferent vertical velocities, highlighted in Table 1. Neverthe-
less, it should be stressed that the maximum of these differ-
ences has a magnitude of 0.6 mm yr−1, which is actually at
the limits of the GNSS technique sensitivity, and the statisti-
cal significance of these differences is mostly due to the very
small uncertainties that characterize the time series. Being
the mean velocities calculated using the two different soft-
ware not significantly biased, in the following a combination
of the two solutions is considered as the GNSS estimation of
the subsidence trends. This combination was calculated by
computing the average values between the two solutions for
each day, weighting these by the inverse of their formal error.

3 Comparison between different onshore
subsidence monitoring techniques

A comparison between the vertical velocities estimated us-
ing different techniques is here discussed. About 9 m far from
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Figure 1. General map of the investigated area. (a) map of the investigated GNSS permanent stations (Map data © Google 2019). (b) relative
position of the four InSAR persistent scatterers (PS1, PS2, PS3 and PS4) with respect to the ST19 GNSS station.

Table 1. Columns 1vu and σ1vu report the difference between the mean vertical velocities (mm yr−1) estimated by using two different
software packages and the related uncertainties, calculated by applying a variance propagation. The stations showing a statistically significant
inconsistency are highlighted. Only true differences are reported for confidentiality reasons (data provided by Eni S.p.A.).

Difference of GNSS Velocities (mm yr−1) GipsyX-Gamit

STATION 1vu σ1vu STATION 1vu σ1vu STATION 1vu σ1vu STATION 1vu σ1vu

ST01 −0.13 0.08 ST10 −0.08 0.11 ST19 −0.04 0.04 ST28 −0.04 0.04
ST02 −0.41 0.08 ST11 −0.16 0.08 ST20 −0.02 0.09 ST29 0.08 0.08
ST03 0.01 0.09 ST12 0.39 0.08 ST21 0.04 0.08 ST30 0.14 0.09
ST04 0.10 0.08 ST13 0.01 0.07 ST22 0.56 0.10 ST31 −0.49 0.14
ST05 −0.38 0.08 ST14 −0.10 0.09 ST23 −0.20 0.14 ST32 −0.13 0.06
ST06 −0.07 0.09 ST15 0.40 0.59 ST24 −0.08 0.05 ST33 −0.08 0.08
ST07 −0.07 0.08 ST16 0.06 0.15 ST25 0.00 0.07 ST34 −0.07 0.06
ST08 −0.15 0.07 ST17 −0.20 0.07 ST26 −0.20 0.09
ST09 0.02 0.07 ST18 −0.08 0.07 ST27 −0.03 0.08

Figure 2. Example of the time series of the Up coordinate component in a selected station in the investigated area. Values have been
calculated by using GipsyX (blue dots) and GAMIT (red dots) software. Coordinates are referred to a local topocentric reference and are
expressed in m. Regression straight lines are superimposed to the correspondent time series.

the permanent station ST19 a levelling benchmark is present,
and therefore this site has been chosen for the comparison.
Moreover, data from five high precision leveling surveys are
available in the considered period, which were performed
starting from a benchmark close to ST34, which is located
approximately 160 km north of ST19. The hypothesis of ver-
tical stability of ST34 is assumed in the estimation of the

trend derived from such data. It was thus necessary to sub-
tract the vertical velocity of ST34 from the one of ST19 in
order to make the GNSS trend estimation comparable to the
one derived from high precision leveling. As for the InSAR
data, four persistent scatterers (PS), with the related time se-
ries, were available close to the ST19 site. Location and dis-
tances between the PSs and the GNSS station are shown in
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Figure 3. Time series of the InSAR measurements for PS1, PS2, PS3 and PS4, plotted together with the related regression straight lines.
Black dots represent the combined values in correspondence of ST19 GNSS station19. The regression straight line has been assumed as
reference for data confidentiality reasons.

Figure 4. Residual time series with respect to the GNSS velocity of
the vertical coordinates measurements using InSAR (purple dots),
GNSS at ST19 GNSS station (green dots) and high precision level-
ing (blue dots).

Fig. 1. InSAR data where acquired by the RADARSAT 2
satellite and processed by e-GEOS using the PSP-DIFSAR
technique. This technique allows, basing on both ascending
and descending satellite orbits, to estimate position varia-
tions along the vertical direction. In order to compute the In-
SAR estimation of the vertical trend to be compared with the
ones derived from GNSS and leveling, the velocities given
by the four PS (PS1, PS2, PS3 and PS4) were combined
weighting each one by the inverse of the distance between
the PS and ST19. The result of this combination is the time
series reported in Fig. 3, which uses its regression straight
line as reference. Figure 3 also shows the InSAR time series
related to the abovementioned 4 PS, expressed relatively to
the combined mean solution, and referred to ST19. The In-
SAR dataset available for this study has not been calibrated,
and so all the measurements are referred to a single PS sup-
posed to be stable in time, which is unknown. This fact in-
troduces a bias in terms of velocities depending on the mo-
tion of the reference PS. In order to estimate such bias, the
only possibility was to compute the averaged difference of
vertical velocity for those sites where a GNSS station and
a PS where co-located. In particular, this was possible for
the sites ST05, ST28 and ST29 and the calculated bias was
subtracted to the interpolated value estimated for the InSAR
technique in ST19 position. Also in this case, the GNSS ve-
locities calculation takes into account the subtraction of ST34

velocity values, and therefore the calculated InSAR veloc-
ity is fully comparable with the high precision leveling re-
sults. Fig. 4 reports the time series of the measurements per-
formed with InSAR, GNSS and high precision leveling, all
expressed with respect to the regression straight line calcu-
lated for the GNSS data. The three techniques lead to slightly
different results, which are very similar for GNSS and In-
SAR, whereas the high precision levelling provides a differ-
ence of about 1.5 mm yr−1. This can be explained consider-
ing both the high numerosity of the data sample and because
InSAR technique is calibrated using GNSS data. Moreover,
the error propagation of the leveling error is affected by the
long distance of the starting benchmark, which is located
about 150 km far away.

4 Conclusions

This paper investigates two main technical aspects concern-
ing the estimation of the subsidence trends basing on geo-
matics surveys.

The first one relates to the impact of using different cal-
culations approaches for the GNSS data processing, and
thus also for different software packages. The two tested
approaches are the commonly used relative approach and
the Precise Point Positioning, implemented in the GAMIT-
GLOBK and the GipsyX software packages, respectively.
The test shows that, with the same boundary conditions, the
two approaches leads to highly comparable results, at least
while considering a robust dataset as the one considered here
(seven years time series).

The second aspect concerns the consistency of the vertical
trends estimated using different survey techniques, namely
the classical high precision leveling, the GNSS permanent
stations and the recently developed InSAR. This comparison
has been performed on a site where survey data were avail-
able for all the three different techniques. The results show
absence of discrepancies between InSAR and GNSS, by con-
sidering an accuracy of 0.1 mm yr−1. The high precision lev-
elling, which is affected by a significantly smaller data sam-
ple, has proved to be consistent with the other techniques
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considering within 1.5 mm yr−1. This difference might have
been lower by using a higher number of measurements and/or
a closer reference benchmark. This test confirmed that, with
sufficiently long datasets, all the considered survey methods
can be used, choosing a specific one according to its strengths
and limitations. InSAR is the choice to monitoring wide ar-
eas, whereas high precision leveling is still an efficient alter-
native for the monitoring of single objects, especially if not
far away from a stable benchmark. Finally, the GNSS tech-
nique has proven to be a reliable tool and, at present, is the
only one suitable for offshore applications.
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Abstract. Excessive withdrawal of groundwater in coastal and deltaic regions is one of the main reasons which
induce land subsidence in these areas. Land surface displacement monitoring with conventional methods is not
able to pinpoint subsurface compacting, which is very challenging. Instead of groups of extensometers, we apply
distributed fiber optic sensing (DFOS) with Brillouin scattering in vertical boreholes to identify the deformation
distribution along the entire borehole with meter-scale spatial resolution. We here present 10 boreholes with
depths range from 100 to 600 m with DFOS monitoring along the east coastal line of Jiangsu and Shanghai since
2015, and 1 borehole of 300 m in depth in Yangtze River delta since 2012. The results provide clear images on the
deformation distribution along entire boreholes, by identifying the main contributors to the subsidence and the
deformation evolutionary processes, with stable long-term monitoring performance. Hence, we demonstrate that
DFOS can open window into subsurface deformation and could be important complementary to conventional
methods to understand the land subsidence processes in coastal and deltaic regions.

1 Introduction

Land subsidence due to anthropogenic groundwater with-
drawal combined with a global sea level rise creates seri-
ous environmental problems in the coastal and deltaic re-
gions, including differential subsidence and infrastructure
damage, elevation decrease, increased vulnerability to flood-
ing and tsunami, and permanent inundation of lowland (Hig-
gins, 2016). In China, there have been 102 cities suffering
from land subsidence by 2015. Cities in coastal and deltaic
regions account a large proportion in those subsiding cities
due to large population and high demand in groundwater.
The pursuit of effective mitigation of subsidence, long term
urban planning and others have driven the demand of suf-
ficient observation of land subsidence. However, in general,
the complex aquifer systems in coastal and deltaic regions
may pose great challenges to identify the subsurface defor-
mations when the compacting is inhomogeneous.

Ground-based techniques (including leveling, extensome-
ters, GPS and T-LiDAR) and space-based techniques (in-
cluding InSAR and LiDAR) are currently the main tech-
niques used for land subsidence monitoring (Bürgmann et
al., 2000; Galloway and Burbey, 2011; González and Fer-
nández, 2011). Most of these techniques obtain the surface
displacements while groups of borehole extensometers can
obtain subsurface deformation (Lofgren, 1969; Riley, 1986),
but only measures limited strata deformation due to the con-
struction and cost issues.

More recently, a novel method to monitor land subsidence
using distributed optical fiber sensing (DFOS) with Brillouin
scattering has been developed. DFOS enables the monitoring
of strain along the entire optical fiber with continuous spa-
tial measurements therefore the deformation along the opti-
cal fiber can be obtained. The feasibility of DFOS in vertical
boreholes for land subsidence monitoring has been illustrated
by Gu et al. (2018), Wu et al. (2015) and Zhang et al. (2018)
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Figure 1. (a) The idea of land subsidence monitoring using DFOS, d: thickness of a stratum; T1 & T2: time of data acquisition. (b) The
procedure of the cable installation (cable insert → cable prestretching → backfilling with standard materials → end fixing) (Modified from
Gu et al., 2020).

Figure 2. The locations of land subsidence monitoring boreholes
using DFOS in Jiangsu and Shanghai.

and their results indicated that the ability of DFOS in ob-
taining continuous strata deformation offers a good option
in monitoring the deformations of soft soils in coastal and
deltaic regions.

In this paper, we introduce the monitoring of land sub-
sidence using DFOS in coastal and deltaic regions, includ-
ing the general idea and the key techniques. Additionally, the

boreholes we set up in coastal and deltaic regions located in
Jiangsu and Shanghai were presented.

2 Land subsidence monitoring using DFOS

By installing slender sensing cables into a vertical borehole
(Fig.1a), the strata deformation along the entire borehole can
be obtained according to the frequency changes measured
by the cable. Among other DFOS techniques, Brillouin scat-
tering such as Brillouin Optical Time Domain Reflectome-
ter (BOTDR) is employed. The frequency shifts of Brillouin
scattering have linear correlations to the changes of longi-
tudinal strain and temperature (Bao and Chen, 2011). It is
notable that the negative strains of the sensing cable indicate
the compression of strata while the positive strains indicate
the rebound of strata. A typical spatial resolution and mea-
surement accuracy of BOTDR is 1 m and 50 µε, respectively.

Figure 1b illustrated the procedure of the cable installa-
tion. According to the installation method, this novel method
only measures the vertical displacement. The fixed point on
the bedrock is immobile and the sensing cables should be
kept in tension and straight during the entire monitoring pe-
riod.

3 Key issues of the method

Generally, there are three key issues that should be carefully
consideration for the application of DFOS in the land sub-
sidence monitoring: (1) suitable sensing cables; (2) backfill
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Figure 3. The subsurface deformation obtained by DFOS. (a) Typical strain distribution along the borehole, (b) Subsurface deformations in
boreholes in the coastal region.

materials and (3) the coupling behavior between cables and
surrounding soils.

The complex subsurface conditions and the cable instal-
lation process require strong but sensitive sensing cables.
Therefore, two sensing cables namely metal-reinforced cable
(MRC) and fix-point cable (FPC) were developed. The struc-
tures of these two cables were introduced by Wu et al. (2015).
The backfill materials are very critical for the coupling of
sensing cable and surrounding soils, eventually for the valid-
ity of monitoring results. Undisturbed soils would be ideal
borehole backfill materials while it is impractical. The se-
lection of backfill materials concerns the complexity of the
backfilling (e.g. the use of clay may jam boreholes) and the
engineering properties of the backfill materials (e.g. the coef-
ficient of compressibility, etc.). We use a mixture of sand and
gravel, whose d60, d30, and d10 is 0.74, 0.30 and 0.12 mm, re-
spectively, with the coefficient of uniformity (Cu) of 6.33 and
the coefficient of curvature (Cc) of 1.09. Such well-graded
backfill material can be smoothly backfilled without jam-
ming the borehole. The previous study indicated that the hor-
izontal confining pressure is the principle factor that affect
the coupling behavior of sensing cable and soils. The criti-
cal depth below which is considered to have strong coupling
is generally smaller than 40 m, depending on the type of the
soils. Since the boreholes for subsidence monitoring are usu-
ally deeper than 100 m, such critical depth should be accept-
able. Additionally, backfill materials are found to have in-
significant impact on the coupling as long as the confining
pressure is large enough.

4 Preliminary monitoring network using DFOS in
coastal and deltaic regions

Since 2012, 15 land subsidence monitoring boreholes us-
ing DFOS have been set up in coastal and deltaic regions.
Among them, 9 boreholes are in coastal region (east coast of
Jiangsu, China) and 6 boreholes are in the low Yangtze River
delta (south Jiangsu and Shanghai). The borehole locations
are given in Fig. 2. The data acquisition is conducted every
2–4 months so the seasonal variation of strata deformations
can be recorded. The depth of borehole is usually more than
100 m and the deepest borehole is up to 710 m.

5 Results

Figure 3a shows the typical results obtained by DFOS
(i.e. relative strain variation after subtracting the initial strain
distribution). The deformation of strata induced the strain
variation and the continuous strain distribution along the en-
tire borehole clearly identified the compacting strata. The
detailed results also provide the temporal and spatial char-
acteristics of the subsurface deformation. Figure 3b give the
preliminary results based on MRC obtained in the boreholes
located in the coastal regions. As can be seen that the sub-
surface deformation is quite inhomogeneous and some com-
pacting may occur within very thin layers. The precise depths
of deformation offer a clear image of the subsidence process
and important information on the understanding of the sub-
sidence mechanisms. The comparison between DFOS result
and that obtained by conventional method was conducted in
the Shengze borehole since 2015, and a very good consis-
tency in subsiding rate and trend was observed (Gu et al.,
2020), although such comparison was limited so far. Further
comparison between DFOS and other methods including ex-
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tensometers and InSAR is now in process and will be re-
ported in our future work.

6 Conclusions

It is challenging to monitoring the subsurface deformations
in coastal and deltaic regions. Distributed fiber optic sensing
(DFOS) provides “neuro” (i.e. sensing cables) to the sub-
surface and can open a window into subsurface deforma-
tion. The detailed results on the deformation allow us to pre-
cisely locate the compacting strata and better understand the
subsurface deformation with temporal and spatial character-
istics. A preliminary monitoring network using DFOS has
been set up in east and south Jiangsu and Shanghai, China,
including 15 boreholes and has been providing detailed sub-
surface deformation along those boreholes. It is foreseeable
that DFOS has very good potential in land subsidence mon-
itoring in coastal and deltaic regions, although further im-
provement on this novel method is still required.

Data availability. Some or all data, models, or code generated or
used during the study are available from the corresponding author
by request.

Author contributions. KG proposed the method, conducted the
field tests, analyzed the data and prepared the manuscript. SPL con-
ducted the field tests and analyzed the data. BS proposed the method
and reviewed the manuscript. YL and YHJ provided the sites and
the critical field data and reviewed the manuscript.

Competing interests. The authors declare that they have no con-
flict of interest.

Special issue statement. This article is part of the special issue
“TISOLS: the Tenth International Symposium On Land Subsidence
– living with subsidence”. It is a result of the Tenth International
Symposium on Land Subsidence, Delft, the Netherlands, 17–21
May 2021.

Acknowledgements. We thank Guang-Qing Wei from Suzhou
NanZee Sensing Ltd., China for providing the field assistance.

Financial support. This research has been supported by the Na-
tional Natural Science Foundation of China (grant nos. 41427801,
41502274, 41977217), the Key Project of Nanjing University Tech-
nology Innovation Fund (grant no. SC-2019-101), and the China
Geological Survey Program (grant no. DD20190260).

References

Bao, X. and Chen, L.: Recent Progress in Brillouin Scat-
tering Based Fiber Sensors, Sensors, 11, 4152–4187,
https://doi.org/10.3390/s110404152, 2011.

Bürgmann, R., Rosen, P. A., and Fielding, E. J.: Synthetic Aper-
ture Radar Interferometry to Measure Earth’s Surface Topogra-
phy and Its Deformation, Annu. Rev. Earth Planet. Sci., 28, 169–
209, https://doi.org/10.1146/annurev.earth.28.1.169, 2000.

Galloway, D. L. and Burbey, T. J.: Review: Regional land subsi-
dence accompanying groundwater extraction, Hydrogeol. J., 19,
1459–1486, https://doi.org/10.1007/s10040-011-0775-5, 2011.

González, P. J. and Fernández, J.: Drought-driven tran-
sient aquifer compaction imaged using multitemporal
satellite radar interferometry, Geology, 39, 551–554,
https://doi.org/10.1130/G31900.1, 2011.

Gu, K., Shi, B., Liu, C., Jiang, H., Li, T., and Wu,
J.: Investigation of land subsidence with the combina-
tion of distributed fiber optic sensing techniques and mi-
crostructure analysis of soils, Eng. Geol., 240, 34–47,
https://doi.org/10.1016/j.enggeo.2018.04.004, 2018.

Gu, K., Shi, B., Wu, J. H., Zhang, C. C., Liu, S. P., Jiang, H. T.,
Lu, Y., and Jiang, Y. H.: An insight into land subsidence using
distributed fiber optic sensing with Brillouin scattering and a 6.5-
year case in Yangtze River delta, J. Geophys. Res.-Earth Surf.,
submitted, 2020.

Higgins, S. A.: Review: Advances in delta-subsidence
research using satellite methods, 24, 587–600,
https://doi.org/10.1007/s10040-015-1330-6, 2016.

Lofgren, B. E.: Field measurement of aquifer-system compaction,
San Joaquin Valley, California, U.S.A, in: Land subsidence, Pro-
ceedings of the Tokyo Symposium, edited by: Tison, L. J., Sept
1969, IAHS Publ. 88, 272–284, 1969.

Riley, F. S.: Developments in borehole extensometry, in: Land sub-
sidence, Proceedings of the Third International Symposium on
Land Subsidence, edited by: Johnson, A. I., Carbognin, L., and
Ubertini, L., Venice, Italy, March 1984, IAHS Pub. 151, 169–
186, 1986.

Wu, J., Jiang, H., Su, J., Shi, B., Jiang, Y., and Gu, K.: Applica-
tion of distributed fiber optic sensing technique in land subsi-
dence monitoring, J. Civil Struct. Health Monit., 5, 587–597,
https://doi.org/10.1007/s13349-015-0133-8, 2015.

Zhang, C. C., Shi, B., Gu, K., Liu, S. P., Wu, J. H., Zhang, S., Zhang,
L., Jiang, H. T., and Wei, G. Q: Vertically Distributed Sensing of
Deformation Using Fiber Optic Sensing, Geophys. Res. Lett., 45,
11732–11741, https://doi.org/10.1029/2018GL080428, 2018.

Proc. IAHS, 382, 95–98, 2020 proc-iahs.net/382/95/2020/

https://doi.org/10.3390/s110404152
https://doi.org/10.1146/annurev.earth.28.1.169
https://doi.org/10.1007/s10040-011-0775-5
https://doi.org/10.1130/G31900.1
https://doi.org/10.1016/j.enggeo.2018.04.004
https://doi.org/10.1007/s10040-015-1330-6
https://doi.org/10.1007/s13349-015-0133-8
https://doi.org/10.1029/2018GL080428


Proc. IAHS, 382, 99–102, 2020
https://doi.org/10.5194/piahs-382-99-2020
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

Open Access

Tenth
InternationalS

ym
posium

on
Land

S
ubsidence

(TIS
O

LS
)

Ongoing research on the pumping-induced land
deformation in the Aguascalientes Valley: an analysis of

the recent data of vertical deformation, groundwater level
variations and local seismicity

Martin Hernandez-Marin1, Ruben Esquivel-Ramirez2, Mario Eduardo Zermeño-De-Leon1,
Lilia Guerrero-Martinez1, Jesus Pacheco-Martinez1, and Thomas J. Burbey3

1Departamento de Geotecnia e hidráulica, Universidad Autónoma de Aguascalientes,
Aguascalientes, Ags. 20131, Mexico

2Instituto Nacional de Estadistica y Geografía, Héroe de Nacozari Sur 2301,
Aguascalientes, Ags., 20266, Mexico

3Department of Geosciences, Virginia Tech, Blacksburg, VA, USA

Correspondence: Martin Hernandez-Marin (mhernandez@correo.uaa.mx)

Published: 22 April 2020

Abstract. In the Aguascalientes valley, middle Mexico, the demand of groundwater from the local aquifer sys-
tem was suddenly increased after the late 1970s. Since then, several related problems have been occurring or
become critical such as land subsidence, ground fissuring, and low-magnitude earthquakes. The most recent data
of vertical deformation from PSInSAR, groundwater levels, and earthquakes, has provided critical information
regarding the relationship amongst all these processes. In particular, that related to land subsidence, earth fis-
suring and seismicity. Regarding this, more satellite imagery and data from GPS stations are being revised as a
possibility of a more generalized vertical deformation derived with low-magnitude seismicity. A particular seis-
mic event recorded on 6 April 2019 has revealed critical information on the close association between vertical
displacements occurred in active faults and low-magnitude seismic events.

1 Introduction

Land Subsidence and associated ground fissuring have been
occurring in Aguascalientes valley over the last five decades
(Aranda-Gómez, 1989). As a direct consequence of these
two processes, several damages in urban and rural infras-
tructure have been reported (Pacheco-Martínez et al., 2013).
The intensive pumping resulting from an increasing need of
water for human activities is considered as the triggering
cause of land deformation, while the last tectonic activity can
be considered as an important conditioning factor for earth
fissuring, since recent observations suggest that several an-
cient buried faults are being reactivated by land subsidence
(Hernandez-Marin et al., 2015). GPS and satellite InSAR
techniques have been used for measuring land subsidence
since the early 2000s. In fact, the latest records of surface

deformation correspond to TerraSAR-X and Sentinel-1 im-
ages, which were processed with InSAR techniques (INEGI,
2015). On the other hand, the recent occurrence of local seis-
micity has been suggested to be associated to subsidence-
induced faulting, due mainly to the increase of local earth-
quakes after the 1980s, which corresponds to first reports of
damages in constructions by faulting. In this context, Lermo
et al. (1996), analysed the records of local earthquakes us-
ing the national seismic net. They identified 18 local events
between 1988 and 1994. Particularly, between 1993 to 1994,
using a local seismic net of 6 stations, 5 additional events
were recorded, all of them with epicenter inside or adjacent
to the city of Aguascalientes, in locations close to the lo-
cally named Oriente fault (UNAM-SOP, 1994). Despite the
current critical descent of groundwater levels, the relation-
ship between cones of groundwater and maximum land sub-
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100 M. Hernandez-Marin et al.: Analysis of vertical deformation, groundwater levels and seismicity

Figure 1. Land subsidence, earth fissuring and water level elevation in the valley of Aguascalientes after 2017. Figure based in a ©Google
Earth complement inside Qgis.

sidence is not clear, likely due to the complexity of the in-
volved factors (i.e. multiple-layer stratigraphy, spatially and
temporally variable pumping, increasing loads due to con-
structions, among others). However, it is a fact that critical
groundwater depletion cones are located in zones of maxim
number of fault and fissures, this is, in zones where differen-
tial subsidence is critical. More detailed investigation needs
to be carried out in order to establish the real correlation be-
tween cones of groundwater depletion and land deformation.
The goal of this work is to compare the present land deforma-
tion with recent seismicity and determine a potential correla-
tion between these two processes. Besides, to find a potential
relationship between land deformation to critical descents of
groundwater levels.

2 Land deformation, seismicity and groundwater
depletion

Land subsidence in the valley of Aguascalientes occurred
since the early 1980s and currently, some zones are observed
with more than a meter and a half of accumulated deforma-

tion. As shown in Fig. 1, the present deeper subsidence bowls
are occurring in the urban areas of Aguascalientes and Je-
sus María, which is an adjacent municipality to the city of
Aguascalientes. However, several minor zones of high subsi-
dence are observed at the north, mainly due to the high vol-
ume of groundwater extraction for agriculture. As observed a
maximum record of 157 mm during 2017, and all the defor-
mation is concentrated between the two major normal faults.
Also, in Fig. 1 can be noticed that the groundwater levels
present the major cone of depletion in the zone of the Aguas-
calientes city, and that the groundwater flows in a north-to-
south direction.

3 Methodology

The overall methodology was carried out by (a) analyz-
ing images of PSInSAR processed in both sequences, as-
cending and descending; (b) revising the records of seismic
events; (c) positioning the epicenters of local earthquakes;
and (d) analyzing the groundwater levels in order to estab-
lish the critical cones of depletion.

Proc. IAHS, 382, 99–102, 2020 proc-iahs.net/382/99/2020/
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Figure 2. Location of earthquakes epicenters recorded from
April 2014 to August 2017, along with the potential location of the
seismic event recorded in April 2019. Magnitude (in Mw) and depth
of the earthquakes were reported by the National Seismic Survey.
Figure based in a © Google Earth complement inside Qgis.

PSInSAR images revised correspond to a time-lapse from
May 2016 to April 2019, in order to obtain the linear velocity
of land subsidence. In addition, local seismicity was revised
from the historic records of earthquakes from 2014 to 2017.
However, a particular seismic event occurred in 6 April 2019
was used as base to demonstrate the correlation between seis-
micity and land deformation. Images form PSInSAR were
revised before and after that particular earthquake. Finally,
to establish the configuration of the piezometry, 216 produc-
tion wells spatially distributed along the valley were used to
measure the groundwater levels.

4 Seismicity and earth fissuring

Part of the recent seismicity occurred within or close to the
Aguascalientes valley was suggested to be caused by residual
tectonism (Aranda-Gómez, 1989), However, due to reports
of local shaking movements from residents of the Aguas-
calientes city , the suspicion of a close relationship between
sudden vertical displacement and low-intensity earthquakes
was increased in recent years. Recently, due to the continue
monitor program of land deformation from the government
agency INEGI and to the recent map of faults and fissures
published from SIFAGG (2009), which is coordinated by the
local government, was possible to detect potential subsided
zones caused directly by fault displacements and a conse-
quent low-intensity earthquake. Figure 2 shows the occur-
rence of earthquakes (epicenters) inside the valley from 2014
to 2017, as well as the areas where the seismic event oc-
curred in 6 April 2019 was sensed by inhabitants of the SE
of Aguascalientes city. The location was determined based
on the reports of local residents. The further analysis of this

Figure 3. Vertical displacement recorded with PSI associated to the
microseism of 6 April 2019. Bar scale is in millimeters. Red lines
indicate the location of discontinuities. This figure was supported
by the © Google Earth software.

Figure 4. Fissures associated to the earthquake occurred in
6 April 2019.

event demonstrated the close relation between land subsi-
dence, earth fissuring and seismicity, since, as observed, the
deformation area is adjacent to an earth fissure branch of the
Oriente fault.

Figure 3 shows the vertical deformation occurred after
the earthquake of 6 April 2019. Deformations in this figure
were computed from Sentinel-1 ascending (5–17 April 2019)
and descending (2–14 April 2019). Results were derived
from PSInSAR general processing of ascending/descending
datasets of images acquired from May 2016 to April 2019. In
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order to extract only the earthquake signal, the effect of con-
stant linear deformation of subsidence was subtracted using
the mean velocity calculated from the PSInSAR ascending
and descending trajectories. That figure shows a maximum
vertical deformation that is concentrated adjacent to a branch
of the Oriente fault. Vertical sinking is close to 20 mm and
concentrated on the west (hanging wall) while some points
of uplift are recorded in similar magnitude to sinking on the
east (footwall). This ascent-descent mechanical behavior of
the surface was previously recorded for another branch of the
Oriente fault (Hernandez-Marin et al., 2017), Although that
record did not was associated to any seismic event. Figure 4
depicts some fissures produced with the 6 April microseism
found during field observations on the same day of the event.

5 Summary and conclusions

This investigation suggests a close relation between fissuring,
land subsidence and low-magnitude seismicity. However, the
relationship between groundwater withdrawal and land sub-
sidence or earth fissuring remains with unanswered questions
due to the large number of factors involved. A considerable
number of low-magnitude earthquakes are occurring in re-
cent years in the valley of Aguascalientes, most of them are
recorded within the valley at relatively shallow depths. The
vertical deformation associated to a seismic event recorded
in 4 April 2019 was monitored and analyzed using PSIn-
SAR and a dataset of images before and after that date. In
accordance with field work, which included the opinion of
local residents, the microseism was mostly sensed in a zone
currently affected by a fault that seems to be a branch of
the Oriente fault, one of the most active and prominent sur-
face discontinuities in the valley of Aguascalientes. The ver-
tical deformation includes surface sinking and uplift, both
of them with a magnitude close to 20 mm. Surface sinking
was recorded on the west (hanging wall), while uplift oc-
curred on the east (footwall). Despite the evidence presented
here, more research needs to be performed in order to define
the relationship among land subsidence, earth fissuring, local
seismicity and groundwater withdrawal.

Data availability. Data of epicenters and their main features are
under shelter of the National Seismic Survey, to get access to them,
anybody must complete an official request. Deformation data were
obtained from Sentinel-1, whose data are freely provided by ESA
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Abstract. Over 1992–2018, groundwater overexploitation had caused large-scale land subsidence in the
Choshui River Alluvial Fan (CRAF) in Taiwan. The Taiwan High Speed Railway (THSR) passes through an
area of severe subsidence in CRAF, and the subsidence poses a serious threat to its operation. How to effectively
monitor land subsidence here has become a major issue in Taiwan. In this paper, we introduce a multiple-sensor
monitoring system for land subsidence, including 50 continuous operation reference stations (CORS), multi tem-
poral InSAR (MT-InSAR), a 1000 km levelling network, 34 multi-layer compaction monitoring wells and 116
groundwater monitoring wells. This system can monitor the extent of land subsidence and provide data for study-
ing the mechanism of land subsidence. We use the Internet of Things (IoT) technology to control and manage
the sensors and develop a bigdata processing procedure to analyse the monitoring data for the system of sensors.
The procedure makes the land subsidence monitoring more efficient and intelligent.

1 Introduction

Due to the continuous growth of population and economy
in Taiwan, more water resources are needed. The use of the
groundwater resources is inevitable when the surface water
sources become insufficient. Groundwater overexploitation
may result in land subsidence and other disasters. In coastal
areas, sea water can intrude the water-bearing stratum and re-
sult in soil salinization. The salinization can degrade the vi-
tal functions of the soil and the salinized land can no longer
support industry developments are downgraded. The under-
ground water resources will no longer be utilized. These land
subsidence problems will increase the social cost. Selected
cases of land subsidence (Tosi et al., 2007; Tomás et al.,
2010; Hung et al., 2011).

Taiwan is located in the subtropical monsoon region, and
the climate of Taiwan is oceanic tropical and subtropical.
The rainfall is plentiful; the annual rainfall reaches up to
2500 mm, which is 2.5 times of the average world rainfall.
However, Taiwan is a country suffering from severe water
shortage due to a number of reasons. Taiwan is highly pop-
ulated, with foothills and high mountains over 2/3 of the is-

land. Because of the steep terrains, the discharge times of ma-
jor rivers to the oceans are short. As Taiwan’s economy con-
tinues to grow the total water consumption continues to rise
rapidly. As a result, groundwater now has become a major
water source. Overexploitation of the groundwater is com-
mon in the suburban areas. In particular, severe land subsi-
dence has occurred in the southwestern coastal areas, espe-
cially over Choushui River Alluvial Fan (CRAF) in recent
years.

CRAF is the most important agricultural area in western,
central Taiwan, with elevations ranging from 0 to 100 m.
CRAF covers a total area of 2000 km2 and is bounded by Wu
River (north), Pekang Creek (south), Douliu Mound (east)
and Taiwan Strait (west). Figure 1 shows the geographical
location of CRAF, which is centered at 24.0◦ N and 120.5◦ E.

Choshui River is the longest river in Taiwan. The sedi-
ments in CRAF originate from rock formations in the the
river’s upstream watershed, including slate, metamorphic
quartzite, shale, sandstone, and mudstone (Fig. 2). Sediment
loads composed of weathered rock fragments of different
sizes gradually settled on the riverbed, floodplain, and seabed
to form CRAF. The head of CRAF contains mainly gravel
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Figure 1. Geographical location of Choushui River Alluvial Fan
(CRAF).

and coarse sand, and theproximal CRAF is a delta covered by
fine sand. Because the upstream watershed area of Choshui
River is wide and infiltrative, surface water in the head of the
fan penetrates the ground to recharge the sub-surface aquifers
over CRAF.

According to the statistics of Water Resource Agency of
Taiwan, the extracted groundwater in Yunlin is 94 metric tons
per day, and is 305 million tons per year. Without enough
recharge, the withdrawal of groundwater can decrease the
water level and consequently reduce the porous pressure and
increase the effective stress, inevitably leading to land subsi-
dence. The Taiwan High Speed Rail (THSR) passes through
Yunlin, where subsidence poses a serious threat to its opera-
tion (Hung et al., 2011).

2 Synergy of monitoring sensors

In order to investigate the mechanism of land subsidence in
central Taiwan, a multi-sensor monitoring system is installed.
The system includes InSAR, GPS, leveling, multi-layer com-
paction monitoring well and Piezometer. Figure 3 shows a
conceptual picture of the multi-sensor monitoring system.
These sensors complement each other in spatial and temporal
resolutions, and the results from these sensors can be com-
pared for validation of the observed land subsidence. With
a good spatial correlation and proper environmental correc-
tions for Sentinel images, the method of Small Baseline Sub-
set Differential (SBAS) will deliver areal vertical displace-
ments accurate to few cm at a 25 m spatial resolution and at a
time scale equivalent to the satellite repeat period. At the con-

Figure 2. Geological settings of Choshui River Alluvial Fan
(modified from Central Geological Survey of Taiwan, http://www.
moeacgs.gov.tw/, last access: December 2019).

tinuous GPS stations, the accuracy of vertical displacements
is about 1 cm from the daily solutions. With precision levels
and adequate correction models, leveling can deliver point-
wise vertical displacements accurate to few mm at the level-
ing benchmarks. Figure 4 shows the distributions of leveling
networks, continuously operating reference Stations (CORS)
of GPS, groundwater monitoring wells and multi-layer com-
paction monitoring wells used in this paper.

In this study, leveling and InSAR results were used to de-
tect the land subsidence area and calculate land subsidence
rate in CRAF. In the center of the bowl-shaped subsidence
area, the data from the CORS GPS stations and multi-layer
compaction monitoring wells were used to analyze the mech-
anism of land subsidence.

3 Monitoring result of CRAF

3.1 Leveling

The length of the leveling network in the CRAF monitoring
system is 1000 km (Fig. 4). The accuracy requirement for the
leveling is a 3

√
K mm misclosure in any double run, where

K is the distance between two neighboring benchmarks in
km. At each leveling setup, the distances to the foresight and
back sight were measured by an electronic distance mea-
surement (EDM) device to ensure the two are nearly iden-
tical. Corrections for collimation error, atmospheric refrac-
tion and the earth’s curvature were applied to the differential
heights. Because the cumulative differences between fore-
sight and backsight distances do not exceed 10 m, residual
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Figure 3. A conceptual picture of the multi-sensor land subsidence
monitoring system in central Taiwan.

Figure 4. Distributions of leveling benchmarks, monitoring wells
and CORS GPS stations in CRAF, the names of townships in Yunlin
County and Changhua County are shown here.

Figure 5. Cumulative subsidence derived from leveling over 1992–
2018.

collimation errors, the earth’s curvature and atmospheric ef-
fects were negligible. Figure 5 shows the contours of cumula-
tive subsidence based on the interpolations using Kriging. In
the past two decades, the maximum cumulative subsidence
is over 170 cm and the contours of subsidence show a basin-
like pattern centering at Huwei, Tuku, and Yuanchang Town-
ships. THSR nearly passes through the center of this basin
(Fig. 5), and it would have a major safety concern resulting
from the subsidence.

3.2 Continuously Operating Reference Stations based
on GPS

The GPS network used in the study (Fig. 6) consists of
50 GPS stations. The Bernese software (Version 5.2), de-
veloped by Bern University, was used to compute the hori-
zontal and vertical coordinates of the stations using an auto-
matic data processing procedure. This procedure was used to
establish a cloud GPS early warning system for surface de-
formation, which can show ongoing land subsidence values
in central Taiwan at a short latency. The system was estab-
lished on the Amazon Web Services (AWS), which receives
the GPS measurements from the GPS stations to perform co-
ordinate computations, analyse coordinate changes and store
the results using a highly automatic procedure. The final
graphic results of land subsidence are broadcasted automat-
ically through the internet for early warning. This warning
system takes advantage of the internet-based cloud service
for a large-scaled monitoring of ongoing land subsidence in
central Taiwan.

The GPS-derived vertical displacement rates in Fig. 6
(from January 2018 to December 2018) indicate that a sec-
tion of THSR passes through the main subsidence area in
Yunlin County, and this is consistent with the result in Fig. 5.
The major subsidence in Yunlin occurs from February to
May during the dry season of Taiwan, followed by October.
The major land subsidence (February–May) concurred with
the 1st rice plantation in central Taiwan, when the rainfall
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Figure 6. Distributions of continuous GPS stations in CRAF and vertical displacement rates from GPS over January 2018–December 2018.

Figure 7. Sample pictures of a multi-layer compaction monitoring
well.

was the least and the plantation area was the largest. During
the wet season (June to September), land subsidence here is
less significant thanks to relatively large rainfall and small
amount of groundwater extraction.

3.3 Multi-layer compaction monitoring well

As mentioned in Sect. 1, the subsurface deposits in the
aquifer system of CRAF are heterogeneous, with different
hydraulic and mechanical properties across the different lay-
ers of deposits. In order to well understand the mechanism
of subsidence seen in Figs. 5 and 6, multi-layer compaction
monitoring wells (Hung et al., 2012) were installed to mea-
sure compactions at different stratigraphic intervals within
the aquifer system (Fig. 7).

A multi-layer compaction monitoring well is able to mea-
sure the depths of magnetic rings with respect to the bottom
of the well (300 m depth) at a mm accuracy, which are then

Figure 8. Layers of sediments (column on the left) and cumulative
compactions from 2014 to 2018 at STES.

used to determine the depth variations at all the ring loca-
tions. That is, the difference between the depths measured at
two successive epochs at the same ring is the compaction be-
tween the two epochs occurring in the stratigraphic section
of the ring . The total compaction is the sum of the com-
pactions at all rings. In general, 20 to 26 magnetic rings are
anchored in in a well, depending on the stratigraphic types
determined from drilling data near the well. The depths of the
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Figure 9. Automatic Multi-layer Compaction Monitoring Well.

rings are measured at a one-month interval. The variations in
the ring depths at a well are accurate to 1 mm and the depth
measurements are stable (Hung et al., 2012). Currently, we
have installed 34 multi-layer compaction monitoring wells
in CRAF (Fig. 4).

Figure 8 shows the cumulative compactions from 2014 to
2018 at the STES monitoring well, located in the most se-
vere subsidence area along the rail of THSR. The aquifers
near STES contains highly compressible sand and clay in
alternations, resulting in the major and the secondary com-
pactions at depths 0–60 m and 60–200 m, respectively. The
compactions at different strata of a monitoring well like
STES can be used to infer the source of the main groundwa-
ter use. For example, if a major compaction over a shallow
stratum indicates that the source of the groundwater use is
agriculture, for which shallow groundwater is preferred for
concerns of energy consumption. In contrast, a major deep-
aquifer compaction indicates potential sources from munici-
pal and industrial groundwater uses. As such, measurements
from a compaction monitoring well can be used to detect the
sources of major compactions, thereby mitigating the prob-
lems causing the compactions (land subsidence).

In 2019, we developed a new automatic system to collect
data at a multi-layer compaction well (Fig. 9). The new sys-
tem consists of 36 sensors that can automatically detect the
magnetic forces every 10 min from the anchored magnetic
rings in the well. The system then transforms the forces to the
depths of the rings to calculate the compactions at the rings.
Using the IoT technology, we transmit the compaction time
series to a control center for an intelligent monitoring of land
subsidence. In addition, we installed this IoT device at each
of the groundwater monitoring stations in central Taiwan to
transmit groundwater levels every 10 min to the control cen-
ter for real-time monitoring of groundwater use. We used the
methods of FFT and wavelet analyses to detect the frequency
and amplitude of groundwater withdrawals, which help to
identify the timing and purpose of ground-water pumping
(Fig. 10). Our analyses show that daytime pumping is mostly
for agriculture use, while nighttime pumping is for industrial

Figure 10. Groundwater levels transmitted by the IOT (top two
rows) and their Fourier spectrum (left bottom) and time-frequency
spectrum (right bottom).

use. Using this intelligent IoT monitoring equipment and a
big-data processing method, we can monitor land subsidence
in real time and act to mitigate it.

3.4 Areal subsidence by Multi Temporal InSAR
(MT-InSAR)

In the past decades, synthetic aperture radar interferome-
try (InSAR) has been proved to be a powerful and effec-
tive geodetic technique for measuring surface deformation.
InSAR can produce subsidence rates with high spatial res-
olutions and sub-centimeter accuracy. However, changes in
surface attributes and variations in water vapor stratification
between image acquisition times can cause spatial decor-
relations in conventional SAR interferometry can cause er-
rors in deformation measurements. Such errors in DInSAR
may be mitigated by using the multi-temporal InSAR (MT-
InSAR) technique. The InSAR literature shows that three
MT-InSAR methods have been used to monitor land subsi-
dence in Taiwan, namely the methods of persistent scatterers
InSAR (PSI) (Hooper et al., 2004), Small Baseline Subset
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Figure 11. Vertical displacement rate from SBAS over 2017–2018.

Differential (SBAS) (Berardino et al., 2002) and temporarily
coherence point InSAR (TCPInSAR) (Zhang et al., 2011).

In this paper, we used the SBAS method to determine sur-
face deformations in CRAF from 2017 to 2018, which were
then compared with the deformations from precise leveling.
The pixel density over CRAF from SBAS is 89 pixels km−2,
compared to 0.2 points km−2 in the leveling network. The
vertical displacements inferred from SBAS are consistent
with those from leveling to 8 mm yr−1 (RMS). Furthermore,
for a data fusion we computed a smooth correction surface
for the SBAS result using the differences between the lev-
eling and InSAR displacements (Hung et al., 2011). Figure
11 shows the vertical displacement rates after the data fusion
from 2017 to 2018.

The deformation pattern in Figure 11 is in good agreement
with the pattern from leveling. The major subsidence areas
are located western of Sun Yat-Sen Freeway, e.g., in the mid-
dle fan and distal fan of CRAF (Fig. 1). The combined dis-
placement field is more representative of the overall deforma-
tion characteristics than the SBAS-only or the leveling-only
field, providing more land subsidence information for to bet-
ter assess the impact of land subsidence over CRAF.

4 Discussion and conclusion

The long-term land subsidence in central Taiwan can damage
infrastructure such as THSR and threaten lives. The multi-
sensor system developed in this paper, including GPS, MT-

InSAR, Leveling, monitoring well, and groundwater well,
can effectively monitor such land subsidence from space,
ground, and underground. This system collects subsidence
data for understanding the magnitude and major sources of
groundwater uses in shallow and deep aquifers, which can
be used for decision making in industrial developments. The
result from the system can help to reduce the rate and area
of land subsidence. This system will be enhanced by ex-
tending the monitoring area and using an improved automa-
tion. About 400 GPS CORSs around Taiwan will be included
in the system enhancement to determine three dimensional
surface deformations. Combining deformations from InSAR,
GPS, and leveling allow to effectively determine the space-
time evolutions of land subsidence. The Internet of Things
(IoT) technology developed in this paper allows to control
and manage the monitoring sensors for intelligent monitor-
ing of land subsidence.
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Abstract. A previous study of the Ca Mau province in Vietnam (Karlsrud et al., 2017a) suggested that ongoing
groundwater pumping, which by 2012 had caused a drawdown of the water level in aquifers of up to 20 m, caused
subsidence of the order 2–4 cm yr−1, and could have reached over 40 cm already. Earlier InSAR studies also
suggested ongoing subsidence rates of that order. If the groundwater pumping continues, the total subsidence
could reach well over 1 m within the next few decades. The predicted climate driven sea level rise, to be of
the order of 60 cm by 2100, will further add to the severe effect of the subsidence. As most of the Ca Mau
province lies only 0.5 to 1.5 m a.s.l. (above sea level), the consequences would rapidly become very serious for
the livelihood of people in the region. Increased saltwater intrusion into canals and tributaries in the province,
and beginning salination of some of the aquifers from which groundwater is pumped, is already observed.

In 2017, for the first time, a physical system for subsidence monitoring was installed at three selected loca-
tions in the Ca Mau province. At each location a deep benchmark to a depth of 100 m was installed, each with
3 piezometers at depths ranging from 15 to 60 m. An InSAR corner reflector was also installed at each site.

The paper presents data collected from these new monitoring stations up until the middle 2019. When includ-
ing estimated subsidence stemming from the soil levels deeper than 100 m, the total present rate of subsidence
at the three new monitoring stations range from 17 to 44 mm yr−1. New and previous data show an almost linear
decrease in water level within the aquifers from which groundwater is pumped. The data show some seasonal
variations in subsidence rates, which is also reflected in variations in pore pressures in the sediments. Such vari-
ations are probably related to seasonal variations in levels of groundwater pumping. It is feared that many of the
other provinces south of Ho Chi Minh city, face similar subsidence problems. The monitoring program should
be extended to verify that. Measures to reduce groundwater and subsidence are urgently needed.

1 Introduction

Through the Norwegian Ministry of Foreign Affairs (MFA)
in Oslo, the Norwegian Geotechnical Institute (NGI) was
in 2012 requested to assist the Ministry of Agriculture and
Rural Development (MARD) in Vietnam to assess appar-
ent “land-loss” problems observed along the coastline of the
Ca Mau province located at the SW tip of Vietnam (Fig. 1).

It was indicated to NGI that the apparent “land-loss” was
associated with a combination of enhanced coastal erosion
and retreat of the shoreline, a possible general subsidence
(sinking) of the ground surface relative to the sea-level, or

possibly also a rising sea-level induced by climate changes.
The enhanced shoreline erosion caused loss of Mangrove for-
est which contributes to protect the coastline against erosion.
Increasing saltwater intrusion into canals and rivers in the
region would be a consequence and part of the “land-loss”
problem, and had already some impact on agricultural farm-
ing (rice production) as well as shrimp and fish farming in
the province.

The 2012–2013 study (NGI, 2012; Karlsrud et al., 2017a)
concluded that the significant ongoing groundwater pumping
in the Ca Mau province was the main reason for the land loss.
It is well documented that this already had caused a draw-

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



112 K. Karlsrud et al.: Preliminary results of land subsidence monitoring in the Ca Mau Province

Figure 1. Location of Ca Mau province (a) and the three new subsidence monitoring stations (b).

down m the water level in observation wells by up to about
20 m in the sandy aquifers below a depth of about 100 m from
which pumping took place. Theoretical settlement analyses
suggested that large parts of Ca Mau could undergo sub-
sidence of the order 2–4 cm yr−1 as a consequence of the
groundwater pumping, and that the total subsidence could
already have reached 40 cm or more since the depletion of
the groundwater level started around 1995. As large parts of
Ca Mau only lies 0.5 to 1.5 m a.s.l. (above sea level), the con-
sequences would rapidly become dramatic for the livelihood
of people in Ca Mau. It was also feared that many of the other
provinces in South Vietnam (south of HCM city) could ex-
perience similar subsidence, meaning that the livelihood of
about 24 million people is at stake.

The InSAR (Interferometric Synthetic Aperture Radar)
technology has already been used to study, monitor, and
map land subsidence at a large spatial scale in the region
(Murakami et al., 2012; Minderhoud et al., 2017). Other re-
searchers have used groundwater flow modelling for impact
assessment of lowering groundwater levels on land subsi-
dence (Erban et al., 2014; Minderhoud et al., 2015, 2017).
Both methods provided indirect measurements of land subsi-
dence that broadly agreed with the past study by NGI (2012).

For updating National Climate Adaptation and Mitiga-
tion action strategy for Vietnam, it was considered urgently
needed to verify the ground water pumping driven subsi-
dence, by establishing an accurate and continuous physical
monitoring of land subsidence in the area. A Phase 2 – Pi-

lot Monitoring project was therefore, initiated in 2016 to get
some direct measurements of ongoing rates of subsidence.
This project involved:

– Installation of settlement anchors (benchmarks) to a
depth of 100 m at three selected locations CM1 to CM3
shown in Fig. 1. The settlement of a concrete platting,
cast just below the upper organic top soil layer, is mea-
sured relative to the benchmark installed to 100 m by
means of an automated Linear Variance Displacement
Transducer (LVDT). The main principle of these instal-
lations is a massive inner 12 mm fiberglass rod con-
nected at the end to a 5 m long rebar grouted into the
bottom of the drilled hole at 100 m depth. An outer
telescoping 32 mm plastic casing protects the inner rod
from any impact of ground settlements. The space be-
tween this plastic casing and the steel-cased drill hole
was grouted with a bentonite/cement grout trying to
match the stiffness of the surrounding soil.

– Installation of piezometers to monitor pore pressures
at three different levels (typically depths of 20, 40 and
60 m) at all three benchmark locations.

– Carry out soil sampling and cone penetration testing
(CPTU type) to identify soil stratification and main soil
characteristics at the benchmark locations, with focus
on the upper soft clay layer.
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Figure 2. Local extract of geologic section over length of about
13 km with deepest borehole to 302 m. The reddish or brownish
colours are for silty Clays, and the greenish colours are Sands (from
VIGMR, 2017).

– Based on past geologic mapping and borings, establish
an overall picture of the geology and soil stratification
within the Ca Mau province.

The installation work and some initial data were fully doc-
umented in a report by Karlsrud et al. (2017b) issued by
NGI, but with major input from Vietnamese Institute of Ge-
ologic and Mineral Resources (VIGMR, 2017) who carried
out most of the field work and geologic mapping. This pa-
per gives a brief summary of the main findings, based on
data monitored through the period February 2017 through
July 2019.

2 Geology and ongoing groundwater pumping

The Ca Mau province covers an area of about 5210 km2

(Fig. 1). The sediment pack, up to at least 380 m thick, con-
sist mainly of intermittent layers or zones of sandy river
sediments and marine clays. The top soil layer is a recent
very soft normally consolidated (NC) plastic clay layer, with
thickness ranging from about 3 to 41 m (about 20 m aver-
age). Below the soft clay layer, there are alternating layers
of Holocene deposits of medium to stiff silty sands and silty
clays, each with average thickness ranging from about 15 to
42 m. Figure 2 shows an example of the stratification, based
on data synthesised by VIGMR (2017), using available bore-
hole data. Figure 3 gives a simplified presentation of the soil
stratification found at the three new benchmarks based on
data presented in the report by Karlsrud et al. (2017b).

The reported total amount of groundwater pump-
ing (GWP) in the Ca Mau province was 373 332 m3 d−1

Figure 3. Soil stratification at benchmark locations.

Figure 4. Example of drawdown in GW level with time in observa-
tion wells (based on data from DWRPIS, 2014).

in 2009 (DWRPIS, 2009). The monitored water levels in ob-
servation wells have shown a steady decline from start of
measurements in 1995 to present, see example in Fig. 4.

Figure 5 shows the total drawdown of the water level
in different observation wells installed across the Ca Mau
province, and the yearly rate of drawdown. Herein are also
included data from the newly installed piezometers at the
three benchmark locations. The data shows that the largest
drawdown (up to 25 m) and drawdown rate (up to 3 m yr−1)
occurs in the depth range 100 to 250 m, where the largest
amount of GWP probably takes place. The new piezometer
data show a drawdown of 6 to 15 m at a depth of 60 m. The
drawdown at shallow depths within the upper NC clay layer
is so far limited to about 1 to 3 m.

3 Monitored subsidence

Figure 6 presents the measured subsidence at the three new
benchmark locations. It is important to recognize that the
data in Fig. 6 give settlements only stemming from the up-
per 100 m of the sediment pack. The average subsidence or
settlements rates correspond to about 4, 24 and 31 mm yr−1

at locations CM1, CM2 and CM3 respectively. Based on
the rate of drawdown versus depth in Fig. 5b, Karlsrud et
al. (2017b) estimated an additional typical yearly rate of set-
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Figure 5. Measured drawdown (a) and rate of drawdown (b) in
observation wells, and new piezometers installed at CM1–CM3.

Figure 6. Measured ground surface subsidence relative to bench-
marks at 100 m depth.

tlement of 13 mm yr−1 stemming from soil levels below a
depth of 100 m. This means that the total average rate of
ground level subsidence would be respectively 17, 37 and
44 mm yr−1 at the three locations.

Figure 6 suggests that the measured subsidence rates are
largest between months of February and April at all three lo-
cations. The monitored pore pressures at the three monitoring
stations, especially at the deepest level, also generally show
similar seasonal variations. Figure 7 presents as an example,
variations in pore pressure for the piezometer at 60 m depth

Figure 7. Example of change in pore pressure with time for
piezometer at 60 m depth, CM3 location.

at the CM3 location. Here the seasonal variation, compared
to a steady rate of decline, is of the order ±2–3 m. These
seasonal variations are, most likely related to a variation in
groundwater pumping, resulting from variations in land use
during the different seasons, which in turn leads to a varying
subsidence rate.

Figure 6 could also suggest that there is a tendency for
reduction in rates of subsidence from the first to the second
year of observations. It is however, considered too early to
conclude on that. It is therefore, important that the monitor-
ing continues over a longer time span to conclude on such
trends.

That the rate of subsidence apparently is much smaller
at CM1 than at the other two locations is surprising. Es-
pecially when considering that the drawdown at the new
piezometer at 60 m here is the largest (Fig. 5). A tentative
explanation may be that that down to a depth of 100 m, the
total thickness of sand layers corresponds to about 60 % of
the total, whereas it is only 3.3 % at CM2 and 23 % at CM3
(Fig. 3). It is also a possibility that for unknown reasons the
installation at CM1 has not completely succeeded in elimi-
nating down-drag forces on the inner fiberglass rod.

4 Summary and conclusions

The main conclusions drawn from these new subsidence
measurements are as follows:

– When including estimated subsidence stemming from
the soil levels deeper than 100 m, the total rate of sub-
sidence at the three new monitoring stations in Ca Mau
range from 17 to 44 mm yr−1. This agrees very closely
with what has been predicted based on theoretical con-
solidation analyses (Karlsrud et al., 2017a), and ground-
water modelling and InSAR radar data interpretations
presented by Minderhoud et al. (2017).

– It is predicted that the subsidence will continue at a sim-
ilar rate for decades ahead if the groundwater pumping
in the region continues at present level. Because the nat-
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ural ground level in Ca Mau was mostly at level +0.5
to +1.5 m a.s.l., and has already subsided by many
decimetres, this continued subsidence will within a few
decades, have catastrophic consequences for the liveli-
hood of people in the region. The recent InSAR data and
analyses presented by Minderhoud et al. (2017), con-
firms subsidence rates in Ca Mau of the same order as
suggested by the new benchmarks. Their data and anal-
yses data also suggest that several of the other provinces
in the region from HCM city and southwards experience
similar subsidence. Thus, unless strong restrictions are
set on groundwater pumping in these regions, the to-
tal social and economic impact on Vietnam will be dra-
matic.

– The Vietnamese government is therefore, recommended
to take immediate actions to strongly reduce groundwa-
ter pumping in these regions. Further analyses are re-
quired to address to what level groundwater pumping
must be reduced to completely stop the subsidence. To
keep control of the situation and impact of mitigating
measures, it is also recommended to install more obser-
vation wells, subsidence benchmarks, and InSAR radar
reflectors covering all of Vietnam south of HCM city.
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Abstract. This paper describes several geodetic studies that consolidate the reliability and precision of mon-
itoring subsidence due to hydrocarbon production: the deployment of Integrated Geodetic Reference Stations
(IGRS); the application of high resolution InSAR; the comparison of different GNSS processing methodologies;
the implementation of an efficient InSAR stochastic model, and the framework of integrated geodetic processing
(levelling, GNSS, InSAR). The advances that have been made are applicable for any other subsidence monitoring
project.

1 Introduction

Since the start of hydrocarbon production in the Nether-
lands, the Nederlandse Aardolie Maatschappij (NAM) has
performed subsidence monitoring over its gas and oil fields,
following Dutch legislation and the commitment to produce
in a safe and responsible manner. Innovative geodetic ac-
quisition techniques for subsidence monitoring (GPS/GNSS,
InSAR) have been actively investigated and deployed over
the past decades, as well as state-of-the-art processing and
geodetic testing techniques. The solid foundation that has
been established for subsidence monitoring has been rein-
forced towards the future by incorporating the latest (scien-
tific) developments. This paper addresses recent results from
the geodetic studies that are part of the production plan of the
Groningen gas field:

– The deployment of Integrated Geodetic Reference Sta-
tions (IGRS).

– The application of high-resolution InSAR.

– Improvement of the InSAR stochastic model.

– Comparison of GNSS processing methodologies.

– Integrated geodetic processing of levelling, GNSS and
InSAR measurements (concept).

2 Integrated Geodetic Reference Stations

To further improve the subsidence monitoring network over
the Groningen gas field, NAM has deployed 25 Integrated
Geodetic Reference Stations (IGRS) since 2018 (Hanssen,
2017; Kamphuis, 2019). The IGRS consist of a GNSS
receiver, two InSAR corner reflectors (for ascending and
descending tracks) and several levelling benchmarks, all
mounted on the same deeply founded monument (Fig. 1).
The advantage of the IGRS is that the accuracy of level-
ling, GNSS and InSAR deformation estimates can be cross-
validated directly, since the measurements are with respect
to the same monument and hence reflect the same deforma-
tion cause. Also, spatially-dependent biases and noise can be
assessed and mitigated.

The IGRS support minimizing subsurface uncertainties
and optimizing future subsidence predictions. The density
and location of the IGRS have been chosen such that the ar-
eas with the largest uncertainty in subsurface behaviour are
captured (e.g. areas with potential aquifer depletion that do
not contain wells). These areas are primarily located at the
edge of the Groningen gas field, where horizontal movements
are expected to be the largest. The IGRS target density was
chosen such that the expected horizontal deformation signal
can be reconstructed, considering the GNSS noise structure.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. IGRS; design by Delft University of Technology.

From the three geodetic techniques, only GNSS deliv-
ers all 3D deformation components (East, North, Height)
with high precision. GNSS measurement precision (1σ )
of the height component is 2 mm (Nederlandse Aardolie
Maatschappij B.V., 2017), which implies that movements
larger than 4 mm can be detected with 95 % confidence level.
The precision of the horizontal components is slightly better.

Figure 2 depicts the latest analysis results of the vertical
and horizontal movements of the Groningen IGRS. Based on
geomechanical predictions, horizontal deformation rates are
expected 0 in the center of the gas field, and ∼ 2 mm yr−1 at
the edges of the field in the direction towards the center. All
IGRS have been connected to the 2018 Northern Netherlands
leveling campaign. IGRS InSAR time series processing will
be performed in late 2019.

3 High-resolution InSAR

Three TerraSAR-X tracks (two descending and one ascend-
ing) have been processed by SkyGeo B.V. for NAM covering
the time period 2013–2019 (Qin et al., 2019). The high spa-
tial and temporal resolution enables near-realtime building
and infrastructure stability monitoring. Furthermore, a more
detailed insight into horizontal movements is possible. How-
ever, due to the almost north–south oriented orbit, only the
east–west component of the horizontal movements can be
estimated well from the TerraSAR-X results. Figure 3 shows
the horizontal movements over the Groningen gas field in
the direction of the ascending look direction projected on
the horizontal plane (almost east-west oriented, ∼ 10◦ an-
gle). Also clearly visible is the horizontal deformation signal
in the salt mining areas (near Veendam and Winschoten). The
horizontal movements over the Groningen gas field in the re-
cent year are as expected still below measurement precision;
there is not yet a strong correlation with the IGRS process-
ing results. However, the time series of the GNSS stations

Figure 2. Horizontal and vertical deformation in mm yr−1 for the
IGRS that are operational more than 1 year, from start of deploy-
ment until mid 2019. The green areas depict the gas fields. The sta-
tion “nor3” contains a fluctuating component due to gas injection
and extraction.

that have been operational from 2013/2014 have been cross-
validated with the TerraSAR-X data (Line-of-Sight) and have
shown agreement at millimeters level.

The high-resolution InSAR processing results have also
been used to investigate whether it is possible to discriminate
between shallow and deep (at hydrocarbon reservoir level)
deformation. Two methodologies can be used for this: sepa-
ration based on the deformation histogram of neighbouring
Persistent Scatterers (PS), and PS separation based on height
above ground level. The latter turned out to be the most ef-
fective for high-resolution InSAR and has led for the first
time to a localized clear shallow deformation pattern (up to
2 mm yr−1 rates) in Groningen that correlates with soil com-
position (Fig. 4).

4 InSAR Stochastic Model

Despite the successful application of InSAR in practice, one
of the main concerns is that the quality description of In-
SAR deformation measurements in terms of precision is not
adequate. Often, the error structure is simplified such as ne-
glecting the spatio-temporal correlation between InSAR de-
formation measurements. The unrealistic quality description
could negatively affect decision-making based on the InSAR
results.

In order to describe the quality of the InSAR data in
terms of precision, it is needed to mathematically describe
the spatio-temporal variability of noise components in the
data. It should be noted that, in the context of deformation
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Figure 3. Horizontal deformation (mm) in the direction of the ascending look direction projected on the horizontal plane (arrow) for the
time periods 2013–2019 and 2018–2019, including the location of the IGRS that are operational minimal from April 2018. The outlines of
the gas fields are depicted in grey.

Figure 4. Shallow compaction rates (mm yr−1) computed by PS separation based on height above ground level (a), and soil composition (b).
The strip with shallow compaction rates of 1–2 mm yr−1 corresponds with the location of peat layers (pink). Source: SkyGeo B.V.

monitoring and modeling, the term noise not only comprises
the uncertainty of the measurements itself (scattering and at-
mospheric noise in InSAR), but it also subsumes all signal
(or deformation) components in InSAR observations that are
not related to the signal of interest. Therefore, we distinguish
two noise components: measurement noise, and idealization
noise (level to which the measurements are representative for
the signal of interest). Here, the main focus is on the stochas-
tic modeling (covariance matrix) of the InSAR measurement
noise (Van Leijen et al., 2020).

In order to evaluate the spatio-temporal variability of the
measurement noise, an InSAR dataset over an assumedly
signal-free area (∼ 20× 20 km) in northern Netherlands has
been used. A RadarSAT-2 dataset containing 98 radar images
acquired between 2009 and 2016 was used for the study. It
should be noted that, although the selected area is assumed
to be affected minimally by deep and shallow sources, it still
could be affected by some residual deformation. In order to
isolate the effect of measurement noise, the potential contri-
bution of residual deformation should be subtracted from the
data. To do so, for each InSAR point, a linear trend and a pe-

riodic annual signal has been estimated and subtracted from
the timeseries of InSAR observations. The remaining can be
assumed to contain only measurement noise.

From the obtained timeseries of all the points in the se-
lected area, the spatio-temporal empirical variograms are
computed using robust algorithms (Cressie and Hawkins,
1980; Genton, 1998) in order to reduce the sensitivity
to outliers. The results are visualized in Fig. 5. By vi-
sual/qualitative analysis of this figure, we can recognize three
different types of behavior: (i) a nugget effect (lower bound
of ∼ 10 mm2), (ii) a spatially correlated signal, and (iii) a
temporally correlated signal.

To combine these three effects in a generic model, the fol-
lowing exponential variogram model has been used:

γ (1t,1d)= σ 2
0 + σ

2
t

(
1− e

−1t
Rt

)
+ σ 2

s

(
1− e

−1d
Rs

)
, (1)

where, 1t and 1d are time difference and spatial distance,
γ (1t,1d) is the variogram as a function of 1t and 1d , σ 2

0
is the variance of the nugget effect, σ 2

t and σ 2
s are the vari-

ance of the temporal and the spatial components, and Rt and
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Figure 5. Spatio-temporal variograms computed from RadarSAT-2
InSAR data over the assumed stable area.

Table 1. Estimated variogram model parameters.

σ 2
0 σ 2

t Rt σ 2
s Rs

(mm2) (mm2) (yr) (mm2) (km)

Estimated
7.93 5.5 0.67 3.9 1.11

parameters

Rs are the correlation length of the temporal and the spatial
components, respectively. The results of the parameter esti-
mation are summarized in Table 1.

Using the estimated variogram model, it is possible to con-
struct the full covariance matrix of measurement noise for
the spatio-temporal InSAR data (Yaglom, 1962). Note that
the large volume of InSAR data (usually consisting of tens
of thousands of points with tens to hundred epochs) result in
a huge covariance matrix that is not practically useful due to
the computational and numerical limitations. In this regard,
a proper data reduction is usually required for InSAR data.
Therefore, the covariance matrix of the full dataset should be
propagated to the covariance matrix of the reduced dataset.
In the context of InSAR processing in Groningen, reduc-
tion techniques have been used based on averaging in time
and space (e.g. see Samiei-Esfahany and Bähr, 2015). As the
averaging-based data reduction can be formulated as a linear
operator (e.g., as yreduced = Ayfull), the covariance matrix of
the full dataset can be propagated to the reduced covariance
matrix using the linear error-propagation as

Qreduced = AQfull AT. (2)

As an example of the reduced dataset, Fig. 6 shows the re-
duced InSAR timeseries over Groningen area, with spatial
averaging over grids of 5×5 km and temporal averaging over
6 month intervals. Note that, in this example of data reduc-
tion, the full dataset of 371 890 point-targets and 98 epochs
(i.e., in total 36 445 220 observations), has been reduced to
455 spatial grids and 15 epochs (i.e., in total 6825 observa-
tions).

Figure 6. Reduced InSAR timeseries over the Groningen area, with
spatial averaging over grids of 5×5 km and temporal averaging over
6 month intervals, and the structure of the covariance matrix (upper
right). Blue areas show the non-zero elements, which are an indica-
tion of both spatial and temporal correlation in the data.

With the proposed approach, a reduced InSAR dataset is
delivered to the subsurface community, including its full co-
variance matrix, incorporating both spatial and temporal cor-
relation of data measurement noise. The covariance matrix
can be further used as a quality descriptor of the InSAR data,
as well as a proper weight matrix in geomechanical and sub-
surface modeling.

5 GNSS processing methodologies

In the NAM GNSS processing methodologies project (Van
der Marel, 2020) different methodologies have been investi-
gated with the aim to obtain transparent time series estimates
to support conclusions on subsidence rates with realistic con-
fidence levels. The three different processing methodologies
that have been investigated are: state-space modeling (SSR),
baseline network processing (BSW), and Precise Point Po-
sitioning (PPP). An overview of the main characteristics of
each method is given in Table 2.

Besides the NAM monitoring and NAM reference stations
(of which the coordinates are kept fixed – with incremental
updates – in the SSR processing), IGS and EUREF stations
have been included in the BSW and PPP processing, as well
as the Dutch AGRS and NETPOS stations in the BSW pro-
cessing.

The time series results have been decomposed into com-
ponents: a long term trend using a spline function, an-
nual and semi-annual components, temperature influence, at-
mospheric loading, time series steps (e.g. due to antenna
changes), and residuals. In the estimation of the temperature
influence and atmospheric loading, temperature and pres-
sure data from the Royal Netherlands Meteorological Insti-
tute (KNMI) is used. During a first iteration also two com-
mon mode components are estimated, the common mode in
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Table 2. GNSS processing methodologies. SSR processing has
been carried out by 06-GPS using Geo++ software (Wübbena et
al., 2001); BSW by the Dutch Cadastre using the Bernese GNSS
software (Dach et al., 2015); PPP by Nevada Geodetic Laboratory
(NGL) using Gipsy/Oasis software (Blewitt et al., 2018).

Name Methodology Main
Characteristics

Reference
Frame

SSR State-Space
Representation
Kalman Filter

Undifferenced pro-
cessing; local refer-
ence stations; state-
space modelling

Constrained to
local reference
stations with
incremental
coordinate
updates

BSW EUREF standard
regional network
processing

Receiver-satellite
double differences;
Ionosphere free
linear combination;
ZTD estimation;
IGS/EPN reference
stations; IGS orbits.

Unconstrained
(undistorted)
best fit to
selected
IGS/EUREF
reference sta-
tions in
ITRF2008

PPP Precise Point Po-
sitioning

Undifferenced pro-
cessing; IGS orbits
and clocks; Iono-
sphere free linear
combination; ZTD
estimation

ITRF2008
provided
through the
orbits and
clocks

the residuals (residual stack), and common mode of the pe-
riodic parameters (harmonics, temperature influence, and at-
mospheric loading). For the estimation of the common mode
a subset of the stations is used. The common mode is re-
moved in the second iteration.

All three processing chains estimate, after removal of the
common mode, a similar annual, semi-annual, temperature
influence and atmospheric loading for each station. The pe-
riodic common mode signals themselves are however very
different for each solution; the common modes in the BSW
and PPP solutions are significantly larger than the common
mode in the SSR solutions.

The agreement between the estimated trend signals of the
BSW and PPP is good, which is what should be expected be-
cause both solutions use ITRF2008 as reference frame. For
the final results, the known tectonic motion of the Eurasian
plate has been removed in the horizontal component (con-
version to ETRS89), but heights stay in ITRF2008. This is
because the conversion to ETRS89 introduces a small ex-
tra vertical velocity component in the results (∼ 1 mm yr−1).
The cause of this effect lies in the choices that were made
for the definition of the transformation between ITRF and
ETRS89.

When comparing the BSW and PPP solutions with respect
to the SSR solutions, the overall patterns in the time series
are similar, however – for some stations – small deviations
are present. Figures 7, 8 and 9 show the East, North and

Figure 7. GNSS time series East component (relative, mm), PPP
(light) and SSR (dark) solution.

Height/Up time series for a selection of Groningen and Wad-
den Sea GNSS continuous monitoring stations, for the SSR
and PPP solution. The BSW solution is similar to the PPP
solution, but with a lower noise level.

The reason for the differences lies in the reference stations.
The SSR solution is computed in a local reference network.
The reference station coordinates are checked periodically
by relaxing the coordinate constraints. In case movement is
detected in one or more reference stations, the coordinates
of the reference stations are updated. For the BSW and PPP,
ITRF2008 is used as reference frame. For ITRF2008, refer-
ence stations are used that lie well outside the area of interest.

The results indicate that there may be a possibility to fur-
ther optimize the procedure for the reference stations in the
SSR solution. Instead of incremental corrections of a local
set of reference station coordinates, the results of the BSW
and/or PPP processing could be utilized to strengthen the so-
lution over longer periods. However, a local reference net-
work stays key for high precision local deformation monitor-
ing.

6 Integrated Geodetic Processing

The available observations acquired by the different tech-
niques (levelling, GNSS, InSAR, but potentially also gravity,
tilt) are complementary to each other due to their spatial den-
sity and coverage, temporal density and coverage, and sensi-
tivity (1D versus 3D). Because of this complementary nature,
an integration of the techniques to generate an optimal output
product is desirable. However, the differences between the
techniques make this integration non-trivial. Conventional
geodetic processing methodologies require for instance mea-
surements at common locations (e.g., benchmarks). There-
fore, geodetic adjustment and testing procedures are typi-
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Figure 8. GNSS time series North component (relative, mm), PPP
(light) and SSR (dark) solution.

Figure 9. GNSS time series Height/Up component (relative, mm),
PPP (light) and SSR (dark) solution.

cally applied for each technique/dataset separately, followed
by a final integration step.

The Integrated Geodetic Processing (IGP) approach en-
ables the adjustment and testing of the various observation
types simultaneously. Hereby, the complementary nature of
the techniques is better used. The overall concept of the IGP
approach is shown in Fig. 10. The approach meets a number
of pre-defined requirements. For instance, the user is able to
select the area and period of interest, together with the signal
of interest (e.g., surface motion due to deep causes, shallow
causes, or the total). Furthermore, various output products
can be generated. Before the integration, each dataset is pre-
processed to account for certain technique-dependent error
sources, such as benchmark identification errors in case of
levelling data. Each dataset is accompanied with its covari-
ance matrix. Within the integration step, possible differences
between the geodetic datums is accounted for.

Figure 10. Overall concept of the Integrated Geodetic Processing
approach.

7 Conclusions

Multiple advances have been made in the recent years on
monitoring subsidence due to hydrocarbon production in the
Netherlands. Integrated Geodetic Reference Stations (IGRS)
enable to cross-validate levelling, GNSS and InSAR inde-
pendent of the deformation cause, and will contribute to min-
imizing subsurface uncertainties. The application of high-
resolution InSAR has quantified shallow deformation com-
ponents in the Groningen area. The comparison of different
GNSS processing methodologies has strengthened the confi-
dence in the information that can be derived from the mea-
surements. The InSAR stochastic model has been improved
to incorporate correlated noise structures in an efficient way.
All these “ingredients” have consolidated the foundation for
integrated geodetic processing for future subsidence moni-
toring.
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Abstract. Land subsidence caused by large-scale engineering construction may damage the surrounding infras-
tructures and cause huge economic losses in inner-city environments. In this study, we used PS-InSAR technol-
ogy on 68 TerraSAR-X images to acquire deformation in the Beijing Plain between February 2010 and Decem-
ber 2018. Then, we calculated the additional stress derived from building loads using the method proposed by
Boussinesq in the Central Business District (CBD). We found that the depth of influence of additional stresses
induced by building loads was 80 m and that spatial distribution pattern of the land subsidence rate agreed well
with the additional stress. We found that the influence range of ground subsidence caused by metro construc-
tion is 200 m at Ciqikou station by analyzing the subsidence rate profile perpendicular to subway line No. 7
and that the maximum land subsidence rate is 23.2 mm yr−1. Time series analysis of PS around Ciqikou station
shows that land subsidence caused by excavation activities mainly occurs in the period of metro construction.
Ground deformation rate decreases gradually after 372 d of subway operation. The results of both cases show
that large-scale engineering construction will lead to significant land subsidence which should be considered in
future urbanization.

1 Introduction

Land subsidence is a ground surface response to the develop-
ment and utilization of underground and above-ground space
(Galloway et al., 2016; Castellazzi et al., 2017; Zhou et al.,
2019). Land subsidence can cause a series of disaster chains,
which often cause large economic losses, such as damage
to buildings and infrastructure and rupture of underground
pipelines (Amelung et al., 1999; Jiao et al., 2017). Approx-
imately 150 countries and cities in the world have experi-
enced land subsidence, including China (Chen et al., 2017;
Gao et al., 2018), Japan (Uchida, 2015; Sato et al., 2006),
USA (Buckley et al., 2003), Mexico (Ortega-Guerrero et al.,
1999), Italy (Solari et al., 2016; Rosi et al., 2016), and In-
donesia (Du et al., 2018; Ng et al., 2012). Nowadays, land
subsidence is a global problem, which has aroused the atten-
tion of scholars all over the world in recent decades.

As the capital city of China and an international metropo-
lis, Beijing has experienced rapid urbanization. Many high-

density buildings and subway lines have been built in Bei-
jing. Land subsidence caused by large-scale construction
projects has become an ongoing problem in Beijing, China
and other cities (Chen et al., 2015; Zhao et al., 2016; Ge et
al., 2016). Jiao et al. (2017) detected land surface deforma-
tion in the Central Business District (CBD) of Beijing from
2010–2013 using the PS-InSAR technique and found that
there is a positive correlation between building volume and
land subsidence rate when the building volume is larger than
3.00× 105 m3. Ge et al. (2016) detected subsidence caused
by subway tunneling excavation and construction and found
that subsidence makes possible damages to the upper build-
ings and bridges.

Traditional geodetic methods, including global positioning
system (GPS) and leveling, haves a very high measurement
accuracy but a small monitoring range and high cost (Strozzi
et al., 2011; Ferretti et al., 2007), whereas interferometric
synthetic aperture radar (InSAR) has the capability to obtain
large-scale, long-time series ground deformation informa-

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



126 F. Li et al.: Subsidence monitoring with TerraSAR-X data in Beijing Central Business District

Figure 1. Land subsidence rate map derived from 68 TerraSAR-X images during observation periods between February 2010 and December
2018.

tion with millimeter-scale accuracy in all weather conditions
(Galloway and Burbey, 2011). The permanent scatterer in-
terferometric synthetic aperture radar (PS-InSAR) technique,
an extension of InSAR, has proven to be an efficient method
for monitoring land subsidence in urban areas (Ferretti et al.,
2001; Hooper et al., 2004). Based on this advanced technol-
ogy, we acquired surface deformation information in Bei-
jing by using 68 TerraSAR-X images acquired from February
2010 to December 2018. The first case focused on the sub-
sidence status of CBD and the second case on the tunneling
subsidence perpendicular to subway No. 7.

2 Surface deformation measured by PS-InSAR in
Beijing city

In recent years, Beijing is ongoing a tremendous urban con-
structions. Many Skyscraper and densely distributed subway
lines, city rails have been constructed in this populated city
with more than 20 million inhabitants. With subsidence ve-
locity more than 100 to 150 mm yr−1, land subsidence has
become a common geological hazard in Beijing. Compared
with uniform land subsidence owning to overexploitation of
groundwater, the non-uniform subsidence caused by large-

scale construction projects may cause more significant dam-
ages to buildings, municipal pipelines, bridges and infras-
tructures. Meanwhile, subsidence caused by subway tunnel-
ing excavation and operation makes possible damages to the
upper buildings and bridges. By the end of 2018, a total of 21
metro lines with a total length of 636 km are operational cov-
ering 12 municipal districts in Beijing. In order to study the
ground subsidence caused by large-scale engineering con-
struction in Beijing, we obtained surface deformation infor-
mation from February 2010 to December 2018 (Fig. 1).

3 Subsidence in Central Business District

PS-InSAR is an effective tool for monitoring land subsidence
especially useful for urban areas because many man-made
targets maintain stable scattering characteristics. It is possi-
ble to accurate description to the ground targets due to the
high resolution.

The CBD located in Chaoyang District covers an area of
2.4×2.5 km2. From 2000 to 2010, many high buildings were
built in the area. According to the data provided by rele-
vant departments, there are 21 buildings that are higher than
100 m. The impact of additional stress derived from build-
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Figure 2. Land subsidence rate map and additional stress derived from building loads at different depths in the Central Business District.

ing load on the land subsidence is expected to increase. The
groundwater level has little variation due to the lowest wa-
ter was extracted in this area during the period between 2003
and 2018. As a typical piedmont alluvial diluvial plain, Qua-
ternary sediments are widely distributed in Beijing (Luo et
al., 2019). Ranging from 100 to 110 m, the thickness of the
compressible layer in CBD is relatively uniform. Thus, un-
even land subsidence is not likely caused by the geological
environment in the study area.

Based on building information from 1702 buildings in
CBD, additional stress derived from building loads provided
by the Beijing Municipal Commission of Planning and Nat-
ural Resources was calculated using the method proposed by
Boussinesq (Eq. 1).

σ =

n∑
i=1

3Pi
2π

(Z−Zi)3[
(X−Xi)2

+ (Y −Yi)2
+ (Z−Zi)2]5/2 (1)

where σ is the additional stress derived from the building
loads of the grid point, n is the number of buildings, and Pi

is the gravity of building i. X, Y is the projection coordi-
nate of a point in the grid along the longitude, latitude with
dimensions in World Geodetic System 1984 (WGS84), re-
spectively. And Z is the depth of the point in the grid. Xi , Yi
is the projection coordinate of building i along the longitude,
latitude with dimensions in WGS84, respectively, and Zi is
the foundation depth of building i. Additional stress maps of
the whole study area can be obtained by using the kriging in-
terpolation tool provided by ArcGIS. We found that the max-
imum value of additional stress derived from building loads
is 246.54 kPa, and the pressure derived from the gravity of
soil above the depth is 1491.12 kPa when the depth reaches
80 m underground. This result indicates that the depth of in-
fluence of additional stresses induced by building loads is
80 m in the CBD area. We also found that spatial distribu-
tion of land subsidence was generally consistent with that of
additional stress. Figure 2 shows that the deformation rate
varies from −5.9 to 2 mm yr−1 in the west part of the study
area, where the buildings generally have less than 4 floors
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Figure 3. (a) Additional stress derived from building loads at different depths of Group 1 characteristic points. (b) Additional stress derived
from building loads at different depths of Group 2 characteristic points.

Figure 4. Average subsidence rete perpendicular to Beijing subway line 7 during 13 April 2010 to 10 December 2018. Subsidence rate
profile AA’ at Ciqikou station (a). Time series of coherent target above Ciqikou station (b).

and the value of additional stress is low, while the land subsi-
dence rate varies from −47.9 to −0.5 mm yr−1 in the middle
and south of the study area, where many skyscrapers have
been built and the value of additional stress is relatively high.
To further explore the relationship between additional stress
derived from building loads and land subsidence rate, two
groups of characteristic points were selected. Figure 3 shows
additional stresses at different depths of the characteristic
points. To some extent, we can conclude that a characteristic
point with a higher additional stress has a greater deforma-
tion rate.

4 Subsidence caused by construction and
operation of metro

In order to relieve traffic pressure in Beijing, 13 subway lines
have been constructed between 2010 and 2018. The velocity
map described the extent and magnitude of surface defor-
mation perpendicular to the metro lines due to the ground
excavation. Figure 4 shown the subsidence perpendicular to
Beijing subway line No. 7. By analyzing the subsidence rate
profile AA’, we find that the influence range of ground sub-
sidence caused by metro construction is 200 m perpendicular
to the Metro line and that the maximum land subsidence rate
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is 23.2 mm yr−1. The subsidence extent is distinguished by
the load of ground buildings. Under the same construction
conditions, the subsidence over the built up area where has
larger volume ratio is more significant than the general area.

Time series analysis of PS around Ciqikou station shows
that the land subsidence rate has undergone a significant
change during the construction and operation periods. The
cumulative land subsidence caused by excavation activities
reached 65 mm during the construction of Metro Line 7. The
land subsidence rate decreases after Dec of 2014 and the cu-
mulative settlement is 21 mm during the subway operation
period.

5 Conclusions

Land subsidence caused by large-scale engineering construc-
tion in urban areas can be well monitored by using PS-InSAR
technology and high resolution SAR data. The investigation
of subsidence in CBD and assessment of subsidence perpen-
dicular to subway line No. 7 have proved the validity of using
high resolution images to monitor land subsidence of man-
made objects and metro lines.

The results of both cases show that large-scale engineering
construction will lead to significant land subsidence which
may cause serious economic losses and hazards in city area.
We can obtain the influence range of ground subsidence
caused by large-scale engineering construction and the mag-
nitude of land subsidence by mapping the temporal evolution
of surface displacement occurring before and during con-
struction. This can provide useful information for decision
makers in urban planning.
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Abstract. Large-scale land subsidence often occurs after large-scale land formation caused by dredger fill,
which affects the sustainable development of the region. In order to prevent and control land subsidence in the
area with dredger fill, the characteristics of land subsidence and its main influencing factors need to be studied.
A typical region was examined using geological survey data, land-level monitoring and comparative analysis,
to provide insight regarding the variability of dredger-fill characteristics and impacts on land subsidence. The
geological survey results provided the information about burial distribution characteristics of dredger fill and
its underlying soil layers. The land-level monitoring results were analyzed to characterize the spatial–temporal
distribution of land subsidence. The comparative analysis of land subsidence with the formation time, soil prop-
erties, thicknesses of dredger fill and the lower soft soil layer provided information about the different impacts.
The monitoring results show that the land subsidence of dredger fill areas was substantially larger than that of
adjacent areas. The later the filling was formed, the thicker the filling is, and the more clay-rich the soil property
and the thicker the soft soil layer is, the larger the land subsidence is. Finally, the future trend of land subsidence
in the study area are given and some suggestions on the prevention and control of land subsidence are also given.

1 Introduction

Many coastal cities require large-scale urban construction
and expansion of urban development space, as the rapid de-
velopment and the population increases. But limited land re-
sources seriously restrict the development. Reclamation is an
important measure to solve the shortage of land resources in
coastal cities. It is also a way to dredge silt and clean the
coastal water environment (Huabo et al., 2016). There is a
Chinese coastal city with substantial historical land subsi-
dence (Shujun et al., 2016), needed to expand urban develop-
ment space and therefore formed a large area using dredger
filling distribution techniques (Linbo et al., 2019).

The abovementioned city is situated on the west coast of
the Pacific Ocean, the east coast of the Asian continent, and
the central point of China’s north–south coast. There is a

large area of dredger fill in the coastal area in the above-
mentioned city (Chen et al., 2018; Linbo et al., 2019). The
area was rapidly formed and because it was underconsoli-
dated, and it settled. Moreover, the large area of dredger fill
caused additional subsidence from compaction of the lower
soft soil layer. The research on dredger fill has mainly fo-
cused on the engineering characteristics of dredger fill, the
deformation and strength of dredger fill, and the engineering
treatment technology of dredger fill foundations. Few studies
have been done on the characteristics of regional land subsi-
dence in large areas of dredger fill. In these new large land
areas, InSAR is a good way to study land subsidence (Qing
et al., 2011). However, the accuracy and reliability of InSAR
monitoring results are not as good as that of high-precision
leveling monitoring.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. The relative positions and numbers of leveling points.

This study’s objectives are to understand the impact of
dredger fill and provide useful information for coastal city
planning and construction. Based on the variable distribution
of dredger fill in a Chinese coastal city and the land-level
monitoring results over several years, this paper analyzes the
spatial and temporal characteristics of land subsidence in-
duced by the distribution of recent dredger fill over a large
area and studies the influence of the differences of dredger
fill soil properties, thickness, formation time and the under-
lying soil layer on land subsidence.

2 Analysis of influencing factors in the study area

There are five main confined aquifers in the study city. From
shallow to deep, they are called the first, second, third, fourth,
and fifth confined aquifers respectively. Groundwater ex-
ploitation in these aquifers is the main cause of land sub-
sidence in the study city (Yun et al., 2015).

With field investigation and collected groundwater ex-
ploitation data in the study city, a new coastal land formation
that did not undergo groundwater exploitation from 2013 to
2017 was selected as the study area. In the study area, the
groundwater level of five confined aquifers steadily increased
during that period. Water level of the first confined aquifer
increased by about 0.5 m. Water levels of the second, third
and fourth confined aquifer increased by between 2 and 3 m.
And water level of the fifth confined aquifer increased by
about 5.0 m. Therefore, the influence of groundwater on land
subsidence should not be the main factor in the study area.
Additionally, there were no large-scale construction activi-
ties from 2013 to 2017 in the study area. We conclude that
the large-scale distribution of dredger fill is the main factor
causing land subsidence in the study area.

To provide insight regarding the variability of dredger-fill
characteristics and impacts on land subsidence, 14 leveling
points were selected for comparison. Their relative positions
and numbers are shown in Fig. 1. The ocean lies to the east
of these leveling points.

Figure 2. Land subsidence curves (D004 and D005 dredger fill
formed earlier, D009 and D010 formed later).

2.1 Influences of formation time of dredger fill

In the study area, the dredger fills nearer to the sea were
formed later. The formation time has a great influence on the
recent land subsidence. In order to understand this effect, we
assigned the same properties and thicknesses but different
formation times to make the comparison.

In leveling points D004 and D005, dredger fill was formed
earlier in the process. In D009 and D010, dredger fill was
formed later. The cumulative subsidence of D004, D005,
D009 and D010 from 2013 to 2017 was 26.03, 28.42, 45.95,
and 59.25 mm, respectively (Fig. 2). The newer the fill is, the
larger the accumulated subsidence was.

Since some leveling points providing comparative data
were buried in 2012–2013, in order to reduce the impact of
the stability of the monitoring facilities, the data after 2013
was used in the comparative study.

2.2 Influences of soil properties of dredger fill

Dredger fill can be divided into silty soil and clay soil accord-
ing to filling composition in the study area. For this compari-
son, we assigned the same formation time and thicknesses of
dredger fill but different soil properties to make the compar-
ison.

Leveling point D001 is where there is silty dredger fill and
D002 is where there is clay dredger fill. The cumulative sub-
sidence of D001 and D002 from 2013 to 2017 was 14.54
and 22.01 mm, respectively (Fig. 3). So when the thickness,
formation time and underlying soil layer are similar, the pres-
ence of clay soil resulted in more subsidence than that of silty
soil. Furthermore, the subsidence rate decreases with time.
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Figure 3. Land subsidence curves (silty dredger at D001 and clay
dredger at D002).

Figure 4. Land subsidence curves (the thickness of dredger fill at
D014 and D013 is about 3.5 m; the thickness of dredger fill at D012
and D011 is about 2.5 m).

2.3 Influences of the thickness of dredger fill

To examine the effect on subsidence from the thickness of
dredger fill, we assigned the same formation time and soil
properties but different thicknesses of dredger fill to make
the comparison.

Leveling points D014 and D013 are where the thickness
of dredger fill is about 3.5 m. D012 and D011 are where
the thickness of dredger fill is about 2.5 m. The cumulative
subsidence of D014, D013, D012 and D011 from 2013 to
2017 was 109.84, 91.79, 77.92, and 73.52 mm, respectively
(Fig. 4). Divided by their respective thicknesses, the com-
puted results are 31.38, 26.23, 31.17, and 29.41 mm m−1.
These values are very similar; therefore, the subsidence was
approximately proportional to the thickness of dredger fill.

2.4 Influences of the thickness of lower soft soil layer

According to “Code for investigation of geotechnical engi-
neering” (DGJ08-37-2012), the engineering geological lay-

Figure 5. Land subsidence curves (the thickness of the lower soft
soil layer (3)+ (4) at D008 is about 7 m, the thickness of layer
(3)+ (4) at D007 and D006 is about 5 m, and the thickness of layer
(3)+ (4) at D003 is about 3.5 m).

ers are unified in the study city. There are 11 engineering
geological layers and several sublayers 100 m below the sur-
face. The sequence numbers are (1)1, (1)2, (1)3, (2)1, (2)2,
(2)3, (3)1, (3)2, (3)3, (4), (5)1, (5)2, (5)3, (5)4, (6)1, (6)2, (6)3,
(6)4, (7)1, (7)2, (8)1, (8)2, (9)1, (9)2, (10), and (11). The or-
der of the lower soil layer (within 40 m depth) from top to
bottom below the dredger fill in the study area are shallow
sand layer (2)3, soft soil layer (3)+ (4), clayey soil layer (5),
hard soil layer (6) and lower sand layer (7). The sequence
numbers of dredger fill layers are (1)3. The distribution of
dredger fill adds a load to the underlying layers, which could
cause compaction of those underlying soil layers. The soft
soil layer (3)+ (4) is highly compressible and sensitivity.

We assigned the same formation time, soil properties, and
thicknesses of dredger fill but different thicknesses of the soft
soil layer (3)+ (4) to make the comparison.

Leveling point number D008 is where the thickness of
the soft soil layer (3)+ (4) is about 7 m; D007 and D006
are where the thickness of the soft soil layer (3)+ (4) is
about 5 m; and D003 is where the thickness of the soft soil
layer (3)+ (4) is about 3.5 m. The cumulative subsidence of
D008, D007, D006 and D003 from 2013 to 2017 was 58.77,
43.48, 43.56, and 32.09 mm, respectively (Fig. 5). Divided by
their respective thicknesses, the computed results are 8.40,
8.70, 8.71, and 9.17 mm m−1. These values are very close;
therefore the subsidence is approximately proportional to the
thickness of the soft soil layer (3)+ (4).

3 Future trend analysis of land subsidence in the
study area

According to the law “Regulations of Shanghai Municipality
on the Administration of Prevention and Control of Ground
Subsidence” issued by Shanghai government in 2013 and
the “Shanghai Urban Master Plan (2017–2035)” issued by
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Figure 6. Fitting and forecasting curves of land subsidence.

Shanghai government in 2018, the possibility of large-scale
groundwater exploitation in the study area is very small. Our
analysis indicated the main factors influencing subsidence
have been, and are likely to be in the future, the large-scale
distribution of dredger fill and engineering construction ac-
tivities. The later the filling is formed, the thicker the filling
and the more clay-rich the soil will be; the thicker the soft
soil layer, the larger the land subsidence effect will be.

According to the definition of the average consolidation
degree of soil layer,

Ut =
st

s∞
, (1)

where Ut is the average degree of consolidation of the soil
layer, s∞ is the final compaction of the soil layer, and st is
the compaction of the soil layer in time t .

The relationship between the degree of consolidation and
time of large area dredger fill due to self-weight pressure and
its load on lower soil layer can be written in the following
unified form:

Ut = 1− ae−bt , (2)

where a, b are the parameters. Then,

st = (1− ae−bt )s∞. (3)

Equation (3) was used to fit the multi-year leveling monitor-
ing data. The fitting results are shown in Fig. 6 and indicate
that subsidence caused from the impact of the dredger fill
gradually diminishes.

4 Conclusions and discussion

The distribution of dredger fills over a large area is the main
influencing factor of land subsidence in the study area. The
differences of formation time, soil properties, thickness of

dredger fill, and the thickness of soft soil layer result in dif-
ferential land subsidence in the study area. The analysis pre-
sented here indicates that land subsidence will continue but
subsidence rates will decrease and eventually stop.

This study needs further research and more data to sup-
port the research conclusion more comprehensively, and to
establish the quantitative relationship between the various el-
ements of dredger fill and land subsidence. Based on the in-
vestigation and monitoring results, it is necessary to study the
prediction method and numerical calculation model of land
subsidence in the dredger fill area.

In order to provide more accurate land-subsidence infor-
mation for government decision-making in the large area of
dredger fill, we should strengthen the construction of moni-
toring networks to provide early warnings of subsidence risk.
Dredger fill treatment should be carried out before construc-
tion, strict groundwater control should be implemented, and
urban construction should be planned rationally.
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Abstract. Land subsidence is a worldwide geohazard caused by various factors, and its direct impact is loss
of elevation, which is especially severe in coastal areas due to sea level rise. Quantifying contributions of com-
pressed strata is significant for evaluating the subsidence. In this paper, we used distributed fiber optic sens-
ing (DFOS) with Brillouin scattering to monitor the strain distribution along optical cables embedded in a bore-
hole located in Tianjin, China. The novel technique revealed that the land subsidence rate was 21.2 mm a−1

from 2017 to 2019. The strata contributed to the subsidence have been identified in the range of 3 to 35 m. The
results showed good agreement with those obtained by a group of extensometers. We demonstrated that DFOS
could be a supplement to land subsidence monitoring technologies in coastal areas.

1 Introduction

Land subsidence refers to the decline of ground surface el-
evation, which can be attributed to anthropogenic and natu-
ral reasons (Xue et al., 2005). In coastal areas, land subsi-
dence has become one of the most serious geological haz-
ards because of multi-layer coastal soft soils, groundwater
pumping, and excessive constructions. The situation is get-
ting worse by the joint-influence of sea level rise. There-
fore, it is significant to adopt robust technologies for land
subsidence monitoring in coastal areas. Methods commonly
adopted to perform surveys and research in land subsidence
monitoring mainly include GPS, InSAR, and leveling and ex-
tensometers (Baldi et al., 2009; Amelung et al., 1999; Erkens
et al., 2015; Galloway et al., 2016). GPS, InSAR, and level-
ing monitor ground motion, so it is difficult to identify the
depth and contributions of compressed strata. Extensometers
need a group of monitoring positions to measure deformation
in specific strata, and the measured deformation is spatially
limited.

The distributed fiber optic sensing (DFOS) technique over-
comes the above shortcomings, and it has advantages of

long-distance and continuous monitoring along a single opti-
cal fiber (OF). Researchers have successfully adopted DFOS
technique in land subsidence monitoring in Suzhou, the
Yangtze River Delta in China (Wu et al., 2015; Gu et al.,
2018; Zhang et al., 2018).

Can DFOS be used in coastal areas? Tianjin is a coastal
city in China, which has been suffering from severe subsi-
dence (Shearer, 1998; Yi et al., 2011; Yang et al., 2019). In
this paper, we implemented DFOS technique to build a full-
section monitoring system in Tianjin from September 2017
to May 2019. The dominant strata compression in Tianjin
were identified, and the results of DFOS were verified by ex-
tensometers.

2 Methodology and in-situ boreholes

2.1 DFOS technology

Most DFOS technologies are based on Brillouin scatting, in-
cluding BOTDA, BOTDR, and BOFDA. The Brillouin fre-
quency shift (BFS) has a linear correlation to the changes in
longitudinal strain and temperature along OF. In this study,

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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we used the BOTDR technology, of which the measuring
principle is as follows (Ohno et al., 2001):

υB(ε,T )= υB (0,T0)+
∂υB(ε)
∂ε

ε+
∂υB(T )
∂T

(T − T0) (1)

where υB(ε, T ) is the BFS; T is the temperature; ε is the
strain; υB(0, T0) is the BFS while the temperature is T0 (ini-
tial temperature) and the strain is 0 (no strain); ∂υB(ε)

∂ε
and

∂υB(T )
∂T

mean the strain and temperature coefficient of OF, re-
spectively.

2.2 DFOS system (G06)

In order to monitor the strata deformation at different depths,
we drilled a 100 m depth borehole (G06, Fig. 1a and b) and
embedded optical fiber sensors in the borehole in Septem-
ber 2017 (39◦03′56′′ N, 117◦37′36′′ E). The optical fiber sen-
sors are 5 m-fixed-point cable (5-FPC) produced by Suzhou
NanZee Sensing Ltd, China. The BOTDR interrogator used
in this study is AV6419 Optical Fiber Temperature/Strain
Analyzer produced by the 41st Research Institute of China
Electronics Technology Group Corporation, China. Its min-
imum spatial resolution is 1 m, the readout resolution accu-
racy is 10 cm and the strain measurement accuracy is about
±40 µε in the study. Material, mechanical properties of the
cable, and installation steps can be found in our previous re-
search (Wu et al., 2015; Gu et al., 2018). The initial data
of DFOS monitoring system were collected on 30 Septem-
ber 2017, and the monitoring was carried out in the next two
years until 30 May 2019 (Fig. 1c). The cable strain was mon-
itored by AV6419 while the displacement can be calculated
by Eq. (2):

1L=

∫ l1

l2

ε(l)dl (2)

where 1L is the deformation from l1 to l2, ε(l) is the strain
along the cable.

2.3 Extensometer (G02)

According to the historical data, the elevation of the most
serious area reduced by 3.2–3.4 m from 1959 to 2008, and
the evaluations of some regions are lower than the sea level
(Hu et al., 2009). There is a group of extensometers (G02)
with a maximum borehole depth of 1218 m in the study site
(Yang et al., 2019). In the study, DFOS results were verified
by the results of four extensometers at depths of 3 m (F0),
33 m (F1), 60 m (F2), and 95.5 m (F3), respectively.

3 Results and discussions

DFOS can measure deformation at micro-strain range along
a single OF installed in boreholes. The deformation of any
strata can be calculated based on strain profile along OF.

Table 1. Deformation of each stratum in G06.

Layer Depth Lithology Deformation
(m) (mm)

1 2.8 Silty clay NA
2 18.8 Clay silt, Silty fine sand −30.18
3 20.0 Clay silt −0.61
4 23.0 Silty clay −1.34
5 35.0 Silty clay −3.11
6 39.8 Clay silt −0.51
7 56.0 Fine sand −0.23
8 57.9 Clay silt −0.11
9 59.6 Silty clay 0.05

10 63.0 Clay silt, Silty clay 0.08
11 64.0 Silty fine sand 0.10
12 69.4 Silty clay, Clay silt −0.02
13 74.0 Silty clay 0.14
14 88.1 Fine sand −0.70
15 90.7 Clay silt, Silt −0.18
16 97.3 Silty clay −0.46

Total −37.07

Note: Positive values in deformation mean soil rebound while negative values
mean soil compression. NA= not available.

Each layer deformation was calculated by strain along 5-
FPC, then the refined soil deformation in the borehole
was obtained (Table 1, Fig. 2). The DFOS results showed
that the subsidence in the study site reached 37.07 mm on
30 May 2019 and its subsidence rate is 21.2 mm a−1. The
Layer 2 (L2) cumulative subsidence is 30.18 mm, accounting
for 81.41 % of the G06 profile, and the rate is 17.25 mm a−1.
The cumulative subsidence of L3–L5 are 0.61, 1.34, and
0.11 mm, respectively, accounting for 1.65 %, 3.61 %, and
8.39 %, respectively. The L2–L5 were always compressing,
which were the dominant contributed strata of land subsi-
dence.

The results of a group of extensometers consist of subsi-
dence of four extensometers (F0–F3), as shown in Fig. 1b.
The soil deformation is calculated by the difference between
two extensometers, and the results presented that the to-
tal compression of soil between F0–F3 is 139.2 mm from
July 2011 to July 2017. The compression of three layers
is 131.3, 6.43, and 1.47 mm, respectively. The extensome-
ters results showed that F0–F1 accounts for 94.32 % of the
total 95.5 m-deep profile (F0–F3) while the soil deformation
monitored by DFOS at the same depth accounts for 93.83 %
from 2017 to 2019 (Fig. 2a). The results of two methods are
less than 1 % when monitoring the strata at the same depths.
The continuous deformation is significant for evaluating ev-
ery layer contribution to land subsidence, which is more de-
tailed than one of extensometers.

As shown in Fig. 2b, Tianjin suffered from severe land
subsidence before 1987 and the subsidence rate decreased
to ∼ 20 mm a−1 under government control. The land subsi-
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Figure 1. Location of G06 borehole and the DFOS system of land subsidence. (a) Location of study area, China. (b) DFOS system and
extensometers system. (c) Strain measured along 5-FPC.

Figure 2. Land subsidence in Tianjin. (a) Comparison between optical fiber (OF) and extensometer at different depths. (b) Historical land
subsidence in Tianjin from 1985 to 2019 (R. Hu et al., 2002; B. Hu et al., 2009; Yang et al., 2019).
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dence rate measured by DFOS is 21.2 mm a−1 while the re-
sult of extensometers is 23.2 mm/a, so the results obtained by
two technologies are reasonable. Furtherly, these contribu-
tions of strata compression to subsidence calculated by above
two methods are consistent in Fig. 2a.

In addition to great performance in quantitative assessment
of a 100 m depth borehole, more research should be investi-
gated, such as accuracy of DFOS at deeper depths, OF types
and backfill materials for different areas, wireless monitoring
system development, etc.

4 Conclusions

This paper aims to propose a robust and effective monitoring
technique for land subsidence in coastal areas. In the case
study, the DFOS monitoring system was established into a
borehole in Tianjin, China, and a comparison of results mea-
sured by DFOS and extensometers was presented. The defor-
mation of each soil layer was obtained, and the total subsi-
dence rate is 21.6 mm a−1 from October 2017 to May 2019,
while the dominant strata that contributed to land subsidence
was localized at L2–L5. In agreement with extensometers re-
sults, DFOS can finely monitored the development of land
subsidence and precisely localized the compressed strata in
Tianjin.
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Abstract. In Chiba prefecture in Japan, it has been reported land subsidence for many decades. One of the
causes of land subsidence is considered gas production. To reduce and control land subsidence, we applied PDCA
method in a certain new development area. As a result, we could maintain successfully the land subsidence less
than the target value, 20 mm yr−1 at the present moment.

1 Background

The Southern Kanto gas field, the largest field of natural gas
dissolved in water in Japan, is located primarily under the
Chiba prefecture (Fig. 1). In this field, eight companies pro-
duce 460 million m3 yr−1 of natural gas (Japan Natural Gas
Association, 2019). On the other hand, there are some envi-
ronmental issues such as land subsidence. Generally speak-
ing, land subsidence results from various causes such as nat-
ural compaction, tectonic movement and ground water with-
drawal for agricultural or industrial use.

The gas production is also considered one of the causes the
land subsidence. To produce natural gas dissolved in water,
it is necessary to produce formation water too. As a result,
the formation pressure is reduced and land surface subsides.
There are some causes in land subsidence other than natural
gas and formation water production, but as natural gas pro-
duction company’s responsibility, we are making some ef-
forts to reduce the land subsidence.

As a part of our efforts, we have been conducting land sub-
sidence PDCA management in a certain new development
area. The land subsidence in this area is thought to be af-
fected by ground water withdrawal for agricultural use and
tectonic movement as well as natural gas production. Be-
cause the study area is rural, the pump discharge rate is not
clear but the ground water is withdrawn for agricultural use
to some extent. In addition, Chiba prefecture containing the
study area is located near the plate boundary between the
Pacific Plate and the Philippine Sea Plate. In this area, the
earthquakes often occur.

Figure 1. Southern Kanto gas field (Kunisue and Kokubo, 2010).
Minami Kanto gas field in this figure means Southern Kanto gas
field.

In this paper, we introduce land subsidence PDCA man-
agement. The purpose of this management is to control land
subsidence less than the target value, 20 mm yr−1.

2 Land subsidence PDCA management method

PDCA consists of four steps (Plan, Do, Check, Act). It is
based on the “Shewhart cycle” (Moen and Norman, 2006;
Chakraborty, 2016). PDCA is a continuous feedback loop
to identify and change process elements to reduce variation
(Gupta, 2006). In general, PDCA aims at the control and con-
tinuous improvement of processes and products.

As a measure for controlling land subsidence, we apply
PDCA method in a certain new development area and repeat
it every year (Fig. 2).

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 2. Land subsidence PDCA management method.

2.1 Plan

We make production plan based on the result of ge-
omechanical reservoir simulation. The simulator is called
“JARAS/3D” which was developed as a result of joint study
between Japan Oil, Gas and Metals National Corporation
(formerly Japan National Oil Corporation), and the eight gas
production companies in Southern Kanto gas field. This sim-
ulator is adjusted for Southern Kanto gas field and it can eval-
uate the amounts of land subsidence associated with natural
gas production.

2.2 Do

We produce natural gas and formation water based on the
production plan. However, the land subsidence is occurred
by not only the effect of natural gas and formation water pro-
duction but also natural compaction, tectonic movement, etc.
Sometimes unexpected large subsidence is occurred by those
effect. Against such situation, we set a criterion of land sub-
sidence for the each well as a precaution. When the land sub-
sidence is larger than this criterion, we stop the natural gas
and formation water production from the corresponding well
in order to avoid further land subsidence. The measurement
method of land subsidence is mentioned in Sect. 2.3.

2.3 Check

We observe the land subsidence and compare it with the
criterion every month (Fig. 3). To observe land subsidence,
measurement of the relative height from the reference point
which is free from the effect of the natural gas and formation
water production is necessary. Such point is far from natural
gas and formation water production area. Therefore, the lev-
elling requires a huge time to obtain the observation result.
On the other hand, GNSS (Global Navigation Satellite Sys-
tem) can obtain it continuously and rapidly. To observe land
subsidence at the target points rapidly, we apply the combi-
nation of GNSS measurement and levelling.

First, we established GNSS station in the target area, and
measure the relative height of the GNSS station from the ref-

erence GNSS station which locates out of the effect of nat-
ural gas and formation water production. Next, the height of
benchmarks around the GNSS station are measured by lev-
elling. Finally, the height of target benchmarks are obtained
by combining the GNSS measurement and levelling result
(Fig. 4).

To get the baseline data, the GNSS measurement has been
conducted before the natural gas and formation water pro-
duction start.

Furthermore, we compared the land subsidence results
with those by the local government.

2.4 Act

We observe not only the land subsidence but also the wa-
ter level which reflect the formation pressure. We update the
simulation model based on these observation data every year
if necessary. Commonly permeability and firmness are modi-
fied to reproduce the water level and land subsidence respec-
tively. Then we use the updated simulation model on the Plan
in the next PDCA.

3 Results

We applied PDCA method in a certain new development area
to reduce and control land subsidence. Based on a result of
land subsidence, we changed the production plan if neces-
sary. When the land subsidence became larger than the crite-
rion, we stopped the production. After that, when it became
smaller than the criterion, we restarted the production.

As a result of the PDCA management, we could maintain
successfully the land subsidence less than the target value,
20 mm yr−1 at the present moment. In addition, the obser-
vation results conducted by the local government shows less
than 20 mm yr−1 (Fig. 5).

We could obtain the land subsidence observation results
close to Government’s result in 2015 and 2016. However, the
Government’s result was small in 2017. In 2018, the Govern-
ment’s result has not disclosed yet.

Comparing the land subsidence result before and after the
start of natural gas and formation water production, it became
smaller. The land subsidence in benchmark 1 (BM1) was
−13.4 mm yr−1 in 2013 before the natural gas and formation
water production, but it was −11.6 and −10.3 mm yr−1 in
2015 and 2016 after the natural gas and formation water pro-
duction. Similarly, Benchmark 2 (BM2) was −15.2 mm yr−1

in 2013, while −12.3 mm yr−1 in 2015 and −10.2 mm yr−1

in 2016. Benchmark 3 (BM3) was −14.4 mm yr−1 in 2013,
while −12.1 mm yr−1 in 2015 and −8.2 mm yr−1 in 2016
(Table 1). The reason is not clear but it could be the effect
of factors other than natural gas and formation water produc-
tion.
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Figure 3. New development area.

Figure 4. Land subsidence observation method.

4 Conclusions

The results of our work show us possibility to control land
subsidence. By repeating this method every year, we will im-
prove the management method. On the other hand, they also
show us some issues as mentioned in Sect. 3. To improve this
method, we will study on these problems in the future.

Data availability. For more information about the used data,
please contact the corresponding author Yoshiyuki Muramoto
(y.muramoto@k-and-o-energy.co.jp).
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Figure 5. Production and land subsidence results.

Table 1. Land subsidence results in each benchmark (mm yr−1).

Benchmark Executor Before After production
production

2013 2015 2016 2017 2018

Benchmark 1 Company No DATA −14.6 −10.1 −11.8 −7.6

Local government −13.4 −11.6 −10.3 −3.8 No DATA

Benchmark 2 Company No DATA −12.8 −11.8 −12.3 −10.4

Local government −15.2 −12.3 −10.2 −5.4 No DATA

Benchmark 3 Company No DATA −13.9 −8.8 −7.7 −10.3

Local government −14.4 −12.1 −8.2 −2.3 No DATA
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Abstract. Coastal subsidence owing to compaction of Holocene strata and deeper-rooted components affects
large delta plains such as the Tabasco delta in southern Mexico (Gulf coast). For this system, GNSS3-PPP
ground-truthed LiDAR imagery of high-resolution dated beach-ridge series reveals considerable differential sub-
sidence on either side of the present Usumacinta-Grijalva River mouth. Collected field-data allows for quantifi-
cation of differential subsidence over several time windows and reconstruction of relative sea-level rise back to
5000 years ago. Observed differential subsidence of 1–1.5 m is regarded to be syn-sedimentary delta-subsurface
compaction of buried strata in response to the accumulating overburden of the prograding beach-ridge complex.

1 Introduction

Coastal fronts and back-barrier plains of deltas tend to be ar-
eas with relatively high natural subsidence rates, owing to
the stacked factors of Holocene auto-compaction, sediment
and glaciohydro-isostatic loading and tectonic-basin subsi-
dence (e.g. Törnqvist et al., 2008; Brain, 2016). In popu-
lated deltas, human activities can add to the natural subsi-
dence rates (e.g. Jankowski et al., 2017; Koster et al., 2018;
Minderhoud et al., 2018). In addition to these factors, on-
going climate change and associated sea-level rise, and re-
duced sediment input, substantiate threats of wetland loss
and increasing flooding risk, call for monitoring and miti-
gating subsidence. Interpreting the human-induced compo-
nents of modern-observed rates and patterns of subsidence
requires reconstructions of natural background subsidence
components and subsurface geological heterogeneity.

In the Tabasco delta in southern Mexico, LiDAR imagery
of the beach-ridge plain that stretches from the mouths of
the Usumacinta and Grijalva rivers (Fig. 1a), reveals the
system to have experienced considerable background subsi-
dence. Central parts of the beach-barrier complex, stretch-
ing 3750–1800 cal BP (calibrated years before 1950), differ
markedly in crest elevation west and east of the Grijalva
branch, demonstrating differential subsidence between the
two sides. On the eastern side, swales and all but the high-

est beach ridges are overgrown by peat (Fig. 1b). Knowing
the age and topographic variation of each of the beach ridges
(Nooren et al., 2017 and field data collected in 2019), al-
lowed us to assess rates of west-east differential subsidence
for older and younger parts of the complex and to derive data
points for relative sea-level rise reconstruction: the double
objectives of our research.

2 Methods

2.1 Ground-truthing LiDAR and borehole surface
elevations

Revisiting key coring sites from 2011–2016 campaigns and
while performing new corings in 2019, surface elevations
were measured with a Trimble R8 GNSS3 receiver and
groundtruthed with the 5× 5 m LiDAR data from Mexican
Authorities (INEGI) at 36 reference point locations (Fig. 1a).
Surface elevation was measured by Precise Point Position-
ing (PPP) (Zumberge et al., 1997) using observations of at
least 1 h. Post-processing used the Trimble CenterPoint RTX
service (Leandro et al., 2011), yielding absolute position es-
timates in the ITRF2008 at cm-scale resolution. Ellipsoid
heights were transformed to orthometric heights (NAVD88
datum) with the Geoidal Gravimétrico Mexicano GGM10
model (INEGI, 2010). The resulting elevations are reported
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Figure 1. (a) Study area with location of GNSS points, and RSL index points. (b) Estimated subsidence along a beach-ridge formed around
3750 cal BP. Notice that the LiDAR surface elevation in the eastern part of the study area with mangrove swamp is ∼ 1 m overestimated.

as m+MSL. This is the same datum as used for the original
LiDAR data product provided by INEGI.

2.2 Differential subsidence from beach ridge elevations

Differential subsidence estimates were derived in multiple
ways. When we assume that past beach crests originally
formed at the same heights above MSL as sub-recent ridges
(for the eastern sector 0.5 to 1.5 m+MSL) we derive a min-
imum and a maximum subsidence magnitude for the ridges
further in-land (Fig. 1b).

The alternative is to compare beach ridge crest elevations
between the western and eastern sectors. Such an analysis
was performed for the 3750–1800 cal BP part of the complex
(Fig. 1b), building on an earlier established relation of beach
ridge elevation and progradation rate (Nooren et al., 2017).
We refined this relation with a simplified river delta model
(Nienhuis et al., 2016) to estimate the variability in progra-
dation rates, and hence initial beach-crest elevation (Fig. 1b),

at various distances to the former river mouth (SP y SP in
Fig. 1a). The decreasing variability in beach-ridge elevation
with distance from the former river mouth, apparent from the
LiDAR-based DEM (Figs. 1a, 10; Nooren et al., 2017), is the
result of a decreasing variability in progradation rate, and can
be explained by the diffusive behaviour of wave-dominated
delta growth (Nienhuis et al., 2015).

We constrain the river delta model to fit the 3750 and
1800 cal BP beach ridges delineated in Fig. 1a. The model
was run with a WaveWatch III hindcast wave climate
(Chawla et al., 2013), and a mean fluvial sediment flux of
3.1×106 m3 yr−1, varying with±20 % over a 500 year cycle.
Progradation rates were translated to beach-crest elevations
assuming an aeolian accretion rate of 5 m2 yr−1, and an ele-
vation of the top of the swash deposits of 0.5 m+RSL (Rel-
ative Sea Level at time of deposition). This method could not
be applied to younger parts, because the Grijalva River began
co-affecting promontory development (from 1800 cal BP), as
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Figure 2. Elevations measured in the field by Precise Point Po-
sitioning (PPP) compared with the LiDAR DEM elevation (mean
value of a ø 20 m circle around the measure point).

did wave-erosive cannibalisation of the promontory of the
former river mouth (after 900 cal BP), breaking the relation.

2.3 Establishing sea-level index points

We use lagoonal organic beds, organic debris layers incorpo-
rated in sandy beach deposits, and pedogenic decalcification
depth in beach sands of the last 6000 years (Fig. 1b), to es-
tablish a series of sea-level index points of approximately
known age and vertical indicative meaning (cf. Shennan et
al., 2015). The ages of the organic material were obtained
by directly Accelerator Mass Spectrometry (AMS) 14C dat-
ing on selected macrofossils. Their consistency was validated
based on vertical and lateral position in the beach ridge com-
plex. The ages of the decalcified beach ridges follow the
Nooren et al. (2017) reconstruction (Fig. 1a).

The lagoonal organic beds from peaty environments overly
muddy back-barrier deposits. Considering compaction, dates
from the base of these beds are “intercalated” sea-level in-
dex points in the systematics of Brain (2015). Mangrove
peat beds have been formed within 0 to 0.3 m+RSL (af-
ter Khan et al., 2017), considering a tidal range of 0.6 m for
the area. Freshwater peats have been formed between −1 to
0 m+RSL, where in the dry season groundwater levels can
drop below sea level (see Sect. 3.1).

Concentrations of organic debris within beach deposits
were encountered at multiple instances at variable depth
(down to −8 m+MSL; Nooren et al., 2017). Their preser-
vation suggest deposition at levels up to RSL, buried shortly
after deposition, and preserved below groundwater table
(above this level: dry season oxidation). The shallowest dated
organic macro-remains per core are used as sea level index
point.

Figure 3. High water marks on trees growing in a low swale (GNSS
point 11, Fig. 1). Notice the GNSS receiver on top of a 2 m long
pole.

Decalcification depth is an unconservative proxy in sea-
level reconstruction, but a promising method when applied
on easily leachable CaCO3-rich beach ridge sands. The de-
calcification depth marks the maximum depth of the repeated
dry-season groundwater table, resulting from dissolution and
leaching by percolating water. Especially the fine-grained
beach sands east (updrift) of the Grijalva outlet are highly
calcareous (5 %–10 % CaCO3; Nooren et al., 2017). The de-
calcification depth was field-estimated while logging hand-
cores (using 10 % HCl solution), and a detailed trajectory
sampled at 5 cm increments for further analyses using a
Scheibler calcimeter. We assume a maximum decalcification
depth of −1 m+RSL, concordant with the lowest ground-
water levels occurring during the dry season.

3 Results and discussion

3.1 Surface elevation accuracy, back-barrier water level
seasonality

There is very good agreement between the 36 PPP-measured
elevations and the elevations spotted from the LiDAR-based
DEM (Fig. 2), except for heavily vegetated inland sites into
back-barrier flood basins, where LiDAR surface elevation is
generally overestimated by 0.1–1.5 m, due to the dense veg-
etation cover present (Fig. 1). In central parts of the beach-
ridge complex, water-level marks seen on trees growing in
the relatively low swales (Fig. 3) indicate water levels of
1 m+MSL during the wet season. Our GNSS2-PPP survey
took place during a remarkably dry season (May 2019), with
groundwater tables dropped to −0.78 m+MSL at the site of
Fig. 3, and to−0.4 m+MSL just 200 m inland of the modern
beach. We are not aware of any substantial human groundwa-
ter extraction at these sites and in the wider study area, and
explain the deep groundwater level drop to the dry-season
intensity (limited rainfall) and high evapotranspiration.

proc-iahs.net/382/149/2020/ Proc. IAHS, 382, 149–153, 2020



152 K. Nooren et al.: Differential subsidence and RSLR Tabasco Delta, Mexico

Figure 4. RSL index points for the Tabasco delta, and sites likely effected by differential subsidence. Subsidence is indicated by yellow
arrow, representing the difference between modelled initial beach-crest elevation and measured elevation by Precise Point Positioning (PPP).
A tentative RSLR curve for the study area is presented (this study), and compared with the RSLR curve for wider Mexico, reconstructed
from compaction-corrected index-points (after Khan et al., 2017).

3.2 Relative sea-level rise (RSLR)

The sea-level index points, for the area west of the Grijalva
river mouth, produces a decelerating RSLR signal, with a
strong decrease in RSLR rate around 5000 years ago, and
approaching a semi-linear background rate of 0.15 mm yr−1

since 2500 years ago (Fig. 4), in broad agreement with Gulf-
Caribbean regional RSLR reviews (Khan et al., 2017).

3.3 Absolute and differential subsidence

Western part – The barrier morphology and SL index points
from the west of the study area indicate that this part of the
beach ridge complex did not experienced substantial subre-
gional subsidence, as the RSLR signal is shared with wider
Mexico region. In the west, the beach-ridge deposits likely
overly an incompressible substrate (Grijalva alluvial fan, ex-
tending in the subsurface offshore (Padilla and Sanchez,
2007). This said, fault-related differential subsidence up to
1.5 m, displacing beach ridges up to those from the 16th cen-
tury AD (Fig. 1), did affect far western areas.

Eastern part – The barrier system in the east of the study
area is affected by an additional subsidence term that could
be quantified (Fig. 4). This term amounts for a maximum of
1.0–1.5 m lowering of sea-level index-points obtained from
the beach ridge complex of the last 4000 years (Fig. 4), a
number very similar to the west-east elevation differences
of bundled beach ridge crests (1.0–1.6 m), with maximum
values in the encircled area NE of Frontera (Fig. 1). Impor-
tantly, there is no increase of this value (length of yellow
arrows in Fig. 4) with increasing age. Together with spatial
patterns, this indicate that the cause of the subsidence is to
be sought in the local delta substrate. We presume this sec-

tor to overly the Usumacinta low-stand palaeovalley with a
muddy transgressive fill, over which foreshore and beach-
ridge sands (some 8–12 m thick) began prograding in the last
6000 years (when RSLR inflected). This would cause syn-
sedimentary compaction (accommodating extra beach-ridge
thickness) of which the SL index points and beach crest dis-
placements register the later phase.

We recommend to further test this attribution by estab-
lishing thickness of the beach ridge complex and its imme-
diate substrate in next field campaigns. Cross-comparison
with other Holocene delta-systems (Rhine system: De Groot
and De Gans, 1996; Hijma et al., 2009; Mississippi system:
Törnqvist et al., 2008) suggests that 4–6 m of excess thick-
ness can be expected – of which our 1–1.5 m would be the
residual part (delayed creep) and the difference the semi-
instantaneous part. Such testing is essential for subsidence-
impact evaluations of future activities (superficial drainage
activities for agriculture, measures for lagoon-rim nature
conservation, subsidence owing to hydrocarbon extractions
at depth), and therefore highly needed for an adequate man-
agement of the Tabasco delta.

4 Conclusions

This study presents an integrated analysis of relative sea level
rise and differential subsidence based on vertically quanti-
fied differences in coastal topography between western and
eastern parts of the study area, a well-resolved beach-ridge
chronology, and the collection of sea-level index points.

The results allow to separate a background RSLR mainly
due to regional glacio-hydroisostasy, from local differential
subsidence, interpreted to signal the presence of compress-
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ible strata immediately below the beach-ridge sands east
of the Grijalva River mouth. This natural subsurface com-
paction has substantially contributed to the low elevation of
the eastern part of the delta.

Data availability. The new established index points will soon be
available at the HOLSEA database (https://www.holsea.org/).
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Abstract. Sinkhole activity in west-central Florida is a major hazard for people and property. Increasing fre-
quency of sinkhole collapse is often related to an accelerated use of groundwater and land resources. In this
work, we use radar interferometry acquired over a selected region in Hernando County in west-central Florida to
observe small localized deformation possibly caused by sinkhole activity. The data used for the study consist of
acquisitions from one TerraSAR-X frame covering a time span of approximately 1.7 years with spatial resolution
of 0.25 by 0.60 m. We applied the Persistent Scatterer Interferometry (PSI) technique using the Stanford Method
for Persistent Scatterers (StaMPS). Results reveal several areas of localized subsidence at rates ranging from
− 3.7 to −4.9 mm yr−1. Ground truthing and background verification of the subsiding locations confirmed the
relationship of the subsidence with sinkhole presence.

1 Introduction

Sinkholes form when rocks or sediments move into a void
created by rock dissolution (Dobecki and Upchurch, 2006).
They can induce subsidence in the form of gradual surface
drop with no apparent rupture, which may later collapse due
to a break of rock and soil (Ford and Williams, 2007). In
Florida, sinkhole activity occurs frequently due cap rock sub-
sidence or collapse into existing cavities within the shallow
carbonate bedrock, which were formed during the Holocene
and Pleistocene. Accelerated use of groundwater and land
resources has promoted an increase in the rate of sinkhole
formation (Tihansky, 1999; Veni et al., 2014). These cir-
cumstances have made sinkhole collapse one of the lead-
ing natural disasters in Florida, with almost 25 000 insur-
ance claims between the years 2006–2010 (Florida Office of
Insurance Regulation, 2010). Sinkholes are present through
much of Florida. However, reported sinkhole incidences as
subsidence and collapse occur mainly in the west-central re-
gion of the state (Florida Geological Survey, 2015) (Fig. 1).
This sinkhole-active corridor extends over a large area (hun-
dreds of km2) covering three of the most densely populated
cities in Florida: Orlando, Tampa and St. Petersburg, which
is located west of Tampa (Fig. 1).

Detecting a sinkhole before collapse is a difficult task, as
sinkholes often display unnoticeable surface changes. Geo-
physical techniques such as ground penetrating radar (GPR),
electrical resistivity tomography (ERT), and shallow seismic
surveys (refraction tomography, reflection, surface wave in-
version) are commonly used to image with high detail sink-
hole characteristics beneath the surface (Dobecki et al., 2006;
Theron and Engelbrecht, 2018). However, these techniques
require a priori information of sinkhole location and are lim-
ited to small study areas (up to hundreds of m2). Geologi-
cal and geophysical information is often used for sinkhole
hazard and risk assessments, based on modelling and proba-
bilistic approaches (Frumkin et al., 2011; Galve et al., 2011;
Kim and Nam, 2014; Theron and Engelbrecht, 2018). Cal-
culated hazard and risk maps rely on sinkhole information
that is often incomplete or not available. Small sinkhole size
and sparse distribution makes detection and monitoring a
challenging task. In places such as Florida, monitoring tech-
niques are needed that could cover large areas to complement
and support ground-based surveys.

Interferometric Synthetic Aperture Radar (InSAR) tech-
nique is a remote sensing technique that can detect sur-
face movements with high detail, while covering vast ar-
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Figure 1. Location map of sinkhole and subsidence reports in
Florida (red circles) collected by the Florida Geological Survey
(Florida Geological Survey, 2015). White stars show the location
of the largest cities in the state. Green frame shows the location of
the Timber Pines study area. Map data: © Google, Maxar Technolo-
gies.

eas (Massonnet and Feigl, 1998; Bürgmann et al., 2000;
Rosen et al., 2000). The technique has been successfully
applied to observe sinkhole activity in arid places such as
west Texas and the Dead Sea shores (Nof et al., 2013; Atzori
et al., 2015; Baer et al., 2018; Kim and Lu, 2018), in ur-
ban settings like Heerlen in Netherlands, Gauteng province
in South Africa and Quebec City in Canada (Chang and
Hanssen, 2014; Theron et al., 2017; Martel et al., 2018)
and in vegetated regions like Bayou Corne, Louisiana and
Tampa, Florida (Jones and Blom, 2013; Oliver-Cabrera et
al., 2019). The above InSAR implementation examples were
conducted in areas where interferometric coherence is main-
tained over long periods of time, through stable radar scatter-
ing from bare surfaces, rocks, and man-made structures. In
cases where land-cover changes occur rapidly and frequently,
as in highly vegetated regions such as Louisiana or Florida,
effective InSAR tends to be limited to areas with buildings
(e.g. Oliver-Cabrera et al., 2019). An alternative to main-
tain high coherence in densely vegetated regions are radar
systems with a very short revisit time, like the Uninhabited
Aerial Vehicle SAR (UAVSAR) (Jones and Blom, 2013).

This study expands upon our previous study of InSAR-
based detection of sinkhole activity in west-central Florida
(Oliver-Cabrera et al., 2019), which demonstrated the ca-
pability of InSAR for detecting sinkhole related deforma-
tion in the challanging scattering environment of west-central
Florida. In the current study we focus on a smaller area, the
region of the Timber Pines housing development in west-
central Florida, and analyze the effectivity of the InSAR re-

tults, which are verified using both ground based observa-
tions and official reports of sinkhole induced damage.

2 Study Area

The study area covers the region of Timber Pines in Her-
nando County, roughly 60 km north of Tampa in west-central
Florida. Timber Pines is a private community that hosts 3452
homes, characterized by sparse residential and commercial
buildings. This study site was selected because numerous
homes have reported sinkhole activity. Also, the county pro-
vides openly available lists of reported sinkholes, allowing
us to verify the deformation sources of our InSAR analysis.

3 Data

Our data consists of TerraSAR-X (TSX) (3.1 cm wavelength)
Staring SpotLight (ST) SAR imagery. TSX ST mode has a
pixel resolution of 0.25 m in azimuth and 0.60 m range. A
total of 45 acquisitions were obtained to cover a time span
of 1.7 years between 2015–2017 with a repeated pass of 11
and 22 d. Variation in the repeated pass acquisition frequency
its due to budget constraints. Sinkhole activity verification
was done through the sinkhole reports provided by Hernando
County through their website (https://www.hernandocounty.
us/, last access: September 2019).

4 Methods

Our InSAR processing and analysis follows the proposed
methodology of Oliver-Cabrera et al. (2019). SAR data pro-
cessing to obtain InSAR time series is followed by a spa-
tial clustering analysis. First, a stack of single master inter-
ferometric pairs is generated using the Doris (v4.02) soft-
ware package to generate interferograms. Doris was devel-
oped by the Delft Institute of Earth Observation and Space
Systems (DEOS) Delft University of Technology (Kampes et
al., 2003). The selected master is a SAR acquisition with low
noise levels and centered, as much as possible, in the middle
of the time vector. No resampling (multi-looking) was ap-
plied to the interferometric products. The stack of single mas-
ter interferograms was used as an input for the second pro-
cessing stage, time series analysis using the Persistent Scat-
terer Interferometry method (PSI) (Ferretti et al., 2001). This
technique focuses on the use of high backscatter signature
sources (e.g. buildings), minimizing the use of pixels with
low or variable backscatter (e.g. vegetation). Thus, only the
Persistent Scatterers (PS) are kept. We implement the Stan-
ford Method for PS (StaMPS) (Hooper et al., 2004) in order
to estimate the displacement time series of individual points.

A PS distribution analysis post-processing is performed to
find the possible sinkhole-related signals. We isolate the scat-
terers that display deformation trends from the stable ones,
by separating the scatterers with deformation trends beyond
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3 standard deviations (3σ ), leaving just the peak moving scat-
terers. The applied threshold of 3σ was selected from a range
of thresholds between 1 to 3σ as it was found most suitable
to isolate the moving scatterers. To find the sinkhole-related
signals we search for groups of subsiding scatterers that are
concentrated spatially. A Density-Based Spatial Clustering
Analysis (DBSCAN) algorithm (Ester et al., 1996) is imple-
mented to find groups of moving scatterers based on their
spatial distribution. The criteria used in the DBSCAN algo-
rithm is a distance of 6 m, double of the average sinkhole
radius reported in the Florida subsidence reports (Florida Ge-
ological Survey, 2015) and a minimum of five PS points per
group.

5 Results

InSAR time series results are shown as a map of surface ve-
locities (Fig. 2). The velocity map indicates stability in most
of the study area (green color in Fig. 2). Results also dis-
play points of high positive and negative velocities, which
likely represent noise due to the short duration of the acqui-
sition span (1.7 years). Small scattered areas of localized de-
formation can be found throughout the study area (e.g. red
circles in Fig. 2). A total of 85 clusters of subsidence were
obtained from the spatial clustering analysis. Results show
that the majority of the clusters are located over houses. A
few of the clusters are located over roads, including one with
46 PSs (Site a). From all the clusters with more than 15 PSs,
just one appeared to be part of a noisy area, considered as
non-reliable. Three clusters with a higher density of subsid-
ing scatterers were selected for a detailed inspection (Sites
a, b and c in Fig. 3). Site a is located in the middle of a
road, approximately 30 m long. Site b and c are located in
two houses of roughly 20×20 m of size. Detailed inspection
of the data shows a peak downwards movement starting on
the first quarter of 2016 and reaching the lowest point around
August 2016. The county database does not show a sinkhole
report for this area, however, there are several nearby sink-
hole activity reports. Also, Oliver-Cabrera et al. (2019) found
that GPR surveys show irregular strata along the road near
the signal and from neighboring homes, which suggest prior
and perhaps ongoing subsidence at this site. Time series ob-
servations of Site b show a downwards step-like movement in
the second half of 2015. County reports confirmed sinkhole
activity at this location, however no specifics regarding dates
of events or collapses were found. Observations from Site c
also show a step-like movement, but in this case towards the
end of the first half of 2016. County documents for this site
also reported sinkhole activity. A sharp peak up and down in
2016 suggest that an abrupt change happened to the building,
perhaps related to repair works to the property, although no
documentation was found to confirm this.

Overall, results show that the technique effectively detects
localized deformation and that the calculated clusters coin-

Figure 2. Velocity map of the Timber Pines study area determined
from TSX ST data covering a time span of 1.7 years. Red circles
show the location of the clusters with highest density of subsiding
scatterers. Map data: © Google, Maxar Technologies.

cide with reported sinkhole locations. InSAR derived defor-
mation for this area is limited mainly to constructed areas.
Sources of displacement can be related to activity that is not
associated with sinkholes, so field and background verifi-
cation surveys are essential to properly define the observed
deformation sources. InSAR alone is not sufficient for de-
termining sinkhole presence. However, InSAR yields highly
valuable information of location, size and magnitude of dis-
placement from suspicious locations and provides valuable
warning information. Compared to other studies, deforma-
tion observed in this work is constrained to very small areas,
which together with the densely vegetated ground cover of
suburban Florida makes the use of high-resolution data a key
component of the analysis. The work by Oliver-Cabrera et
al. (2019) explains the level of impact that high-resolution
data has on areas like Timber Pines. An image with spa-
tial resolution of 2.5 × 22 m (e.g. Sentinel-1) is able to de-
tect 152 PS per km2 while and image with resolution of
0.25 × 0.6 m (e.g. TSX ST) can detect 69 733 PS per km2.

6 Conclusions

High-resolution InSAR time series analysis combined with a
clustering algorithm appears to be a promising tool for de-
tecting sinkhole activity. The use of high-resolution InSAR
allows us to observe small subsidence signals over the size
of a small house or less. Due to the short duration of the
InSAR time series (1.7 year), the InSAR detected velocity
maps tend to be noisy. However, the clustering algorithm al-
lowed us to eliminate much of the noise in the results by
identifying subsiding clusters, which are characteristics of
subsiding buildings. The time series analysis of the TSX ST
over Timber Pines reveals localized deformation at several
sites. Velocity trends of three selected sites that were ob-
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Figure 3. Zoom-in to the clusters with highest density of subsiding scatterers, sites a, b and c. The red arrow shows the scatterers shown in
the time series plot. Detected pixel movement time series shows subsiding trends of −4.95, −3.73 and −4.98 mm yr−1, respectively. Map
data: © Google, Maxar Technologies.

served in detail, yield subsidence rates ranging between −3.7
to −4.9 mm yr−1. A cross checking with Hernando County
sinkhole reports confirmed sinkhole presence in the vicinity
of these three sites. Our results suggest that high-resolution
InSAR subsidence detection combined with clustering anal-
ysis can serve as a useful tool for detecting sinkhole activ-
ity in challenging scattering environments, as in west-central
Florida.
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Abstract. The backbone of the Amsterdam Ordnance Datum (NAP) is a network of about 400 primary subsur-
face markers. Relative movements between the primary subsurface markers are measured with spirit levelling
once in 10–20 years. However, little is known about absolute vertical movements of the primary network. This
information is indispensable for the interpretation of water level measurements at the tide gauges along the Dutch
coast. It may be provided by gravity measurements.

Here we present a time-series analysis of more than twenty years of gravity measurements at the stations
Westerbork, Epen, Zundert, and Radio Kootwijk. It reveals that only station Epen shows a statistically signif-
icant movement of − 0.252± 0.066 µGal yr−1, which corresponds to an uplift of 1.3± 0.5 mm yr−1. For the
other stations, the trends are statistically not different from zero at a significance level of 0.05. Corrections for
water table variations are found to be indispensable; peak-to-peak amplitudes range from 4 µGal (Westerbork)
to 28 µGal (Radio Kootwijk). Depsite some fundamental objections, corrections for instrumental offsets reduce
the data scatter. First experiments with 7 years of soil moisture data acquired at station Radio Kootwijk reveal
that the gravity signal of soil moisture variations has a standard deviation of 2.2 µGal, which is comparable to
the noise standard deviation of measured gravity.

1 Introduction

The heights of the ∼ 35000 markers of the second-order
NAP network are determined with respect to a primary net-
work of about 400 underground markers, which form the
backbone of NAP. These underground markers are directly
connected to the top of the Pleistocene sediment layers,
which at the time of their construction, was believed to be
stable, i.e., without significant vertical movement. However,
geological studies indicate vertical movements of the Pleis-
tocene sediment layers of different origins (e.g., Kooi et al.,
1998). These vertical movements are the reason why over
regular intervals of about 10–20 years, the primary network
of sub-surface markers is re-measured. Though this cannot
provide information about the absolute vertical motion of
the NAP, it provides information about differences in verti-
cal movements rates between sub-surface markers. These re-
measurement campaigns are sufficient for the primary task

of NAP. This does not apply, however, if NAP is used to de-
termine absolute vertical land motion at the location of tide
gauge stations. This specific application of NAP is necessary
to separate the steric and eustatic component of sea level rise
from the vertical land motion at the site. The separation is
needed among others to validate climate models on which
predictions of future sea level rise are based.

Global Navigation Satellite Systems (GNSS) can provide
information about vertical movements relative to a network
of reference stations. However, long-term monitoring of the
vertical movements using GNSS suffers among others from
terrestrial reference frame issues (in particular centre of mass
movements) and low-frequency (flicker) noise.

Here we use gravity measurements to monitor the long-
term absolute vertical movement of the NAP. This move-
ment is not constant over the country, but may have long-
wavelength patterns. Complex spatial patterns would require

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Pre-processed gravity data before (circles) and after (dots) corrections for offset and estimated water table variations were ap-
plied. The dashed line shows the estimated linear trend based on offset and water table corrected pre-processed gravity data. From (a) to
(d): Westerbork, Epen, Zundert, Radio Kootwijk

a significant number of gravity stations. However, as long
as the regular re-measurements of the primary NAP network
using spirit levelling are continued, a single gravity station
is already enough. To create redundancy, a network of six
stations has been established where absolute vertical move-
ments are determined from a time series of yearly gravity
measurements.

Here, we present an analysis of the data records at four
stations, which cover at least 20 years of data. In Sect. 2, we
describe the network of absolute gravity stations, the cho-
sen measurement setup, and the data pre-processing. The
methodology of data analysis is the subject of Sect. 3. The
results, in particular the estimated vertical rates, are the sub-
ject of Sect. 4. In Sect. 5, we conclude by emphasising the
main findings and identifying topics for future research.

2 Network, measurement setup, and data
pre-processing

The absolute gravity network comprises the stations Radio
Kootwijk (1991–today), Epen (1992–today), Zundert (1996–
today), Westerbork (1998–today), Oudemirdum (2012–
today), and Oudeschild (2014–today). All stations, except
Epen (which is located on a rock formation from the Car-
boniferous), are located on the top of the Pleistocene sed-
iment layer (2.58 Ma–11.7 ka BP). The stations Oudeschild
(Texel), Oudemirdum, and Westerbork are located on the
Drenth-Frisian boulder clay plateau, a glacial deposit from
the second-last ice age (Saalian, 370 ka–130 ka BP). Radio
Kootwijk is located on top of a moraine from the penultimate
ice age (Saalien, 370 ka–130 ka BP). Zundert is founded on a
layer of surface sand from the early to mid Pleistocene.

Most gravity measurements were taken with Micro-g FG-
5 absolute gravimeters. Before 2007, they were operated by
the Bundesamt für Kartographie and Geodäsie (FG5 # 101;
1996), the Royal Observatory of Belgium (FG-5 # 202;
1997), and the University of Luxembourg (FG-5 # 216;
2004–2007), respectively. Since 2007, all measurements are
being done with the FG-5 # 234, operated by TU Delft. The
FG-5 is a free-fall class of absolute gravimeter, which mea-

sures the position and time since the start of the drop of a
free-falling test mass. Gravity is then estimated by fitting
a model of the equation of motion to the data. The mea-
surements were organised in sets, where each set comprises
100–200 free-fall experiments (drops). Typically, 12 sets
were measured during night to minimise micro-seismic back-
ground noise at frequencies below 1 Hz, which is mainly
caused by ocean waves along the west-European coast and
local wind. At stations with an increased background noise
level such as Oudeschild, 24–48 sets were measured to obtain
a measurement precision comparable with the other stations.

The data pre-processing follows international processing
standards and comprises corrections for Earth tides, ocean
loading, atmospheric pressure effects, and polar motion.
There are no standards to correct gravity for hydrological
signals (e.g., water table and soil moisture variations, pre-
cipitation and snow) as the corrections depend on a number
of station-specific hydrological settings, which are difficult
to generalise, and not all hydrological parameters are mon-
itored. Therefore, water table measurements were done in
wells located in the immediate vicinity of the gravity sta-
tion (except station Epen), and a Bouguer plate model was
used to compute the gravity signal of water table variations
(cf. Sect. 3). Experimental soil moisture data were acquired
since 2013 using the well at station Radio Kootwijk with an
in-house developed and calibrated soil moisture sensor. This
sensor was specially designed to fit in the most commonly
used monitoring well types. Water table and soil moisture
measurements were always made on the day of the absolute
gravity measurements.

3 Data analysis

We use the functional model

E{zi} = E{g(ti)}−E{o(ti)}

= a+ b(ti − t0)+w(ti), i = 1. . .N, (1)

to analyse the gravity time series at a station. E is the math-
ematical expectation operator, g(t) is pre-processed gravity
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Table 1. Results of the analysis of the gravity records at stations Westerbork (W), Epen (E), Zundert (Z), and Radio Kootwijk (RK). σ̂ is the
a-posteriori standard deviation of unit weight; σs is the RMS scatter around the estimated trend of the pre-processed gravity data corrected
for instrumental offset (if offset= “yes”) and water table variations (if water table= “yes”). The given uncertainties for the gravimetric rate
and the specific yield are a-posteriori standard deviations. The preferred solutions are highlighted in bold.

station Functional model includes σ̂ σs gravimetric rate specific yield

offset water table [µGal] [µGal yr−1]

W no no 1.15 2.45 0.197± 0.100 n/a
E 1.47 2.98 −0.256± 0.103 n/a
Z 1.54 3.57 −0.026± 0.133 n/a
RK 2.45 6.11 −0.734± 0.163 n/a
W yes no 0.60 1.62 0.054± 0.068 n/a
E 0.65 1.75 −0.249± 0.067 n/a
Z 0.93 2.66 −0.070± 0.108 n/a
RK 2.08 7.01 −0.795± 0.187 n/a
W no yes 1.00 2.14 0.147± 0.098 0.108± 0.212
Z 1.24 2.81 0.025± 0.108 0.469± 0.386
RK 1.85 4.59 −0.089± 0.205 0.315± 0.284
W yes yes 0.40 1.06 0.011± 0.047 0.102± 0.153
Z 0.68 1.90 −0.024± 0.080 0.414± 0.328
RK 1.44 4.91 −0.014± 0.212 0.383± 0.287

n/a: not applicable.

at epoch t , t0 is a reference epoch, e.g., t0 = t1, o(t) is the
gravimeter offset, a and b are the two parameters defining a
linear trend model, and w(t) is the gravity signal of water ta-
ble variations. The term a+b(ti−t0) is referred to as the trend
function, and the parameter b is referred to as the gravimetric
rate.

Gravimeter offsets are taken from the International Com-
parisons of Absolute Gravimeters (ICAGs) campaigns,
which are organised once in 3–5 years by the Working Group
on Gravimetry of the Consultative Committee on Mass
(CCM WGG) and the Study Group 2.1.1 on Comparison
of Absolute Gravimeters (SGCAG) of Sub-Commission 2.1
of the International Association of Geodesy (IAG) and the
Bureau International des Poids et Mesures (BIPM). During
these campaigns, the participating absolute gravimeters are
compared to one another, and an offset is estimated per in-
strument relative to the weighted mean over all instruments
(e.g., Vitushkin et al., 2010; Francis and Baumann, 2012).

Water table variations are recorded in wells located nearby
the absolute gravity station. Except for station Epen, the area
in the vicinity of the gravity stations is flat. Therefore, we use
a simple Bouguer plate model,

w(t) = 41.92n (h(t)−h0) , (2)

where n is the specific yield, which is considered as one of
the unknown parameters to be estimated from the data, h(t) is
the level of the water table with respect to the Earth’s surface,
measured positively upwards, and h0 is a reference water ta-
ble value, e.g., h0 = h(t1). The model of Eq. (2) is not suited
for station Epen. Here, the groundwater flow is very com-
plex due to the hilly topography and the presence of a nearby

steep slope to the river valley of the Geul. As no suitable hy-
drological model is available, no water table corrections were
computed for station Epen. The results of Sect. 4 confirm this
choice.

The parameters of the functional model of Eq. (1) are es-
timated using weighted least-squares. The weight of an ob-
servation zi is chosen inversely proportional to its noise vari-
ance. The variance is computed as

σ 2
zi
= σ 2

uu+ σ
2
mpi
+ σ 2

oi , (3)

where σuu is the unified uncertainty of the absolute gravime-
ter, σmpi is the internal measurement precision (experimen-
tal standard deviation) of gravity at epoch ti , and σoi is the
standard deviation of the offset at epoch ti . The unified un-
certainty comprises the known systematic errors for the ab-
solute gravimeter and the errors of the geophysical models
applied to the data during data pre-processing. For the FG-
5, the current value, adopted by the international commu-
nity, is σuu = 2.1 µGal (Francis et al., 2015). σmpi is deter-
mined from the drop scatters (cf. Sect. 2) using the law of
covariance propagation. Values strongly depend on the back-
ground noise and range from 0.17–2.7 µGal. The standard
deviations of the offsets are taken from the results of the
ICAGs. They range from 1.83–2.87 µGal. For station West-
erbork, the stochastic model of Eq. (3) is extended by adding
the variance of mass variations in the soil on top of the roof
and the side walls of the gravity bunker, which are caused
by variations in the amount of water in the soil. A Monte-
Carlo simulation with a finite element model of the gravity
bunker, showed that the signal’s standard deviation is about
0.46 µGal.
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4 Results

For each station, we analysed the time series of absolute
gravity measurements. We computed solutions with and
without offset corrections and/or water table regression term,
respectively. There are two reasons for that. Firstly, the in-
strumental offsets of an absolute gravimeter were determined
relative to the other gravimeters participating in the cali-
bration campaigns as outlined in Sect. 3. However, not the
same gravimeters participated in each campaign, operators
changed, and the uncertainties of the estimated offsets are
pretty large, sometimes larger than the offsets. Therefore, it
needs to be seen whether applying offset corrections provides
more accurate gravimetric rates. Secondly, the specific yield
of the soil around each station has to be estimated from the
data. It has to be seen whether specific yield estimates are
reasonable, and how strong they are correlated with the gravi-
metric rates. Each analysis is complemented by various sta-
tistical hypotheses tests, among others an overall test of the
functional and stochastic model and a Pope test for outlier
detection (e.g., Koch, 1999).

Figure 1 shows the pre-processed gravity data before and
after corrections for offset and estimated water table varia-
tions were applied. The latter reduces the scatter of the data
for all stations; the most significant reduction is obtained for
stations Westerbork, Zundert, and Kootwijk. Table 1 shows
the gravimetric rates and some other statistics. When apply-
ing offset corrections, the a posteriori standard deviation of
unit weight (σ̂ ) decreases by a factor ranging from 1.2 (Ra-
dio Kootwijk) to 2.3 (Epen). Accounting for water table vari-
ations reduces σ̂ by a factor of 1.2–1.3 for stations Wester-
bork, Zundert, and Radio Kootwijk. The smallest σ̂ is ob-
tained when both instrumental offsets and water table cor-
rections are applied. Compared to a solution without these
corrections, the improvement factors range from 1.7 (Radio
Kootwijk) to 2.9 (Westerbork). Moreover, these solutions al-
ways provided the smallest a posteriori standard deviations
of the estimated gravimetric rates and specific yields, respec-
tively. In addition, the over model tests were accepted at a
significance level of 0.001, which was not always the case if
at least one of these corrections was omitted. Finally, no out-
liers in the data were detected at a significance level of 0.017.
Therefore, we prefer the solution with offset and water table
corrections.

Using a significance level of 0.05, the null hypothesis of
a zero gravimetric rate was accepted for all stations, ex-
cept Epen. For Epen, the gravimetric rate was found to be
−0.249± 0.067 µGal. Assuming that the gravimetric rate
is only due to a vertical motion of the station, we inter-
pret that station Epen is moving upwards with a rate of
1.3± 0.5 mm yr−1.

The analysis of the Radio Kootwijk data record shows
some peculiarities. The a posteriori standard deviation of unit
weight is a factor of 2 or more larger than for any other sta-
tion. The correlation coefficient between specific yield and

gravimetric rate is unusually high (0.79 compared to 0.20
for Westerbork and Zundert). Finally, the benefit of applying
corrections for instrumental offsets is the smallest among all
stations. These particularities may point to un-modelled envi-
ronmental signals in the data. One candidate is soil moisture
as the water table at Radio Kootwijk is located at a depth of
about 17 m below the surface. Since 2013, we operate an in-
house developed and calibrated soil moisture sensor in a tube
located nearby the gravity station. Though the data record
is still too short to be used for trend estimation, an analysis
of the soil moisture data record provides an idea about its
gravimetric signal. The mean value of the latter was found to
be 46.8 µGal over the period 2013–2019. However, for trend
estimation, only variations in soil moisture are relevant. A
value of 2.2 µGal was found for the standard deviation of the
soil moisture correction. This is comparable to the noise stan-
dard deviation of an FG-5 gravity measurement. Hence, soil
moisture cannot explain alone the peculiarities of the Radio
Kootwijk data record.

5 Summary and conclusions

We analysed more than 20 years of absolute gravity mea-
surements at the stations Westerbork, Epen, Zundert, and Ra-
dio Kootwijk. So far, a statistically significant vertical move-
ment could only be detected for station Epen. The data record
at Radio Kootwijk requires further analysis with emphasis
on un-modelled environmental signals. A comparison with
available GPS time series at the stations Westerbork and Ei-
jsden (14 km west of Epen), a co-location with GPS at the
other stations, and a comparison with geological models of
movements of the top of the Pleistocene sediment layer is
left for future work.
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Abstract. Cardona area presents surface rising and subsidence active movements. In 1999 a series of sinkholes
appeared due to the infiltration of Cardener River water into the mine tunnels, damaging surface infrastructures.
Since then, high precision GNSS/GPS was used annually to position a network of 40 points spread over the
area. GNSS/GPS work is carried out with the Fast-Static (FS) method. Additionally the surface movements have
been monitored with satellite Differential Interferometry Synthetic Aperture Radar (DInSAR). Results indicate
that the movement has a complex spatial distribution although consistent along time. Some areas show surface
rising during the last two decades, while other areas show subsidence. The use of the two techniques allowed to
determine the most plausible causes of these movements generated by a set of interwoven natural and human-
induced complex processes.

1 Introduction

Cardona is a town located at the north-west of the province of
Barcelona, on the area known as the Conca Potàssica Cata-
lana (Potash Basin or CK), which is a great saline unit part
of the evaporitic lithologies of the region known as Central
Catalan Depression, part of the Ebro River Depression (NE
Spain; Fig. 1).

CK origin is a consequence of the evaporation of an in-
ner sea 40 million years ago, during the upper Eocene. In
this epoch this area was under marked subsidence being one
of the deepest zones of the former sea. This condition, com-
bined with the active tectonics of the Alpine orogeny, led to
the formation of a lagoon connected with the Atlantic ocean,
which dried in time due the warm and tropical climate, lead-
ing to a mass crystallization of gypsum and saline units (the
latter being composed by an alternation of potash salts layers,
mainly sylvinita and carnalita (Marín y Bertrán de Lis, 1923;

Monzón et al., 1989). These units were progressively buried
under the Sanahuja and Solsona formations (Font Soldevila,
2006), while the tensions of the orogeny and the plasticity of
the evaporitic units evolved to a saline diapirism, creating
the salt-cored Cardona anticline (Masana and Sans, 1995;
Wagner et al., 1971). The erosion of this anticline exposed
the Muntanya de Sal landmark, which is the exposed tip of
the salt diapir, and generated the Vall Salada valley (Fig. 2),
characterized by the outcrop of the saline formation (Font
Soldevila, 2006). Due the accessibility to the saline forma-
tion, this resource has been exploited since the Neolithic, be-
ing the oldest crystalline salt exploitations in Europe (Lopez
de Azcona, 1933; Weller, 2002). Although salt has been ex-
tracted there for centuries, the most intensive extraction was
concentrated on the second half of the 20th century, when
“Mina Nieves” underground mine was active. In this period,
sodium salts were intensively used for the production of plas-
tics, bleach, soap, glass, and so on, whereas potassium salts

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



168 X. Rodriguez-Lloveras et al.: Two decades of GPS/GNSS and DInSAR monitoring of Cardona salt mines

Figure 1. Location Map of Cardona town on the Catalan Potash basin (CK) with is part of the evaporitic basin of the Central Catalan
depression located at NE Spain.

Figure 2. Different locations of the Cardona area including the underground mine extension and the Situation of the GNSS/GPS and levelling
points.

were used for the production of fertilizers and explosives.
The underground mining caused significant changes in the
topography and hydrology of the area.

As a consequence of the combination of the natural pro-
cesses, such as the saline halokinesis, and human mining ac-

tivity, the Cardona area presents complex surface rising and
subsidence active movements. In 1999 more than 150 sink-
holes appeared in the east section of the Vall Salada, dam-
aging surface infrastructures, pipes and several mine facili-
ties. After thorough studies, these phenomena were attributed
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to the infiltration of water from a phreatic conduit feed by
the Cardener River into the mine galleries. In order to stop
the sinkhole appearance, the river was channelized through
a 250 m bypass tunnel (Lucha et al., 2008). Since then, the
area has been monitored for the follow-up of the phenom-
ena, using GNSS (Gili et al., 2009, 2011), and satellite Dif-
ferential Interferometry Synthetic Aperture Radar (DInSAR)
techniques (Mora et al., 2007a), complemented with level-
ling surveys.

This article analyses and discusses the data of the moni-
toring techniques gathered during two decades, focusing on
its applicability and capacity to provide reliable data to de-
termine the complex subsidence-heave processes occurring
in Cardona area.

2 Methodology

Monitoring of surface movements in Cardona has mainly
been performed trough GNSS/GPS surveys and DInSAR
data, complemented with levelling surveys.

The GNSS/GPS monitoring started in 1997, being re-
peated in a yearly basis. The current situation of the local
network of Cardona is that shown in Fig. 2. Two local ver-
texes have been used as base points, the so-called CK29 and
CK30, which belong to the CK Network covering the whole
Potash Basin (Gili et al., 2010). The other 41 points are con-
trol points. As the network aims to detect general movements
in the whole area (big units) and not sudden/localized move-
ments (small sinkholes or local slides, for instance), the den-
sity of control points is relatively low (inter-point distances
ranging between 200 m and 1 km).

A GNSS/GPS precision system has been used, specifi-
cally the Fast-Static Method (also called “GPS with post-
processing”). The recording rate (1t) was 15 s in the first
campaigns, and 5 s since October 2010. The elevation angle
threshold is 10◦ (registering the signal from the “low” satel-
lites tends to improve the vertical precision of the final ele-
vations, our main goal). Duration of the logging sessions are
typically 30 min per control point. With this methodology,
the a priori precision (σ ) of the results is 1 cm in plan and
2 cm in elevation.

The DInSAR monitoring was performed using images
from the ERS, ENVISAT, COSMO-SkyMed, and SEN-
TINEL satellite missions. ERS and ENVISAT data (1992–
2010) have a spatial pixel resolution of 40×40 m and a revisit
time of 35 and 30 d. COSMO-SkyMed, data (2010–2015)
has a spatial pixel resolution of ∼ 15 × 15 m and an irregu-
lar revisiting time from 4 to 16 d, depending on the available
satellites. Finally SENTINEL data (2015–2019) has a spa-
tial pixel resolution of 20 × 20 m and a constant revisit time
of 6 d, which allow a better monitoring of the processes oc-
curring in Cardona. During the last decades, DInSAR tech-
niques have been widely improved, developed and applied
(Blanco-Sànchez et al., 2008; Ferretti et al., 2000), proving

to be an excellent tool for monitoring regional land surface
movements of wide areas with sub-centimetric precision. In
this study, an advanced DInSAR processor, known as Per-
sistent Scatterer Interferometry (PSI), was applied. This pro-
cess discriminate the different components of the interfer-
ometric signal, obtaining the final ground motion measure-
ment with a higher precision (Mora et al., 2007b). One of
the main drawbacks of this processing technique is that it
requires a low variation of the radar signal response during
the analysis period in order to obtain high quality measure-
ments (interferometry coherence). As a consequence, soil
covers experimenting great variations along the year return
poor coherence. This limitation is the reason why this tech-
nique allows the measurements of surface movements mainly
in urban areas or isolated buildings, but is limited in areas
with important surface changes in time such as vegetated
areas or areas with human-induced changes, such as land-
fill/excavation activities. Land use change limitation is noto-
rious on the western section of the Cardona area, reducing
significantly the data available in this area. To corroborate
the DInSAR-detected movements, a high-precision levelling
network was implemented in Cardona urban area. The level-
ling works began on January 2006 and finished on October
2012 after thirteen campaigns, and were performed using an
automatic electronic (digital) level, measuring elevation in-
crements along some traverses (Fig. 2).

3 Results

It should be kept in mind that each monitoring network has
a different resolution, extension, advantages and limitations,
showing some differences on the measured points. Therefore,
it is necessary to determine the results of each technique indi-
vidually and later discuss the comparison between different
techniques, in order to obtain unique coherent interpretation
of the monitored movements.

GNSS/GPS measurements show two areas with different
behaviours along the Vall Salada lineation.

The area to the west, next to the Muntanya de Sal, presents
the greatest subsidence (negative values) of the area, with
rates up to −12 mm yr−1. On the contrary, on the east sec-
tion of the Vall Salada, a heave (positive) sustained velocity
near to 20 mm yr−1 is detected in five points between the old
(Terrera Vella) and the new (Terrera Nova) mine waste areas
(Fig. 3).

DInSAR measures also deliver a differential behaviour.
Greater subsidence is detected at the south-west of the ur-
ban centre of Cardona, with values ranging between −10 and
−15 mm yr−1. On the contrary, heave values between 10 and
20 mm yr−1 are measured on the north eastern section of Vall
Salada (Fig. 4).

Levelling campaign measures indicate subsidence of the
urban area of Cardona with values ranging from ∼ 0 to

proc-iahs.net/382/167/2020/ Proc. IAHS, 382, 167–172, 2020



170 X. Rodriguez-Lloveras et al.: Two decades of GPS/GNSS and DInSAR monitoring of Cardona salt mines

Figure 3. Terrain movement velocities obtained from the 20 year movement dataset of GNSS/GPS measures.

Figure 4. Levelling based and DInSAR based terrain movement velocities determined from movement measures gathered in its respective
datasets.
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7.5 mm yr−1, which are consistent with DInSAR measures
in this area (Fig. 4).

4 Discussion

GNSS/GPS and DInSAR results are consistent in the iden-
tification of two main areas with different terrain movement
trend. Both techniques show a subsiding area located on the
south and western areas of the Muntanya de Sal with rates
between 10 and 15 mm yr−1, and a maximum heave between
10 and 20 mm yr−1 on the east section of Vall Salada. In
both directions of movement the two techniques show some
differences on the location of the maximum subsidence and
heave points. These differences can also be detected between
DInSAR and levelling data. The most plausible reason for
these differences is related with the technique’s resolution.
GNSS/GPS and levelling techniques are point based, mean-
ing its results are restricted to a single point of measure. On
the contrary, DInSAR data represents an extension of ter-
rain (pixel), which varies with the satellite’s sensor resolu-
tion (from 40 × 40 to 15 × 15 m). Consequently, in DInSAR
data higher or lower punctual displacements are masked by
the general pixel movement, while GNSS/GPS and levelling
control points might be in locations with higher or lower
movement than its surroundings. Anyhow, results between
techniques are consistent considering its resolution and pre-
cision (Gili et al., 2010; Marturià et al., 2006).

The area where GNSS/GPS and DInSAR show subsidence
is located on the geological contact between the Cardona for-
mation (salts) and the Igualada marls formation, above the
old Nieves mine tunnels. This location explains the subsi-
dence movements, as the contact presence infers ground de-
bility and the excavated tunnels introduce a change in the
ground tension’s equilibrium. This change induces deforma-
tions of the surrounding ground (strain) producing a tension
(stress) rearrangement to reach a new mechanical equilib-
rium (Zangerl et al., 2003). These changes are reflected on
the surface by generating subsidence, which in absence of
new processes of erosion or solution of ground materials,
tend to evolve to stability as the new ground equilibrium is
reached (Pipia et al., 2007).

In addition to the western areas of the Muntanya de
Sal,SENTINEL data also show subsidence on the Terrera
Nova area. In this location GNSS/GPS control points were
not installed as this landfill deposit has been progressively
removed due environmental issues. Despite this land cover
change, the surface materials are similar and the DInSAR co-
herence has been kept. Consequently, the movements on this
section detected with this technique cannot be considered as
a surface movement.

Regarding the area where GNSS/GPS and DInSAR show
heave, this is located between the Terrera Vella and the old
Cardener river bed. In addition, DInSAR data also show a
heave area on the section close to the old river bed, where no

GNSS/GPS control points are installed. This area is located
at the axis of the diapiric anticlinal formation showing the
outcrop of the evaporitic units (salt gypsum and anhydrite).
As this is an active diapiric process (Masana and Sans, 1995;
Wagner et al., 1971), and the heave is stable in time, the
halokinesis is considered the main cause generating heave.
Anyhow, the exposure of the evaporitic lithologies together
with the known issues with the water infiltrations (Lucha et
al., 2008), can induce to the eventual rehydration of the gyp-
sum and anhydrite, which can contribute to the ascending
movement (Yilmaz, 2001).

The results of GNSS/GPS and DInSAR techniques in-
dicate that the latest Earth observation missions based on
DInSAR (SENTINEL), combined with advanced process-
ing techniques, greatly improves the measure interval, spatial
resolution, spatial coverage and revisiting time from previous
DInSAR data, making this technology an excellent option to
monitor areas with good signal response. On the other hand,
data based on GNSS/GPS data deliver high quality punc-
tual information which is extremely useful to determine local
trends on any type of terrain and land cover.

5 Conclusions

In Cardona area the movements induced by natural and
mining-induced processes have been monitored during the
last two decades with two main techniques: GNSS/GPS
and DInSAR. Results obtained with both methodologies are
compatible in location trend and magnitudes, allowing detec-
tion of two main areas with inverse significant movements
(subsidence and heave). Subsiding area is located at west
section of Vall Salada and is considered related with the old
mine tunnels and its induced strain/stress mechanical ground
re-equilibrium. The upheaval movements are centred on the
east section of Vall Salada and are a consequence of the ac-
tive halokinesis and hydration of subsoil evaporites.

This study confirms that the latest Earth observation mis-
sions and techniques are an excellent option to monitor areas
with good signal response, and its combination with other
high resolution monitoring techniques such as GNSS/GPS
allow to determine the interwoven causes of land movement
related with multiple complex processes.

Data availability. The data used in this work is proprietary of the
government of Catalonia through the Institut Cartogràfic I Geologic
de Catalunya (ICGC) and third-party suppliers and clients. In par-
ticular cases, some of this data can be made available by ICGC un-
der request. Queries may be addressed to ICGC mailbox https://
www.icgc.cat/en/The-ICGC/Contact/Contact-mailbox (last access:
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Abstract. Detecting and mapping subsidence is currently supported by interferometric synthetic aperture radar
(InSAR) products. However, several factors, such as band-dependent processing, noise presence, and strong sub-
sidence limit the use of InSAR for assessing differential subsidence, which can lead to ground instability and
damage to infrastructure. In this work, we propose an approach for measuring and mapping differential subsi-
dence using InSAR products. We consider synthetic aperture radar (SAR) data availability, data coverage over
time and space, and the region’s subsidence rates to evaluate the need of post-processing, and only then we
interpret the results. We illustrate our approach with two case-examples in Central Mexico, where we process
SAR data from the Japanese ALOS (L-band), the German TerraSAR-X (X-band), the Italian COSMO-SkyMed
(X-band) and the European Sentinel-1 (C-band) satellites. We find good agreement between our results on dif-
ferential subsidence and field data of existing faulting and find potential to map yet-to-develop faults.

1 Introduction

Several locations around the world experience land subsi-
dence due to groundwater extraction (e.g. Gambolati and
Teatini, 2015; Semple et al., 2017). Central Mexico alone,
has more than twenty urban areas reported as subsiding
(Brunori et al., 2015; Cabral-Cano et al., 2008; Chaussard
et al., 2017; Pacheco-Martínez et al., 2015). More impor-
tantly, spatial variation of subsidence in several of such lo-
cations has led to differential subsidence and, consequently,
to ground faulting and infrastructure damage (Avila-Olivera
and Garduño-Monroy, 2008; Pacheco-Martínez et al., 2013).

City-scale subsidence patterns and rates have been charac-
terized since the 1940’s using multiple geodetic techniques.
In recent decades, InSAR measurements have allowed the
mapping of large subsiding areas at the scale of entire cities

and with frequent observations (e.g. Amelung et al., 1999;
Hoffmann et al., 2001). However, several factors limit the
application and interpretation of InSAR results for differen-
tial subsidence mapping, such as data availability, processing
particularities, data integration, and signal interpretation in
the presence of strong subsidence.

In this work, we illustrate an approach focused specifically
on detecting and mapping differential subsidence based on
SAR data from different platforms, elevation data and basic
field information. We illustrate our approach with two case
studies in Central Mexico, which have different subsidence
characteristics and different data availability. The ultimate
goal of our approach is to share the expertise we have ac-
quired after studying several cases of differential subsidence
for expanding its application to other areas with data avail-
ability constrains.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Schematic illustration describing the concept of repeat-
pass InSAR. The interferogram was calculated from a COSMO-
SkyMed SAR pair acquired on 3 April and 30 June 2012 over Mex-
ico City. Point A is a stable area known as Chimalhuache hill. Point
B is located close to Peñón de los Baños. Point C is located over
Benito Juárez International Airport. Shaded relief from SRTM data.

2 Materials and Methods

We propose using SAR data, a digital elevation model
(DEM) from the Shuttle Radar Topography Mission (SRTM)
mission, and surface field data when available.

We rely on four SAR datasets, of which two cover
Aguascalientes and two Mexico City. The two datasets
covering Aguascalientes consist on 34 ALOS PALSAR
scenes acquired form August 2007 to March 2011 and six
TerraSAR-X acquired from December 2009 and Septem-
ber 2012. The two datasets covering Mexico City consist of
144 Sentinel-1 scenes acquired from 2014 to 2017 and 21
COSMO-SkyMED scenes acquired from December 2011 to
June 2012. We process the SAR using InSAR techniques,
which relies on the existence of at least two satellite acqui-
sitions to perform pixel-wise phase differences to generate a
map of interferometric phase differences, so-called interfer-
ogram (Fig. 1).

We perform single-interferogram processing using the
Delft object-oriented radar interferometric software (Doris)
(Kampes et al., 2004) and time series processing using ei-
ther the Stanford Method for Persistent Scatterers (StaMPS)
(Hooper et al., 2007) or the Miami InSAR time-series soft-
ware in Python (MintPy) (Yunjun et al., 2019). Additionally,

we perform post-processing of the InSAR velocity maps re-
sults using subsidence gradient (Cabral-Cano et al., 2008) or
band pass filtering (Solano-Rojas, 2018).

3 Case studies

3.1 Aguascalientes

The valley of Aguascalientes experiences subsidence rates
of up to 100 [mm yr−1] due to overexploitation of its aquifer
system (Chaussard et al., 2014). The city is located within
a tectonic graben (Fig. 2a). The topographic slopes map of
the area shows flat topography in the middle of the graben,
which forms the valley (Fig. 2b). Mapped surface faults in the
region show that the graben-delimiting faults are orientation
roughly NE–SW, in agreement with the topographic slopes.
The InSAR velocity map from ALOS data (Fig. 2c) shows
a clear subsidence pattern within the graben, in agreement
with previous observations (Pacheco-Martínez et al., 2015).
However, the graben limits do not exactly coincide with the
transition between subsiding and stable areas (see northern
portion of the eastern main fault). There seems to be, instead,
a better agreement between the topographic slope map and
the faults location.

High-resolution single interferograms produced with pairs
of TerraSAR-X (TSX) images (Fig. 2d–g) reveal a-few-
fringes patterns in the easternmost portion of the study area,
as opposed to the many-fringes pattern observed in the cen-
tre of the interferograms. Evidently, interferograms compris-
ing a longer time span shows a more complex interferomet-
ric pattern, due to the accumulation of subsidence (compare
Fig. 2d vs Fig. 2f, for instance). The discontinuities in the
phase coincide well with the presence of the field-surveyed
surface faulting. As a matter of fact, the interferometric pat-
tern shows additional phase discontinuities that may corre-
spond to not-yet mapped or not-yet-developed surface faults.
We interpret that these phase discontinuities.

3.2 Mexico City

Mexico City is one of the largest and most populated urban
areas in the world. The city was built on a highly compress-
ible lacustrine sediment sequence, which has been subjected
to fast land subsidence with rates exceeding 350 mm yr−1, in
response to aggressive groundwater extraction,

Our Sentinel-1 InSAR velocity map from 2014 to 2017
(Fig. 3a) shows that Sierra de Santa Catarina is stable, while
its surroundings subside rapidly (∼ −400 mm yr−1). We cal-
culate a gradient velocity map, which shows the highest val-
ues around Sierra de Santa Catarina (Fig. 3b). Additionally,
we calculate a velocity map from the COSMO-SkyMed con-
stellation data and obtain the boundaries of sharp transition
between highly-subsiding and highly-uplifting (Fig. 3c). The
areas of pronounced differential displacements agree well
with the location of pre-existing, subsidence-related faults

Proc. IAHS, 382, 173–177, 2020 proc-iahs.net/382/173/2020/
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Figure 2. Case example of differential subsidence analysis over Aguascalientes Valley. (a) Satellite image (source: © Esri, Digital Globe,
GeoEye, Earthstar Geographics, CNES Airbus, USDA, USGS, ADX, Getmapping, Aerogrid, IGN, swisstopo, and the GIS community)
overlaid by locations of groundwater-extraction wells in the area. Red lines represent faults mapped in the city. (b) Slopes map from SRTM
topographic data. Red square shows the limits of (d)–(g). (c) Velocity map from 34 ALOS PALSAR scenes acquired form August 2007
to March 2011. (d)–(g) High resolution interferograms of Aguascalientes’ urban area from TerraSAR-X data. Each fringe corresponds to
1.55 cm of subsidence.

identified during 10 years of field surveys (CENAPRED,
2017).

4 Conclusions

The proposed approach shows the capability of multiplat-
form, multiresolution InSAR for detecting and mapping dif-
ferential subsidence and surface faulting. The strategic ad-
vantage of this approach is its reliance on mostly available
products (i.e. SAR data, SRTM DEM, basic field surveys).
Medium-resolution results from ALOS and Sentinel-1 satel-
lites depict well the larger-scale subsidence patterns. De-
tailed faulting cartography in the urban area coincide with
phase discontinuities in this interferograms produced with
higher-resolution data from TerraSAr-X, with potential for
mapping of not-reported faults and improved understanding
of the subsurface.

Additionally, post-processing techniques from both low
resolution (such as subsidence gradient) and high resolu-
tion (such as band-pass filtering) datasets provide a tool for
improving the understanding of differential subsidence, as
shown in the Mexico City study case. Differential subsidence
shows to be particularly large in areas of sharp geotechnical
transitions denoted by topographic slope changes.

Data availability. The SAR data that support the findings of
this study are available from e-GEOS (http://www.e-geos.it) (Ital-
ian Space Agency, 2020), the German Space Agency (DLR:
http://www.dlr.de) (German Aeroespace Center, 2020), the Euro-
pean Space Agency (ESA: https://www.esa.int) (European Space
Agency, 2020) and the Japan Aerospace Exploration Agency
(JAXA: http://www.global.jaxa.jp) but restrictions apply to the
availability of these data, which were used under license for the
current study (Japan Aerospace Exploration Agency, 2020). The to-
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Figure 3. Case example of differential subsidence analysis over South Mexico City. (a) Velocity map from 144 Sentinel-1satellites acquired
from 2014 to 2017. (b) Horizontal gradient calculated from (a). (c) Areas of differential subsidence calculated from high-resolution COSMO-
SkyMED data. (d) 10-year worth of subsidence-related shallow faults mapped by the city’s government (CENAPRED, 2017). Shaded relief
from SRTM data.

pographic data used for shaded relief maps and topographic cor-
rection of InSAR results are available in the USGS repository
(https://earthexplorer.usgs.gov/) (Farr et al., 2007). The InSAR re-
sults are available from the corresponding author upon reasonable
request.
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Abstract. Land subsidence affects highly developed urban areas in central Mexico, where inhabitants rely on
groundwater for about 60 % of water supply and most of the cities are located in volcanic valleys filled with fine
and coarse grained sediments. Compaction associated to groundwater depletion in areas with subsoil contacts
sediments-rock have caused differential subsidence, ground fracturing and eventually the reactivation of pre-
existing faults, depending on the local geological setting. Remote sensing monitoring methods of land deforma-
tion have proved to be useful tools to assess this geological hazard for urban planning. We used L-band ScanSAR
data from the ALOS-2 PALSAR-2 mission to produce a regional land subsidence map over an area of about
350 km × 350 km over central Mexico. Our results indicate with a remarkable spatial coverage widespread land
subsidence over the major cities, which is ranging from more than 30 cm yr−1 in Mexico City to 5–10 cm yr−1

in other locations.

1 Introduction

Land subsidence is a generalized problem in the urban ar-
eas of central Mexico (e.g. Vega, 1976; Tuxpan-Vargas et
al., 2018; Carreon-Freyre et al., 2019). These cities had a
rapid development in the last thirty years and rely on ground-
water for more than 60 % of the water supply. The use of
land and subsurface resources represents a great challenge
for the natural resources management and urban planning
agencies. Furthermore, differential compaction of sediments
and volcanic materials associated to groundwater depletion
have caused earth fissures, ground fracturing and reactiva-
tion of pre-existing faults, depending on their local geolog-
ical setting. In some areas, geological faulting controls the
propagation of deformation. The majority of the cities af-
fected by subsidence are located in the Trans-Mexican Vol-
canic Belt (TMVB), forming a strip of 20–200 km wide and
nearly 1000 km long, where valleys are often bounded by
faults and/or volcanic structures of ages ranging from the
Miocene to the Quaternary (Ferrari et al., 2007; Tuxpan-
Vargas et al., 2018). The stratigraphy below the cities con-

sists of fluvial and/or lacustrine sediments often interbedded
with layers of pyroclastic materials and lava flows.

Central Mexico is located at a low latitude and at high al-
titudes, which range between 1500 and 2800 m above sea
level. The climate is subtropical, mild or warm during the
day and cool or cold during the night depending on the sea-
son. According to Copernicus Sentinel-2 data of the time
period 2016–2018 processed by the ESA–CCI land cover
project (https://www.esa.int/spaceinimages/Images/2018/10/
Mapping_Mexico_s_land_cover, last access: 7 November
2019), the land cover includes cropland, grassland, aquatic
vegetation and built up areas in the basins, with shrubs and
trees at higher elevation (Fig. 1).

2 ALOS-2 PALSAR-2 ScanSAR Interferometry

As already demonstrated with past missions (Strozzi et al.,
2003; Chaussard et al., 2014), L-band SAR data are specially
suited for geophysical applications because of the reduced
temporal decorrelation and enhanced capability to map rapid
displacements. The Advanced Land Observation Satellite 2
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Figure 1. Bing imagery (© Microsoft) of Central Mexico overlay to a shaded relief of the SRTM digital elevation model with urban areas
extents from MODIS data (Schneider et al., 2009).

Figure 2. Land subsidence in central Mexico from ALOS-2 PALSAR-2 ScanSAR interferometry between 20 February 2015 and 16 Febru-
ary 2018. Colour scale is saturated at 3 cm yr−1. Map data are from Bing Aerial (© Microsoft), urban areas extents from MODIS data
(Schneider et al., 2009).

Phased Array L-band SAR 2 (ALOS-2 PALSAR-2) mis-
sion design represents a consolidated approach for conduct-
ing research and development activities over wide areas. The
ALOS-2/PALSAR-2 Basic Observation Scenario (https://
www.eorc.jaxa.jp/ALOS-2/en/obs/pal2_obs_guide.htm, last
access: 7 November 2019) encompasses for central Mexico
a large number of interferometric acquisitions in ScanSAR
mode since August 2014 with a repetition rate of approx-
imately 42 days. ScanSAR data exhibit much larger swath

width compared to Stripmap data (i.e., 350 km vs. 70 km)
and accordingly can cover wider areas although at a moder-
ate nominal resolution of approximately 100 m.

In our analyses we considered 23 burst synchronized
ALOS-2 PALSAR-2 ScanSAR acquisitions from 20 Febru-
ary 2015 to 16 February 2018 distributed by the Japan
Aerospace Exploration Agency (JAXA) in single-look com-
plex format and dual-polarisation (HH and HV). Multi-
temporal interferometric analysis of the HH polarisation data
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Figure 3. Land subsidence in central Mexico from ALOS-2 PALSAR-2 ScanSAR interferometry between 20 February 2015 and 16 Febru-
ary 2018. A cyclic colour scaling model is employed to highlight larger rates of motion in Mexico City. Map data are from Bing Aerial (©
Microsoft), urban areas extents from MODIS data (Schneider et al., 2009).

Figure 4. Celaya City (Guanajuato State): photograph of a road crossed by a geological fault (Sonora 206, Col. Centro, 38000 Celaya, Gto.,
Mexico) and extract of the subsidence map from ALOS-2 PALSAR-2 ScanSAR interferometry between 20 February 2015 and 16 Febru-
ary 2018. The dot on the subsidence map indicates the location where the photograph was taken. Map data are from Bing Aerial (© Mi-
crosoft).

was performed combining point (i.e. persistent scatterers)
and multi-looked (i.e. small baseline) phases, adopting the
8 February 2016 image as central reference with a baseline
distribution of approximately ±300 m. The five bursts of the
ScanSAR data were analysed independently and the result-
ing displacement maps mosaicked.

3 Results

In accordance with previous InSAR studies (e.g. Strozzi et
al., 1999; Carnec et al., 2000; Cigna, et al., 2012; Chaussard
et al., 2014), our results indicate widespread land subsidence

over the major cities of central Mexico. Linear vertical rates
are ranging from more than 30 cm yr−1 in Mexico City to 5–
10 cm yr−1 in other locations, including many non urban ar-
eas (Fig. 2). The extension of the deformation zones in Mex-
ico City is mainly conditioned by the topography of the basin
and in the last years subsidence is propagating to the east and
to the north of the basin. Differential settlements over short
distances are common, see Fig. 3 where the subsidence rate
is represented with a cyclic colour scaling model to high-
light the gradients. The density of points with valid informa-
tion is high not only over urban areas but also over grassland
and shrubs and around croplands and wetlands. The coverage

proc-iahs.net/382/179/2020/ Proc. IAHS, 382, 179–182, 2020
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with valid information is decreasing over more densely veg-
etated areas at higher elevation and, as expected, over water
and cultivated fields. On a local scale, as for instance over a
geological fault in Celaya City (Guanajuato State) (Fig. 4),
the low resolution of ALOS-2 PALSAR-2 ScanSAR data re-
sults in a grid of points less dense than mapped with other
sensors.

4 Discussion and Conclusions

ALOS-2 PALSAR-2 ScanSAR interferometry is a robust re-
mote sensing method for monitoring land subsidence over
wide areas and assessing this geological hazard to be con-
sidered in urban planning. Despite the moderate spatial res-
olution, local areas subject to differential settlements can be
discriminated, as shown by the alignment of deformation in
the Irapuato-Celaya area and in rural areas at the northwest
of Queretaro, where agriculture is the main economical ac-
tivity. In order to prevent and manage the damage to urban
infrastructure, more efforts need to be addressed for the im-
plementation of in-situ monitoring techniques. In addition,
a great challenge is faced for urban development and nat-
ural resources management in order to govern the decrease
of surfical and groundwater water availability in urban areas
for the next years. Urban planning decision making should
integrate not only geotechnical but also geological risk zona-
tions, improvement of water distribution systems and con-
trol of groundwater extraction. Detailed geological, hydroge-
ological, geomechanical and morphological characterization
should be accompanied by remote and in-situ surveying of
deformation.

Data availability. The majority of the data presented here are from
an ongoing and yet incomplete project. The datasets generated dur-
ing the current study are available on request from the correspond-
ing authors.
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Abstract. Widespread thawing of permafrost in the northern Eurasian continent causes severe problems for
infrastructure and global climate. We test the potential of Sentinel-1 SAR imagery to enhance detection of per-
mafrost surface changes in the Siberian lowlands of the northern Eurasian continent at the Yamal peninsula
site. We used InSAR time-series technique to detect seasonal surface movements related to permafrost active
layer changes. The satellite InSAR time-series analysis has detected continuous movements, subsidence in three
zones, which have occurred during the time period from 2017 to 2018. Observed subsidence zones show up to
180 mm yr−1 rates of seasonal active layers changes. These seasonal ground displacement patterns align well
with lithology and linked to anthropogenic impact on the permafrost surface changes in the area. The results
show that Sentinel-1 mission is of great importance for the longer-term monitoring of active layer thickening in
permafrost regions. The combined analyses of the obtained InSAR time series with additional field observations
may support regular process monitoring as part of a global warming risk assessment.

1 Introduction

Widespread thawing of permafrost, by present and future cli-
mate warming, has potentially huge impacts on natural en-
vironments, global climate, and human activities in the Arc-
tic. Ice-rich permafrost thaw readily due to climate change
and human activity causing soil subsidence and have a dev-
astating effect on infrastructure (French, 2017; Hjort et al.,
2018; Nauta et al., 2015). Despite three decades of intensi-
fying research in Arctic terrestrial and marine environments,
these hold still strong surprises for us, shown by the recent
discoveries of CH4 seeps in lakes, in the Arctic ocean, and
CH4 emitting craters in the permafrost. The feedbacks of per-
mafrost change on climate, such the Arctic carbon feedback
and changes in land surface characteristics (soil moisture,
lakes and ponds) still require better quantification (Schuur
et al., 2015). This is a scientific challenge, which calls for
innovative methods to detect and quantify permafrost change
over large areas. Some of recent studies used Radar Inter-

ferometry to detect and quantify permafrost surface changes
(Chen et al., 2013; Liu et al., 2010; X. Liu et al., 2015; Short
et al., 2014). We focus on an area of recent, early 2014,
discovery of crater on the Yamal Peninsula of the Western
Siberia in Russia (Kizyakov et al., 2017; Leibman et al.,
2014; Olenchenko et al., 2015). The crater is formed by a
powerful release of gas and located in close vicinity of the
Bovanenkovo oil-gas field (Leibman et al., 2014). We study
the area to quantify feedback of permafrost thaw to climate,
and to detect areas where permafrost thaw hazards to human
infrastructure are potentially high.

The objective of this study is to detect and quantify per-
mafrost surface changes using InSAR time-series. The com-
bination of InSAR with available geomorphological and ge-
ological data and on-site data collection that may be used to
develop conceptual and quantitative models that can be used
to predict subsidence by permafrost thaw and CH4 emission
hotspots on a larger scale.
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Figure 1. Results of PS InSAR analysis, colors show spatial pattern
of seasonal subsidence velocity for June–October 2017–2018.

2 Results and discussions

The results derived from Sentinel-1 InSAR time-series are
mean LOS seasonal velocities for 2017 and 2018. The dis-
placement rates were 60–180 mm yr−1 and found mainly in
the vicinity of Bovanenkovo settlement (Fig. 1). We identi-
fied spatially clustered areas of high values (hot spots) and
their spatial location shows that the study area is character-
ized by subsidence in three distinguished zones. These sub-
sidence zones are located at the west and east part of the test
site and were highlighted as A, B and C zones (Fig. 2).

The zone A is located within area of Bovanenkovo settle-
ment and oil/gas field. It is subsiding with velocity of about to
160 mm yr−1. The zone A is circular in shape with spatial di-
mension of the zone is about to 12 km length and 8 km width
highlighting center of the subsidence (Fig. 2). The zone B
is located in the east north with subsiding rates of about to
80 mm yr−1 site. The zone B has a spatial dimension of about
41 km length and 20 km width. The zone C is located just
south of the lakes in the study area with spatial dimension of
36 km length and 22 km width (Fig. 2). The zone C is subsid-
ing with velocity of about to 90 mm yr−1. The subsiding rates
of the zone A is double higher than zones B and C (Fig. 2).

The temporal evolution of the detected surface subsidence
between June–September 2017 and 2018 based on the time-
series of date-to-date LOS displacements plotted in Fig. 3.

Figure 2. Hotspot cluster kernel-density map showing smoothed
spatial location of clusters in zones A, B and C. Analysis highlights
areas of spatially correlative regions as high kernel-density values
in blue. Hotspot analysis was performed on results of PS InSAR
analysis (Fig. 1).

The temporal evolution of the subsidence rates in all plots is
a continuous with a gradual increase in rate season to sea-
son. The plot A shows a seasonal deformation signal which
gradually increase up to 170 mm, while plots B and C show
differences up to 70 and 80 mm in the temporal evolution be-
tween the deformation rates (Fig. 3). The rates indicate the
subsidence in these areas are related to the seasonal thawing
process.

PS-InSAR technique is a powerful tool to measure dis-
placements of moving ground objects from time series of
SAR images to millimeter precision (Colesanti et al., 2003).
It is not so straight forward to exactly identify individual ob-
jects acting as persistent scatterers in the SAR images over a
remote permafrost region. Therefore, for regional permafrost
remote areas with fewer ground control, it can be assumed
that the displacements of the objects reflecting the radar sig-
nal represent the ground movements of the earth surface and
not only the object on top of it. In the present study, we ver-
ified whether the observed slow subsidence in Yamal penin-
sula can be explained by glaciation of preexisting geomor-
phic/tectonic setting or whether it is the result of anthro-
pogenic activity in the region or it is result of both.
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Figure 3. InSAR time-series showing gradual seasonal subsidence
for A, B and C zones (Figs. 1 and 2). This analysis reveals that
zone A is subsiding with higher rates relative to zones B and C.

Concerning the tectonic setting Yamal peninsula is located
north of Ural Mountains and was uplifted and eroded during
Oligocene-Pliocene time. Available limited seismic data in-
dicate that the north to northwest trending linear structures
are present. Late Pliocene-Quaternary glacial marine sedi-
ments up to 200 m thick overlie the erosional surface (As-
takhov, 2004, 2011; Chuvilin et al., 2000; Ulmishek, 2003;
Volkova, 2014) The permafrost is continuous; the thickness
of the permafrost layer varies between 200 m river valleys
and 250 in hilly terrain (Chuvilin et al., 2000).

The active layer within study area varies from 40 to 150 cm
from field work observations during early September 2017
(field observations, Fig. 4). The subsidence zones are corre-
lated with lithology of the area. Zone A is located in the area
of marine deposits and zones B and C are located within al-
luvial deposits (Fig. 5).

The temporal evolution of the subsidence rates in zone A
around the Bovanenkovo field show higher rates compared to
zones B and C (Figs. 1 and 3). Zone A is underlain by fine
grained deposits subside faster because the overlying loess-
like silty-clay materials are likely to have a high ice con-
tent (Fig. 5). The soils are characterized by a high content

Figure 4. Soil profiles showing the depth of active layer 40–150 cm
near Bovanenkovo site. Tundra Histic Crysol with permafrost oc-
curring at 40 cm (a) consist of horizons O-Bg. The O horizon con-
sists of organic horizon containing decomposed organic matter and
peat. Bg is mineral gley horizon of soil, gray with bluish hue, light
loam texture, sand. (b) Histic Crysol with permafrost occurring at
70 cm consist of horizons O-B1-B2-Cg. Soil horizon O consist of
peat. The mineral horizons B1 and B2 are heterogeneous in color,
gray with dark spots and light loam texture. Cg mineral horizon con-
sist of unconsolidated earth material with gray sandy loam texture.
(c) Eutric Cryosols with permafrost occurring at 150 cm depth. The
soil consist of horizons A-Bg-Cg. Mineral horizon A dark brown,
sandy loam texture with fine grained material sand. Bg mineral hori-
zon, yellow brown to dark brown and sandy loam texture. Cg is light
brown and sandy soil.

of fine-grained material and, owing to this, by predominance
of crustal and lense-like cryostructures in the transition zone
at the top of the permafrost. The Eocene marine sediments
in the region are bedded thin-tabular gray and dark gray clay
(Astakhov, 2004; Chuvilin et al., 2000; Volkova, 2014). Bod-
ies of ground ice in the area have been detected by geophys-
ical surveys (Olenchenko et al., 2015).

The subsidence rates in zones B and C are less compared
to zone A due to the ice wedges with coarser grain deposits
covered by loess (Figs. 2 and 5). The zones B and C are
within alluvial deposits, the most distinctive feature of the
cryogenic structure. The alluvial deposits are loess layers
with ice wedges formed during Valdai glaciation (Astakhov,
2011). Given correlation with lithology within study area, the
hypothesis of preexisting geomorphic/tectonic setting can be
accepted.

Regarding the second hypothesis, studies have demon-
strated that human activity as settlements and gas extraction
have major impact on permafrost melt and subsidence (Hjort
et al., 2018; L. Liu et al., 2015; Raynolds et al., 2014). Subsi-
dence due to gas extraction may have contributed in particu-
lar to zone A; subsidence caused by gas extraction is a com-
mon feature in gas fields (van Thienen-Visser et al., 2015).
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Figure 5. Geology map of the study area. The map is modified after
FAO project defined geology map of the western Siberia.

Data availability. All data presented in this paper are avail-
able upon request. Please contact the corresponding author
(kanayim@gmail.com).
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Abstract. Accurate monitoring of shallow subsidence in cultivated peatlands is a great challenge. Peat com-
paction by loading and peat oxidation by groundwater level lowering are two important processes contributing
to shallow subsidence in cultivated peatlands, causing an overall increase in soil wetness over time and hence a
lower soil-bearing capacity and agricultural production. Peat oxidation also causes emission of CO2 and other
greenhouse gasses. Rigorous monitoring techniques are urgently needed to spatially and temporally map the
amount and rate of subsidence and to monitor effects of measures to reduce subsidence and its negative impacts
on livestock farming and agriculture. Monitoring shallow subsidence in peatlands is particularly challenging,
because subsidence is a slow and spatially complex process, with average rates in the order of mm yr−1 but with
higher rates possibly occurring on shorter timescales. The desired monitoring system must be able to capture this
temporal and spatial variability, and preferably the contribution of different processes to total subsidence. The
system needs to be applicable (technically- and financially-speaking) at regional scales, without severely impact-
ing daily farming activities. To help design and test a subsidence monitoring system for cultivated peatland areas,
four methods to measure subsidence are applied and assessed in a cultivated peatland in Overijssel (NL), namely
spirit levelling, extensometery, LiDAR, and InSAR. In this paper, we focus on the levelling and extensometery
methods and measurements. Subsidence was measured since October 2018 at eight livestock farms once every
three months by levelling. In the same period, extensometers have measured vertical movement of (sub)surface
levels hourly at two livestock farms. In addition, phreatic groundwater levels are continuously monitored. Pre-
liminary results show vertical movements (up and down) in the order of centimeters on the timescale of weeks.
These movements seem to be related to groundwater level fluctuations, but also evapotranspiration is expected
to contribute to additional subsidence during the summer period. Because long term net subsidence is a slow
process, additional data collection is needed to assess the different methods and the temporal and spatial fluctu-
ations in subsidence on longer timescales. This is vital information to design the optimal method for monitoring
subsidence in cultivated peatlands on large spatial scales, and to help in selecting effective measures to reduce
subsidence and greenhouse gas emission in peatlands.

1 Introduction

A large part of the coastal plain of The Netherlands contains
as much as several meters of peat in the subsurface (Erkens
et al., 2016). Like many other coastal plains worldwide, the
Dutch coastal plain is subject to land subsidence from both
anthropogenic and natural causes (Erkens et al., 2016; Van
Asselen et al., 2018, and references therein). Human-induced

subsidence is caused by loading of soft soils by fills and con-
structions, withdrawal of groundwater or hydrocarbons and
artificial groundwater table lowering to increase the bearing
capacity of the land. Subsidence increases flood risk, causes
damage to buildings and infrastructure and an overall in-
crease in soil wetness as the surface approaches the phreatic
groundwater level. In agricultural areas this translates into
a lower soil-bearing capacity affecting livestock farms, and
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damage to crops. In the Dutch coastal plain, subsidence has
especially been caused by peat oxidation, peat compaction
and peat mining in the Holocene sequence, starting about
1000 years ago (Erkens et al., 2016). Large scale peat mining
continued until the late 19th century, after which subsidence
has been mainly caused by peat compaction and oxidation.
Peat compaction is the mechanical process of densification of
the soil. Peat oxidation refers to the biogeochemical degrada-
tion of organic material by micro-organisms and occurs es-
pecially when peat is exposed to oxygen. Peat oxidation also
causes the emission of greenhouse gasses.

The amount and rate of shallow subsidence in organic-
rich coastal sequences is determined by (1) geotechnical
and biogeochemical properties of organic and mineral facies,
(2) structural loading and (3) groundwater level fluctuations.
These three aspects generally vary considerably in both time
and space. Consequently, the amount and rate of subsidence
is spatially and temporally variable: it varies between pold-
ers and even within parcels. During recent years, there is a
growing incentive to reduce both subsidence and greenhouse
gas emissions in the cultivated peatlands. To develop effec-
tive measures to reduce subsidence and to be able to mon-
itor results of implemented measures, a monitoring system
is needed that captures the temporal and spatial variability,
and preferably also discriminates between the contribution
of different processes.

One measure proposed to reduce subsidence and emission
of CO2 in peat areas is the application of submerged drainage
systems (Pleijter and van den Akker, 2007). This drainage
technique is designed to enhance infiltration of ditch water
to the parcels to elevate groundwater levels in dry (summer)
periods, but at the same time to enhance drainage from the
parcels to the ditches in wet (winter) periods to prevent too
wet soils. Shallower groundwater levels in dry periods should
result in less subsidence and greenhouse gas emissions due
to peat oxidation. In the cultivated peatland study area, in the
north-eastern part of the Netherlands, mainly used as mead-
ows for livestock farming, submerged drainage was installed
in 2018 at eleven farm fields (Fig. 1). The western part of
the study area contains a nature reserve with peatland. The
subsurface of the study area generally consists of a Holocene
peat layer (Nieuwkoop Formation; De Mulder et al., 2003)
as much as about 3.5 m thick, on top of a thick (tens of me-
ters) Pleistocene sand deposit (mainly Boxtel and Kreftenh-
eye Formations; De Mulder et al., 2003). In the western part
of the study area, the peat layer is covered by a few dm-thick
clayey top layer (Fig. 1; Naaldwijk Formation; De Mulder et
al., 2003). Apart from the nature reserve and the eastern rim
with sand outcropping at the surface, it is a seepage-prone
area.

To determine the effects of submerged drainage on land
subsidence, a monitoring system needs to be developed that
(1) measures subsidence at mm-scale accuracy, since aver-
age land subsidence rates are on the order of mm to cm yr−1,
(2) captures the spatial and temporal variability of subsi-

Figure 1. Study area with peat layer thickness (source: Waterboard
Drents Overijselse Delta) and the location of measuring sites. In this
paper results for sites 05 and 09 are presented (DR = drained, REF
= reference parcel).

dence at farm to regional scale, and (3) does not severely
impact farming activities. To help design such a system, four
different methods were or will be applied to monitor land
subsidence in the parcel where submerged drainage was im-
plemented and in a nearby reference parcel without sub-
merged drainage. The methods used include conventional
(spirit) levelling, extensometery, LiDAR (Light Detection
And Ranging) and InSAR (Interferometric Synthetic Aper-
ture Radar). Levelling is a well-tested and often-used tech-
nique for measuring surface elevation and has also been ap-
plied in a few cases in peat areas in the Netherlands (Pleijter
and van den Akker, 2007). Extensometery is applied world-
wide for measuring vertical movement of (sub)surface lev-
els but have rarely been applied in peat areas. Both of these
field-based techniques result in accurate (mm-scale) point
measurements. The use of LiDAR and InSAR for measuring
land subsidence in peat areas is promising but still experi-
mental and the accuracy of the measurements needs testing.
These two remote sensing techniques may ultimately result
in timeseries of maps with spatial coverage, which is needed
to monitor the temporal and spatial variability of land subsi-
dence and the effects of applied mitigation measures.

In the study area, levelling and LiDAR have been applied
once every three months at eight farms since October 2018.
In the same period, four extensometers, distributed over two
farms, have continuously measured vertical movement of dif-
ferent subsurface levels at 1 h intervals. InSAR analyses will
start beginning of 2020. Because the LiDAR methodology
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Figure 2. Schematic representation of extensometer set-up.

is still in the experimental phase, this paper focuses on the
levelling and extensometery methodology. Both methods are
described and assessed, and preliminary results and conclu-
sions are presented.

2 Methodology

2.1 Levelling

The levelling methodology is based on Pleijter and van den
Akker (2007) who applied this method in another Dutch cul-
tivated peat area. Surface elevations are measured relative to
a reference point, consisting of an iron rod that is founded
in the semi-stable Pleistocene sand underlying the Holocene
peat layer. In each parcel, reference and drained, such a ref-
erence point has been installed. The top of the rod is located
about 10–15 cm below the surface and covered with a cast-
iron road gully to protect it from disturbances by livestock
and tractors, for example. The heights of the reference points
are measured using an RTK-GNSS, for at least 15 min, rel-
ative to local benchmarks (bolts fixed to concrete construc-
tions founded on the Pleistocene sand; Fig. 1).

Surface elevations are measured relative to the reference
point in the parcel four times a year using a Leica LS15 lev-
elling instrument and rod. In each parcel, elevations are mea-
sured along four section lines in between and parallel to the
drains at a 2 m interval as determined with a measuring tape.
The start and end of the section lines are fixed coordinates
determined each measuring campaign using a Topcon GRS-
1 RTK-GNSS. In each parcel, the groundwater level is mon-
itored at one or two locations using standpipe piezometers
and the ditch water level is monitored using gauges.

The spatial variability of surface elevations in peat mead-
ows is usually higher than the long-term vertical movement
of the surface due to peat compaction and oxidation. Surface

irregularities are, for example, caused by cow tracks or grass
tussocks. Therefore, a horizontal plate of 10× 10 cm is fixed
to the bottom of the levelling rod to account for irregulari-
ties of the grass-covered surface. Also, one average elevation
of the parcel is calculated for each measuring campaign. Fi-
nally, at local scale, the surface elevation is measured at ten
points closely distributed around the reference point, which
are also averaged.

2.2 Extensometer

Extensometers are used to measure compaction worldwide
(e.g., Poland, 1984; Sneed and Brandt, 2015). However, they
have rarely been applied in peat soils. Extensometers can
be used to derive point measurements of vertical movement
of different (sub)surface levels at mm-scale accuracy, and to
determine the contribution of different layers, and in some
cases processes, to total subsidence. In this study, we in-
stalled four extensometers that continuously measure the ver-
tical movement of (sub)surface levels (Fig. 1). At two farms,
one extensometer is installed in the drained parcel and one
in the reference parcel, near the reference points. Different
anchors are used at three or four different (sub)surface levels
(Fig. 2). Anchor level 1 is a lost-cone anchor founded in the
Pleistocene sand. This level is stable at the timescales con-
sidered (years), and hence, is used as reference level. Anchor
level 2 is a Borros anchor positioned just below the average
lowest groundwater level. At this level, vertical movement is
measured that is mainly caused by processes acting in the sat-
urated peat layer between level 1 and 2 (B in Fig. 2), presum-
ably mainly compaction. In the overlying unsaturated zone,
peat oxidation is likely to be the dominant process causing
long-term subsidence. Anchor level 3 is a small rod driven
into the subsurface just below a clayey top layer, if present
(not visualized in Fig. 2). This level measures the contribu-
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Figure 3. Preliminary results of extensometer, levelling and
groundwater level measurements (parcel 05-DR; Fig. 1).

tion of the entire peat layer (total subsidence A in Fig. 2 mi-
nus contribution of clay layer, if present). Anchor level 4 is
a perforated square stainless-steel plate of 0.4× 0.4 m posi-
tioned at about 5 cm below surface. This level measures verti-
cal movements of the surface relative to level 1 (A in Fig. 2).

All sensors at the different levels are connected to a dat-
alogger installed at the surface (Fig. 2). The vertical move-
ment of the different levels is continuously and automatically
measured at 1 h intervals.

3 Preliminary results

It will take years to collect a sufficiently long record on
which firm conclusions can be drawn regarding the amount
and rate of (long-term) land subsidence, its causes, and the
effect of submerged drainage on land subsidence. Here we
present preliminary results of the levelling and extensometer
measurements for two farms in the study area (05 and 09 in
Fig. 1). At location 05 the peat layer is about 3 m thick and
overlain by a clay layer of about 40 cm thick. At location 09
the peat layer is about 1.25 m thick and is overlain by a 20 cm
thick organic clay layer.

3.1 Levelling results

The average values for the reference and drained parcels of
the two farms are presented in Table 1. Relative to the first
measurement in November 2018 (T0), all parcels have on

Figure 4. Preliminary results of extensometer, levelling and
groundwater level measurements (parcel 09-DR; Fig. 1).

average risen about 8 to 10 mm in February 2019. There-
after, compared to February 2019, all parcels show a sub-
siding trend during spring and summer. The greatest total
vertical movement at a specific parcel measured in the pe-
riod November 2018 to July 2019 is about 40 mm (+10 to
−30 mm), measured at 05-DR (Table 1).

3.2 Extensometer results

Extensometer results of locations 05-DR and 09-DR are pre-
sented in Figs. 3 and 4. These figures also include the av-
eraged levelling values for these parcels. The results of the
reference parcels are not presented here, since this paper
focuses on methodologies and not on effects of submerged
drainage, which yet cannot be determined. But, trends ob-
served in reference parcels are seemingly similar to those
observed in drained parcels. After installation of the exten-
someters in October 2018, a general rise of all (anchor) levels
is observed at both locations, starting in December 2018. At
05-DR, anchor level 4, positioned just below the surface, has
risen about 18 mm. At 09-DR the surface level (3) has risen
about 12 mm. In the following months, a general subsiding
trend is observed at both locations with week-scale fluctu-
ations that relate to phreatic groundwater level fluctuations.
However, the response of the surface movement to ground-
water level fluctuations seems non-linear. Whereas, quickly
after a substantial rise in groundwater level, all anchor lev-
els rise, a lowering of the groundwater table results in a de-
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Table 1. Average vertical movement relative to T0 (November 2018; n= 114). Standard deviation in (italic). Total vertical movement for a
specific parcel = max rise – max subsidence.

Parcel Feb 2019 Apr 2019 Jul 2019 Oct 2019 Total vertical
(mm) (mm) (mm) (mm) movement (mm)

05-DR 9.7 (12.9) −13.0 (23.7) −29.9 (19.2) 2.7 (29.0) 39.6
05-REF 8.2 (12.5) −20.1 (13.4) −25.9 (11.8) 27.8 (32.7) 34.1
09-DR 7.8 (6.1) 7.0 (8.8) −9.4 (7.1) 9.2 (29.9) 17.2
09-REF 9.4 (8.0) 4.4 (10.8) −10.4 (9.8) 10.1 (33.4) 19.8

layed response of the subsidence (e.g. in March 2019; Fig. 3).
While the groundwater table has quickly returned to the pre-
groundwater table rise event level, the anchor levels continue
to subside at slower pace. We also observe that average sub-
sidence during spring and summer of the different levels oc-
curs at higher rate than the lowering of groundwater level (no
1 : 1 relation). One explanation is that this may be related to
increased microbiological activity, and hence subsidence by
peat oxidation, during (warmer) spring and summer periods.
Furthermore, assumingly, variable evapotranspiration rates
causing soil shrink and swell also contribute to seasonal ver-
tical ground movements. We also observe that the saturated
peat significantly contributes to total vertical movements, es-
pecially at 05-DR, where the peat layer is thicker (level 2,
Fig. 3). In July 2019, anchor level 4 at 05-DR has subsided
to −17 mm (Fig. 3). At 09-DR, the surface level (3) has sub-
sided to −5 mm in July 2019 (Fig. 4). Hence, the surface has
vertically moved about 35 mm in about nine months’ time at
05-DR and about 17 mm at 09-DR.

4 Summary and concluding remarks

A unique land subsidence monitoring site in a cultivated peat
area in the Netherlands is presented. Two field-based tech-
niques were used to monitor land subsidence at mm-scale at
point locations quarterly (levelling) or continuously (exten-
someter). The extensometer results can be used to determine
the contribution of different subsurface levels, i.e. processes.
The accurate data derived from the field-based techniques
can be used to assess the quality and optimize the more ex-
perimental air- and spaceborne techniques LiDAR and In-
SAR for use in rural areas. These techniques have high po-
tential because they deliver time-series of spatial maps, al-
lowing to determine spatial and temporal variations of land
subsidence and assess effects of land management measures
and other environmental conditions on these variations.

In this paper, the results of one-year measuring using lev-
elling and extensometery are presented. Extensometers very
convincingly show seasonal and weekly vertical movements
of different subsurface levels, i.e. processes. Both methods
have measured similar temporal trends. At the coeval mea-
suring moments, the levelling results show a larger total ver-
tical movement than extensometer measurements (Table 1;

Figs. 3 and 4). Specifically, for the October/November (2018
and 2019) and February measurements, the averaged level-
ling values plot at or close to the extensometer surface level
line (Figs. 3 and 4). However, a larger deviation of up to
14 mm is observed during April and July at site 05. One of the
explanations may be that cow tracks and grass tussocks affect
the levelling measurements in summer time. This needs close
investigation in the future.

Preliminary results demonstrate cm-scale elevation
changes at weeks and months scale. This proves that a long
(multiple years) monitoring period is needed to be able to
filter out a land subsidence (or uplift) trend.
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Abstract. Amsterdam currently has a huge task of assessing and potentially upgrading its quay walls along the
historic canals. Before replacement can take place, Amsterdam needs to determine the potential impact the re-
placement can have on the nearby buildings. The rate of vertical deformation of the adjacent buildings is used as
indicator of potential foundation problems. To determine that rate, the current practice is to monitor the buildings
by levelling for two years at least. This study shows that application of satellite measurements using Permanent
Scatterer Interferometric Synthetic Aperture Radar (PS-InSAR) could reduce the monitoring period to a few
months. The paper describes the statistical procedure that has been applied to levelling and satellite measure-
ments to verify their reliability and determine the rate of vertical deformation of the buildings. The procedure
was applied in three case studies. The rates of deformation observed in the InSAR measurements are in good
agreement with the rates of deformation observed in the levelling in two of the case studies. The locally opti-
mized InSAR data set with observations in the period 2014–2019 provides an almost 100 % coverage of reliable
data points for all buildings in the case studies. More experience will need to be gained in the interpretation
of InSAR measurements with respect to vulnerability of the buildings. Also, the procedure may be extended to
include analysis of non-linear trends such as second order trends and seasonal effects.

1 Introduction

The City of Amsterdam is facing the huge task of assess-
ing and potentially replacing 200 km of the quay walls of its
charming old inner-city canals. Soft soils underly the Am-
sterdam inner-city, causing an average subsidence rate of
2 mm yr−1 and making the adjacent historical buildings sus-
ceptible to damage by nearby construction activities. A city
guideline (Crux, 2014) describes regulations that apply to
construction activities for minimising the probability of dam-
age to the adjacent historical buildings.

The guideline uses the vertical deformation rate of the
buildings as indicator for potential foundation problems.
Buildings with foundation problems are especially vulner-
able during quay wall replacement. A vertical deformation
rate higher than the background subsidence of 2 mm yr−1 is

considered as a threshold for potential foundation problems,
such as timber decay. If the vertical deformation rate exceeds
the threshold value, further investigations of the foundation
is required to assess the need for foundation improvement
prior to quay wall replacement.

Until now the deformation rate is determined by traditional
levelling of markers in the building facades. The monitoring
of the markers should last two years at least to produce a
reliable time series of building subsidence.

Permanent Scatterer Interferometric Synthetic Aperture
Radar (PS-InSAR) (van Leijen, 2014) can measure deforma-
tions of objects with high reliability. For the last ten years
the TerraSAR-X satellite (ESA, 2019) produces deformation
time series with high temporal and spatial resolution. Ap-
plication of satellite measurements using InSAR to build-
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Figure 1. Typical examples of levelling time series.

ing monitoring could reduce the monitoring period from two
years to a few months.

The Technical University of Delft (de Jong, 2018) and
Deltares (Venmans, 2019) have examined the reliability of
the procedure and its potential for use in the city. Section 2
describes the procedure that has been applied to levelling and
satellite measurements to derive the rate of vertical deforma-
tion of the buildings with a known reliability. Section 3 de-
scribes one out of three case studies in the Amsterdam inner
city. Section 4 compares the results of the procedure applied
to two InSAR data sets compared to the results of the proce-
dure applied to the levelling data set. Section 5 gives conclu-
sions and recommendations.

2 Procedure

2.1 Data sets

Three data sets were used in the case studies. The levelling
data set usually comprises the last 2 to 4 years. The level-
ling measures the level of two markers installed in the fa-
cades of the buildings at low elevation, relative to a network
of fixed points in the inner city. Figure 1 gives an example
of a levelling time series. The accuracy of the levelling mea-
surements is in the order of 1 mm. The precision, expressed
as the a-priori standard deviation, is around 0.5 mm (Amster-
dam, personal communication).

Two pre-processed InSAR data sets were supplied by Sky-
Geo: a general data set covering the entire city (2009–2018),
and a locally optimized InSAR data set (2014–2019). The lo-
cally optimised data set gives a larger number of data points
and better reliability than the general Amsterdam InSAR data
set. The accuracy of the InSAR measurements has not be
assessed by direct comparison with reference measurements
e.g. from permanent GNSS stations. Every InSAR process-
ing uses 2000 to 3000 of the most stable data points in a
radius of 5 km around the area of interest to determine ref-
erence time series. The precision, expressed as the a-priori

Figure 2. Typical examples of InSAR time series.

standard deviation, is approximately 3 mm (Marinkovic et
al., 2007).

For all InSAR datasets the deformation in the direction
of sight of the satellite (line-of-sight deformation) is con-
verted to the vertical deformation using the incidence an-
gle of 31.1◦. This procedure assumes that the buildings do
not move in the horizontal direction because their movement
results from subsidence processes acting over a larger area.
The analysis only uses InSAR data points with an elevation
at least 2.5 m above street level to make sure that the points
represent the buildings.

The data set includes all points within 2 m outside the foot-
print of the buildings, because the location precision of the
InSAR points is 1 to 2 m (SkyGeo, 2020). Figure 2 gives an
example of an InSAR time series.

2.2 Procedure

The procedure to determine the measurement reliability has
a statistical basis. The final result of the procedure is the
probability that the deformation rate exceeds the threshold of
2 mm yr−1. The probability is calculated from the test statis-
tic T = (rate−2)/srate assuming a Student t distribution with
n− 2 degrees of freedom. Here, rate is the deformation rate
(positive when downward), srate is its standard deviation and
n is the number of observations in the time series.

If this probability is larger than 5 %, the building is tagged
for further investigation of its foundation. It is not enough
to determine the average deformation rate, since it does not
consider the scatter of the measurements. For this reason, the
reliability of its outcome is unknown.

The main steps in the procedure are (Fig. 3):

1. Visualisation in GIS to assess the coverage of the data
points.

2. Assessment of the homogeneity of the variance in the
time series. The assessment of homogeneity is done vi-
sually.
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Figure 3. Flow chart showing main steps of the procedure to deter-
mine the measurement reliability.

3. Assessment of the presence of sudden jumps in defor-
mation. These jumps may indicate sudden changes in
the environment that affect the foundation of the build-
ings, such as groundwater extraction or foundation re-
pairs. InSAR measurements may also be affected by
changes to the rooftops of the buildings

4. Statistical testing of the linearity of the deformation in
time. This is done by fitting a linear regression line
through the measurements and determining the standard
error of the difference between measurements and re-
gression line (residuals). The standard error of the resid-
uals is tested against the a-priori (common) standard de-
viations that can be expected for reliable measurements
as given in Sect. 2.1. If the probability that the standard
error of the residuals exceeds the a-priori standard devi-
ation is equal to or smaller than 5 %, the assumption of
linearity is not rejected.

5. Statistical testing if the deformation rate exceeds
2 mm yr−1. If the probability that the deformation rate
exceeds 2 mm yr−1 is equal to or smaller than 5 %, the
assumption that the foundation of the building is solid
is not rejected. In other words: the probability that a

building with a solid foundation is wrongly considered
to have a bad foundation is 5 % at most.

6. Statistical testing of the power of the conclusion in step
5. If the probability that a building with a bad founda-
tion is wrongly considered to have a solid foundation is
larger than 5 %, the conclusion from step 5 is rejected.
In other words: the probability that a building with a bad
foundation is wrongly considered to have a solid foun-
dation is 5 % at most.

3 Case study

The procedure was applied to three case studies in the Am-
sterdam inner-city. The results of one case study are shown
here in detail. The case study involved 42 buildings. A to-
tal number of 67 levelling markers were installed on 38
buildings. Six levelling measurements were made between
September 2016 and November 2017. The general Amster-
dam InSAR data set contained 151 data points with measure-
ments between January 2014 and January 2019, the locally
optimised InSAR data set contained 546 data points with
measurements between February 2009 and January 2018.

Figure 4 gives three maps of the buildings with the data
points of the levelling, the general Amsterdam InSAR data
set and the locally optimized InSAR data set. Green data
points indicate that the probability that the deformation rate
exceeds 2 mm yr−1 is equal to or smaller than 5 %. These
buildings are assumed to have a solid foundation. Red data
points indicate that the probability that the deformation rate
exceeds 2 mm yr−1 is larger than 5 %. These buildings may
experience foundation problems. White data points indicate
that either the time series is not linear in time, or that the
scatter in the measurements is larger than usual. These data
points are not reliable and excluded from further analysis.

4 Comparison of levelling and InSAR data sets

4.1 General

A direct comparison between levelling and satellite measure-
ments is meaningless for several reasons. Firstly, the location
of the data points on the buildings is different. The levelling
markers are located low in the facade of the buildings. The
InSAR data points are located on the rooftops. This implies
that the deformation observed in the levelling is determined
foremost by the behaviour of the foundation. The deforma-
tion observed through the satellite is also determined by the
deformation of the building itself.

Secondly, the levelling measures vertical deformation, the
satellite data points are assumed to move only in the vertical
direction. If in reality the data points also move horizontally
this will affect the interpreted vertical deformation.

Thirdly, both types of measurements are sensitive in a dif-
ferent way to external changes such as seasonal effects. The
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Figure 4. Maps showing the results of the analysis for levelling (a)
and two InSAR data sets (b) and (c). The building footprints have
been anonymised.

frequency of the levelling is too low and the scatter too high
to detect seasonal effects. Some InSAR time series display
seasonal effects with a deformation amplitude up to several
millimetres. Both types of measurements are sensitive to de-
formation of their reference points. Many levelling time se-
ries of neighbouring datapoints exhibit simultaneous random
movements up and down in the order of several millimetres.
This indicates a movement of the reference point. Also, the
InSAR reference points show a periodic movement with an
amplitude of 0.5 mm.

The locally optimised InSAR data set contains a signifi-
cant number of time series with a non-linear trend, with the
deformation rate increasing or decreasing in time. The cur-
rent procedure can only handle linear trends. For this reason,
the data set has been cut in two, and the analysis has been
performed on the 2014–2019 data only. This operation pro-
duced a data set consisting of the most recent and relevant
observations.

4.2 Case study

Figure 5 compares the deformation rates with probability
larger than 5 % that the deformation rate exceeds 2 mm yr−1,
for the buildings in the case study presented in Sect. 3.

The deformation rate in the levelling time series usually
is smaller than in the satellite time series. The reason is not

Figure 5. Buildings in the case study with deformation rates ex-
ceeding 2 mm yr−1 with probability larger than 5 %, identified by
using the levelling data set and the two InSAR data sets.

Table 1. Summary of coverage in the three case studies.

levelling general local
InSAR InSAR

number of buildings 117 117 117
number of data points 192 467 1675
% of reliable points 58 % 78 % 70 %
% of buildings with 67 % 84 % 100 %
reliable points

clear but could for example be due to settlement of the refer-
ence points.

The locally optimised InSAR data set shows the largest
number of buildings with data points with probability larger
than 5 % of exceeding the threshold deformation rate. Most
of these data points are located in the middle or back of
buildings, although data points in the front facades facing the
canals indicate a probability less than 5 % of exceeding the
threshold. At the moment is not clear how this observation
should be interpreted in terms of the condition of the founda-
tion of the building.

The general Amsterdam InSAR data set hardly has build-
ings with probability larger than 5 % of the deformation rate
exceeding 2 mm yr−1. This may be caused by a large number
of non-linear time series that were eliminated in step 4 of the
procedure.

Both levelling and InSAR measurements indicate that the
probability of a deformation rate exceeding 2 mm yr−1 is
larger than 5 % for buildings 10, 11 and 12. Also, the lev-
elling indicates that the probability of a deformation rate ex-
ceeding 2 mm yr−1 is larger than 5 % for buildings 15, 19 and
42, whereas the InSAR measurements do not. The levelling
time series for these buildings may be less reliable because
of jumps up to 1.5 mm between subsequent measurements
and the limited (4 to 6) number of measurements in the time
series. The jumps do not correlate with a seasonal pattern.

Because of the large number of measurements in a time
series the conclusions about the deformation rate are much
more robust for the InSAR measurements in comparison with
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the levelling. The standard deviation of the deformation rate
of a levelling time series in the case study typically is in the
order of 0.5 mm. This implies that a data point may have a
5 % probability that the deformation exceeds 2 mm yr−1, al-
though its average deformation rate is below 1 mm yr−1. This
is the case for buildings 10, 11, 12 19 and 42 in Fig. 5. For
the same case study, the standard deviation of the deforma-
tion rate of an InSAR time series typically is in the order
of 0.05 mm. For this reason, InSAR measurements provide a
much more reliable estimate of the deformation rate.

4.3 Coverage

Table 1 summarises the coverage of the different data sets
for all three case studies. The traditional levelling is capa-
ble of providing a reliable conclusion for only 67 % of the
buildings. The locally optimized InSAR data set has a 100 %
coverage of the buildings, meaning that every building has
one or more reliable data points.

5 Conclusions and recommendations

5.1 Conclusions

Locally optimized PS-InSAR satellite measurements are
most suitable for assessing the deformation rate of build-
ings in the Amsterdam inner-city. The case study presented
shows that deformation rates of the satellite measurements
are significantly higher than those of the levelling on the
same buildings. The other two case studies (not shown in this
paper) show a general agreement of the deformation rates of
the levelling and the satellite measurements.

The locally optimised InSAR data set with measurements
between 2014 and 2019 has reliable data points on 100 % of
the buildings in all case studies. The large number of mea-
surements in an InSAR time series makes the standard de-
viation of the deformation rate much lower than in a typical
levelling time series, in spite of the larger scatter of individ-
ual InSAR measurements.

5.2 Recommendations

Future application of the procedure should include a com-
parison of the deformation rates derived from satellite mea-
surements and the foundation condition of the buildings. This
will improve the interpretation of the satellite measurements
and reduce the number of false positives and false nega-
tives. The improvement may include the interpretation of
data points with high probability of the deformation rate ex-
ceeding 2 mm yr−1 that are not located near the facade of the
buildings.

Also, the procedure may be extended to include analysis
of non-linear trends such as second order trends and seasonal
effects.
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Abstract. In the coal mining districts of the Netherlands, Belgium and Germany, we identified 662 previously
unidentified depressions at the land surface using LIDAR data. Their density decreases westwards along with
deepening of the Carboniferous coal layers, while not changing in dimensions. The timing of their formation
based on historical maps and landowner reports, suggests that they mostly formed during the period 1920–1970,
the peak of mining activity. Based on their position, density and age, we link the formation of depressions to the
coal-mining activities in South Limburg, Germany and Belgium. Our working hypothesis tentatively explains
the origin, mechanism of formation and timing of these local subsidence features.

1 Introduction

Coal mining in the Netherlands started in the 11th century
around the monastery of Rolduc in the east of South Lim-
burg (Fig. 1). The coals were extracted using horizontal
tunnels entering the Carboniferous coal-bearing formations
from river valleys (adits). Around the end of the 19th cen-
tury technological advances such as groundwater extraction
made it possible to scale-up coal extraction using deep sub-
surface mines. Since then, both private and state mines ex-
tracted coal from ever greater depths of up to around 1100 m
in State Mine Hendrik (Fig. 1).

The last coal mines in South Limburg closed in the late
1960s and the last groundwater pump was shut down in
1994. The extraction of multiple coal seams affected the land
surface in several ways. The cumulative land-subsidence
reached up to 10 m locally, after half a century of coal min-
ing. Accommodation of the overburden to the cavities re-
sulted in thresholds or steps (drempels in Dutch) at the sur-
face, which damaged numerous houses and infrastructure.
The coal extraction also resulted in localized sinkholes. It
was initially assumed that land-surface deformation would
cease after the closure of the mines. However, in 2011 a

shopping mall in Heerlen (Fig. 1) was partly evacuated af-
ter cracks in the construction had been observed. A sinkhole
was discovered below one of the columns of the structure,
which was the result of shallow extraction of a coal seam
(Chang and Hanssen, 2014). The goaf (i.e. the part of a mine
where the coal has been removed) became hydrologically
connected to the overburden and sediments flowed into the
cavity. In 1956, thresholds had been observed at this loca-
tion (De Vent, 2016), but this information was not used until
recently. The sinkhole triggered large-scale investigations is-
sued by the Dutch state, which demonstrated that effects of
coal mining can still be detected today.

One such effect is regional uplift of the land surface related
to flooding of the mines following the end of groundwater ex-
traction in 1994. This uplift can be imaged using InSAR data
and reaches up to several decimetres (Pöttgens, 1985; Wings
et al., 2004; Caro Cuenca et al., 2013). While space-born In-
SAR registers land-surface movement through time, air-born
LIDAR elevation data can be used to observe present-day
land-surface morphology in unprecedented detail. This study
presents surface observations in the mining concessions us-
ing LIDAR data and provides a first-order interpretation.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Study area in South Limburg, the Netherlands, including depressions in the coal mining area. Main map is rotated. The shown
fault lines represent their expression at surface. Where the faults cut the Carboniferous at depth, they are located further towards the Roer
Valley Graben (northwest ward). Few depressions were observed in heavily built-up areas.

2 Data and methods

Laser Imaging Detection And Ranging (LIDAR) is a tech-
nique which measures the distance to the land surface from
an airplane using laser pulses. We used publicly available
LIDAR data from Belgium (DHMV II, 2019, 1×1 m resolu-
tion), the Netherlands (AHN v2, 2019, 0.5×0.5 m resolution)
and Germany (OpenNRW, 2019, 1 × 1 m resolution) to im-
age surface morphology. The data we used, had non-natural
surface features removed and a hillshade effect had been ap-
plied to better visualize thresholds and depressions. Interfer-
ometric Synthetic Aperture Radar (InSAR) is a remote sens-
ing technique which utilizes radar measurements by satel-
lites. The accuracy of InSAR is in the order of 1 mm yr−1

(Vervoort and Declercq, 2018). The strength of this type of
measurement comes from Persistent Scatters (PS). These are
points that are stable reflector points and do not change lo-
cation and dimensions over time, such as buildings or roads.
Every consecutive satellite pass results in a new height mea-
surement. When combining successive images of these PS, a
very precise and accurate surface deformation time-series is
generated.

Scanned and geo-referenced historical mine charts
(Anonymous, 2016), provided insight into timing and origin
of surface deformations related to mining activities. Historic
topographic maps available from The Netherlands’ Cadastre,
Land Registry and Mapping Agency (Kadaster) were used to
identify and date depressions that grew during historic times.
The maps were made systematically since the middle of the
19th century (every 5–10 years). Fieldwork was used to drill
boreholes of up to two metres depth in prominent depres-
sions. Statements from land owners and farmers were taken

to increase the understanding of depressions formation tim-
ing.

3 Results

3.1 Depressions in rural areas

In rural areas in the Dutch coal mining district and up
to 7.5 km into neighbouring Germany, we identified and
mapped 662 depressions using LIDAR data (Fig. 1). The de-
pressions show a high density in the German coal-mining dis-
tricts. In a westward direction, their density decreases via the
Netherlands (South Limburg) into Flanders. This trend corre-
lates with a westward increasing depth of the Carboniferous
coal seams, from tens of meters to more than 1000 m. The
depressions are circular to ellipsoid in shape, 50–200 m wide
and 0.5–2 m deep at their centre (Fig. 2). They were encoun-
tered several kilometres outside of the mining concessions.
Field visits confirmed their visibility in the landscape. Their
size, shape, number and aerial distribution rejects an origin
by digging or other similar human activity.

The outlines of depressions as observed using LIDAR
data, were overlain on historical topographic maps to esti-
mate their time of formation. Many depressions show over-
lap with depressions indicated on the maps; contour lines
can be seen to delineate circular features (Fig. 3). During
the peak of coal mining (1920–1970) most depressions ap-
peared on historical maps. A landowner reported that one of
the depressions south of the village of Doenrade, northwest
of Heerlen (Fig. 1), was deepening during several years more
than ten years ago and has since stabilized. At another nearby
location, two depressions occur on either side of the Maas-
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Figure 2. Observations using LIDAR data in South Limburg; (a) depressions in an agricultural area west of Schinveld, (b) one filled
depression south of the road and one unchanged depression north of the road southwest of Doenrade. LIDAR AHN v2 (2019) data visualized
by ESRI Netherlands.

Figure 3. The location of a present-day depression on historical
maps in the Emma concession (see Fig. 1), (a) in 1933 the eleva-
tion contour lines did not show the depression, (b) seven years later
the depression has appeared in the contour lines, suggesting that it
formed between 1933 and 1940. Historical map (©) Kadaster, pro-
vided by ESRI Netherlands.

trichterweg (Fig. 2b). The one to the south has been filled by
the landowner to make land use easier. These observations
suggest that the depressions have formed during and several
decades after the period of active coal mining.

One depression in the west of the coal mining area is the
deepest depression we found. It reaches a depth of four me-
tres and has a diameter of ∼ 60 m. It lies close to the north-
ern edge of the Maurits concession which coincides with the
Heerlerheide fault (Fig. 1). Four coal seams were extracted
here between 480 and 740 m below the surface. A manual
borehole in the centre of the depression encountered about
0.8 m of sedimentary infill consisting of redeposited loess
(silt fraction), containing pieces of cokes (product of heated
coal), a flint pebble and a quartzite pebble. The sediment un-
derneath also consisted of silt, but without any other large
constituents and was similar to that on the depression shoul-
der. This indicates that the depression formed relatively re-
cently and was filled by erosion from the sides, as supported
by the presence of rills in the depression floor, running to the
lowest point.

3.2 Depressions in urban areas

The presence of buildings and infrastructure limits the usabil-
ity of LIDAR data for the detection of surface morphology in
urban areas. The former mining district is now densely pop-
ulated and many residential areas overly mining concessions
(Fig. 1). Nonetheless at least one possible depression could
be discerned in an urban area of the city of Heerlen, above
the Oranje-Nassau I concession and within several tens of
metres of the Heerlerheide fault. Houses in the depression
showed signs of damage (fractures, inclined walls) and mul-
tiple stages of repair. We could not establish when damage
had occurred. A quick analysis using persistant scatters (PS)
from InSAR data does not indicate recent vertical differential
movement in the area between 1992 and 2010.

4 Discussion

The most striking geomorphological observation in the coal
mining districts of Germany, the Netherlands and Belgium is
the presence of circular depressions at the surface. The de-
pressions decrease in spatial density from east to west, while
not changing in size. This decrease in density coincides with
an increasing depth of the Carboniferous coal seams and the
overlying Late Cretaceous chalk. They are similar in shape
to dolines in karstic landscapes. However, the geology of the
coal mining region excludes the option of karstic dolines, be-
cause the top of the Late Cretaceous chalk in the region is
located at depths of 40 m to more than 150 m, and it is over-
lain by clastic Cenozoic deposits. We consider this too deep
for karstic processes to show up at the land surface. Karstic
depressions further south in South Limburg, where the chalk
is located at depths of less than 10 m have diameters of 10–
30 m, while the depressions in the coal mining area are larger
(50–200 m).
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The spatial distribution of the depressions is closely linked
to the presence of coal mining concessions, although depres-
sions have also been found several kilometres outside of con-
cession boundaries. To explain the occurrence of depressions
outside of the concession boundaries we looked at the ef-
fect of groundwater extraction. The groundwater is present
in subsurface basins which do not line up with concession
borders but extend further away (Caro Cuenca et al., 2013).
The technique of longwall coal mining caused collapse of
large underground areas and at multiple stacked levels. The
subsidence caused by the collapsing mines translated to the
land surface with an angle of ∼ 45◦ relative to horizontal.
Depending on the depth of the mined coal layer within the
concession boundaries, the geomechanical effect of subsi-
dence generates an area of influence at the surface which is
larger than the concession itself (Booth, 2006; Yavuz, 2004).
The effect of groundwater extraction likely also had an area
of influence which is larger than the concessions.

Most of the depressions seem to have formed roughly be-
tween 1920 and 1970, based on historical topographic maps.
Witness statements from the area suggest that further deepen-
ing did not occur during at least the last ten years, although
one four-metre-deep depression seems to have been active
more recently. The observations in a depression in a residen-
tial area seem to suggest recent movement, judging by the
damage to houses, but InSAR data could not confirm this for
the period 1992–2010.

Circular depressions as observed here have not been
reported previously from a coal mining district. Bell et
al. (2000) discuss the mechanism of “void migration” from
collapsed goafs. Voids migrate upward when the rock roof
of a mine collapses. The process is governed by the width
of the unsupported span, the height of the mined layer, the
shear strength of and discontinuities in the covering rocks,
the thickness of the overburden and the groundwater regime.
Bell et al. (2000) state that in exceptional cases void migra-
tion in excess of 20 times the height of the coal seam has
been recorded. In our case where coal seams were about one
metre thick, that would mean 20 m of vertical void migration.
Possibly a combination of multiple stacked coal seams leads
to even more void migration and connection to the unconsol-
idated Cenozoic overburden. Migration of waters from the
overburden into the Carboniferous has been previously dis-
cussed by De Man (1988). He suggests that cracks and fis-
sures in the Cenozoic overburden reach into the underlying
Carboniferous, allowing for water and sediment to be trans-
ported downwards.

Our working hypothesis is that due to the extraction of
complete coal seams by longwall mining, large-scale defor-
mation took place in the subsurface, in the form of cracks,
fractures and continuous deformation. This deformation was
amplified by the stacking of multiple mine galleries and
large-scale groundwater extraction, resulting in an increased
radial-outward effect on the surface with increasing depth
of coal exploitation. The thresholds which were historically

mapped throughout the area may play an important role
in generating preferential pathways for water and sediment
transport from the land surface into the Carboniferous strata.
Fine-grained particles may thus be transported downwards
with the groundwater, slowly generating so-called pseudo
dolines at the land surface. A similar mechanism has been
proposed by Bell et al. (2000), albeit for coal seams at shal-
lower depths. This hypothesis implies that this mechanism
started to diminish as soon as groundwater extraction from
the mines had ended.

5 Conclusions

In the coal mining district of the Netherlands, Belgium and
Germany, we identified 662 previously not identified depres-
sions at the land surface using LIDAR data. The depressions
are likely linked to the mining activities. Our working hy-
pothesis is that both geomechanical effects such as fractures
leading to thresholds or steps at the surface, and hydrological
processes due to groundwater extraction are the main drivers
for depression formation. Future work is needed to explain
the mechanism and timing in more detail.
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Abstract. Over the past decade, several coastal communities in southeast Florida have experienced a significant
increase in flooding frequency, which has caused significant disturbance to property, commerce, and overall
quality of life. The increased flooding frequency reflects the contribution of global, regional, and local processes
that affect elevation difference between coastal communities and rising sea level. In a recent project, funded by
the state of Florida, we monitor coastal subsidence in southeast Florida using GPS and InSAR observations,
in order to evaluate the contribution of local subsidence to the increased coastal flooding hazard. Preliminary
results reveal that subsidence occurs in localized patches (< 0.02 km2) with magnitude of up to 3 mm yr−1, in
urban areas built on reclaimed marshland. These results suggest that contribution of local land subsidence affect
only small areas along the southeast Florida coast, but in those areas coastal flooding hazard is significantly
higher compared to non-subsiding areas.

1 Introduction

Several coastal communities in southeast Florida have been
periodically subjected to flooding events, which have been
induced by heavy rain, high tide, and storm surge. The fre-
quency of the flooding events has increased over the past two
decades causing property damage, transportation problems,
an overall impact on daily life. Our recent study of flooding
hazard in Miami Beach has shown that flooding frequency
in the city doubled during the years 2006–2013 compared to
the previous eight-year period of 1998–2005, mainly due to
an increased number of high tide events (Fig. 1) (Wdowinski
et al., 2016).

The increased flooding frequency reflects the contribution
of global, regional, and local processes that affect elevation
difference between coastal communities and rising sea level.
Along the US Atlantic coast, the increasing coastal flood-
ing has occurred mainly due to higher sea level, but has also
been affected by land subsidence. In order to evaluate the
contribution of land subsidence to coastal flooding hazard
in southeast Florida, we began a new subsidence monitoring
project, which is supported by the Florida Office of Insur-
ance Regulation. The monitoring relies on two geodetic tech-

niques, GPS and Interferometric Synthetic Aperture Radar
(InSAR), as well as on visual field observations. The two
geodetic techniques provide observations of surface changes
over time with different spatial and temporal resolutions and,
hence, complement one another. The project supports the
construction of four continuous GPS (cGPS) stations, which
are currently being constructed in four locations in southeast
Florida. In addition, the project supports InSAR data pro-
cessing of both archive and current data.

This study describes the geodetic monitoring project,
which aims at quantifying the spatial extent and rates of
coastal subsidence in southeast Florida. We first present field
observations indicative of land subsidence in various loca-
tions along the southeast Florida coastline. Based on the ob-
served subsiding areas, we selected locations for construct-
ing four continuous GPS stations, which are described in the
geodetic monitoring section on the study. We also describe
the planned InSAR monitoring analysis as well as presenting
preliminary InSAR results of archived ERS-1/2 data. Based
on the preliminary InSAR results, we discuss the contribu-
tion of local land subsidence to coastal flooding hazard in
southeast Florida.
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Figure 1. (a) “Sunny sky” flooding in Miami Beach. (b) Annual
flooding occurrence in Miami Beach between 1998–2013 indicat-
ing a significant increase in tide flooding events (green) since 2006
(modified after Wdowinski et al., 2016).

2 Coastal subsidence

Subsidence in Florida typically occurs at the local scale due
to soil oxidation, sediments compaction, and sinkhole activ-
ity. Regional scale subsidence due to Glacial Isostatic Ad-
justment occurs in many sections of continental US, but is
negligible in Florida (Sella et al., 2007; Kargar et al., 2016).
Also, the tectonic stability of the Florida peninsula suggests
negligible tectonic-induced subsidence in Florida.

In southeast Florida subsidence occurs mainly due to sed-
iment compaction, as urban development took place, in part,
on reclaimed marshland. Marshland subsidence is a natu-
ral process that is often compensated by sediment accretion
during inundation events (Nicholls, 2004). However, in re-
claimed marshlands, inundation prevention and lack of and
sediment supply result in land subsidence. Differential sub-
siding urban areas often result in structural damage to build-
ing and structures, which can be used as proxies for land sub-
sidence.

Along the southeast Florida coast, we observed structural
damage to buildings in several coastal parks, including Math-
eson Hammock, Morningside, and Haulover, as well in the
Kovens Conference Center at the Biscayne Bay Campus of
Florida International University (Fig. 2). All four locations
were constructed between 1930–1960 on reclaimed marsh-

land. The observed structural damage in these locations sug-
gest that local land subsidence is an active process reducing
the elevation of some section of the southeast Florida coast.

3 Geodetic monitoring

In order to quantify the distribution and rate of coastal sub-
sidence along the southeast Florida shoreline, we began
a geodetic monitoring project, which is supported by the
Florida Office of Insurance Regulation. The monitoring re-
lies on two geodetic techniques, GPS and InSAR, which
compliments one another. Continuous GPS measurements
provide high temporal 3-D positioning observations at lim-
ited number of observation points with respect to an external
reference frame. Whereas, InSAR provides high spatial reso-
lutions observations of surface changes in line of sight (LOS)
between the satellite and the surface, with respect to an arbi-
trary internal reference point. InSAR-based subsidence mea-
surements are of higher quality in urban settings and arid
environments than in vegetated areas, due to the scattering
behaviour of each land cover. By using both measuring tech-
niques, we will obtain detailed information of subsidence
process in four selected locations and less detailed, but with
very good spatial coverage of land subsidence along most of
the urban sections of southeast Florida coastline.

3.1 Continuous GPS

Precise GPS measurements require the installation of cGPS
stations in coastal subsiding areas and monitoring the subsi-
dence over a period of at least 3–4 years. This project sup-
ports the installation of four cGPS stations along the south-
east Florida shoreline. Because during the writing of this pro-
ceedings the four cGPS stations are still in the planning stage,
we describe here the site selection criteria and related activi-
ties, as well as the planned monitoring activities.

The first year of the project was devoted to site selection
and obtaining permits to install the four cGPS stations. Ap-
parently, this task was found to be much more difficult than
anticipated, because most of the urban sections of southeast
Florida coastline is privately owned. All of our attempts to
install cGPS stations in backyards of private homes along
the shorelines failed. Thus, we needed to select cGPS site
locations on public land, which is a long process requiring
permits by the local authorities. During the first year of the
project, we identified fifteen possible sites on public land, as
well as on private schools. Some locations were found to be
unsuitable in terms of physical conditions (small plots, too
many trees, or building plans for the area), whereas in some
locations we were not able to obtain the required permit. By
the end of the process, we identified four sites for cGPS sta-
tion installation.

The selected locations include two sites in the Deering
Estate, one in Morningside Park, and one in Haulover Park
(Fig. 2a). The two sites in the Deering Estate are located on
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Figure 2. (a) Location map of our study area in southeast Florida
based on a ©Google Map imagery. The map shows the location
of documented coastal subsiding areas and planned GPS sites. In-
sert shows the location of the study area with respect to state of
Florida. (b) Subsidence-induced structural damage to a building in
Matheson Hammock Park. (c) Observed subsidence along seawall
in Morningside Park. (d) Subsidence-induced structural damage at
the entrance to the Kovens Conference Center at the Biscayne Bay
Campus of Florida International University (FIU). (e) Observed
subsidence along seawall in Haulover Park.

two different geological settings in two sides of the county
park. The eastern site, located near the shoreline on peat soil,
will be used to measure coastal subsidence. The western site,
located on a limestone ridge, will be used as a control point
to measure the stability of houses and infrastructure built on
limestone. The two sites in Morningside and Haulover parks
are located on unconsolidated sediments and will be used for
monitoring coastal subsidence (Fig. 2c and e).

As soon as permits will be issued for the four sites,
the cGPS stations will be conducted and start operating.
The station construction and data downloading, archiving
and processing will be conducted by UNAVCO (https:
//www.unavco.org/data/gps-gnss/gps-gnss.html, last access:
26 February 2020), which operate more than 1500 cGPS sta-
tions, including the Plate Boundary Observatory (PBO) and
the Continuously Operating Caribbean GPS Observational
Network (COCONet).

3.2 InSAR analysis

This geodetic monitoring project also support InSAR data
processing of both current and archived data. The analysis of
current, Sentinel-1 data, did not reveal yet significant results,
because the observation time span (2015–2019) is too short
for obtaining velocity measurement with 1–2 mm yr−1 un-
certainty level (Havazli and Wdowinski, 2017). Actually, the
effective Sentinel-1 observation period for southeast Florida
is even shorter (only 3 years), because systematic data ac-
quisition every 12 d repeat path began in September 2016. In
order to obtain subsidence measurements at the 1–2 mm yr−1

uncertainty level, Sentinel-1 time series should extend for a
period of at least five years (Havazli and Wdowinski, 2017).
We will continue processing Sentinel-1 data after obtaining
sufficiently long data span (> 5 years).

InSAR data analysis of archived ERS-1/2 data yielded sig-
nificant results with the desired accuracy of 1–2 mm yr−1

(Fiaschi and Wdowinski, 2019). The ERS-1/2 data were
acquired during 1993–1999 and cover a total period of
7 years. We processed the data using the Small Base-
line Subset (SBAS) algorithm (Berardino et al., 2002) with
24 acquisitions and 95 interferometric pairs. Data analysis
includes multi-looking (1 × 5), topography phase removal
(1 arcsec SRTM), ESA’s Precise Orbits, Goldstein adaptive
filter (Goldstein and Werner, 1998), co-registration using the
Delaunay Minimum Cost Flow (MCF) algorithm (Costan-
tini, 1998), and Atmospheric Phase Screen removal by apply-
ing spatial (low-pass) and temporal (high-pass) filters. More
details of data analysis are provided in Fiaschi and Wdowin-
ski (2019).

Our ERS-1/2 InSAR analysis focused on subsidence
within the city of Miami Beach, which have been subjected
to periodic flooding (Fig. 1). Miami Beach is a densely pop-
ulated barrier island, roughly 10 km long and 2.5 km wide at
its widest point (Fig. 3). Our InSAR time series results reveal
a patch-like pattern of coherent velocity observations located
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Figure 3. Vertical velocity map over Miami Beach from 1993–1999 and displacement time series (from Fiaschi and Wdowinski, 2019).
(a) vertical velocity map obtained with the SBAS technique. The black circles mark the location of the extracted displacement time series.
Red lines mark the location of roads affected by flooding during 1998–2012 (data from Wdowinski et al., 2016). Base image source: Esri,
DigitalGlobe, GeoEye, Earth Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community. (b) Vertical
displacement time series of the four selected points.

mainly over the built environment. The results indicate that
most of the city (∼ 97 %) was stable during the 1993–1999
observation period (green in Fig. 3a). Several localized sub-
siding areas (< 0.02 km2) were detected mostly in the western
and eastern parts of the city (yellow in Fig. 3a). The detected
subsidence rate is generally in the 1–3 mm yr−1 range, with
uncertainty level of 0.6–0.8 mm yr−1. Uncertainties are cal-
culated for each pixel, based on their multi-temporal coher-
ence values.

4 Discussion and conclusions

Increasing flooding frequency in several coastal communi-
ties along the southeast Florida coastline resulted in dam-
age to property, commerce, and overall quality of life. The
increased flooding frequency reflects increasing rate of rel-
ative sea level rise, mostly due to ocean dynamic contribu-

tions, but possibly also due to coastal subsidence. In order
to evaluate the contribution of land subsidence to the coastal
flooding hazard, we began a geodetic monitoring project that
uses both cGPS and InSAR observations. The project sup-
ports the construction of four cGPS stations that will be con-
structed on subsiding public land along the southeast Florida
coastline. The project also supports InSAR monitoring of the
urban environment in southeast Florida. Preliminary results
reveal that subsidence occurs in localized patches with mag-
nitude of 1–3 mm yr−1, mainly in urban areas built on re-
claimed marshland. These preliminary results suggest that
land subsidence affect only small areas along the southeast
Florida coast. However, in these areas coastal flooding haz-
ard is significantly higher compared to non-subsiding areas.
As part of the project, we will also conduct InSAR time anal-
ysis of Sentinel-1 data, which have been acquired systemati-
cally since 2016.
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Data availability. GPS data will be archived by UNAVCO (https:
//www.unavco.org/data/gps-gnss/gps-gnss.html, UNAVCO Data
Archive Interface Version 2 (DAI v2), 2020). ERS-1/2 data are pro-
vided by ESA through the EOLi-SA (Earth Observation Link) client
for Earth Observation Catalogue Service (https://esar-ds.eo.esa.int/
oads/access/, ESA Online Dissemination, 2020)
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Abstract. Satellite-based InSAR (Interferometric Synthetic Aperture Radar) provides an effective way to mea-
sure large-scale land surface motions. Currently, the atmospheric phase delay is one of the most critical issues
in InSAR deformation monitoring. Generic Atmospheric Correction Online Service (GACOS) is a free, glob-
ally available and easy-to-implement tool to generate high-resolution zenith total delay maps, which could be
used for InSAR atmospheric delay correction. The mean velocity could then be estimated by stacking multiple
GACOS-corrected interferograms. We applied the proposed GACOS-corrected InSAR stacking method in the
North China Plain and analysed its performance. Within the 549 interferograms, more than 85 % gained posi-
tive correction performances. The correlation between the phase-dZTD indicator and the performance reached
0.89, demonstrating a significant relationship. Deformation maps revealed by InSAR stacking with and with-
out GACOS corrections showed that GACOS could mainly remove the topography-related and long wavelength
signals.

1 Introduction

The successful operation of the European Space Agency’s
(ESA) Sentinel-1 satellites provide unprecedented possibil-
ities and convenience for large-scale land surface deforma-
tion measurements. Ground motion monitoring using InSAR
are extended from local, regional practices to full, nation-
wide scale applications. In recent years, the implementa-
tions of researches or projects covering a whole country,
such as Italy (Costantini et al., 2017), Germany (Haghighi
and Motagh, 2017), Norway (https://insar.ngu.no, last ac-
cess: 2 March 2020) and Japan (Ferretti et al., 2019), indicate
that dynamic monitoring of land surface deformation with a
certain level of automation will be expected to become a rou-
tine operation. The achievements of general surveys will be
the foundation and guide for detailed investigation.

Although InSAR has been proven successful in many ex-
isting cases, there are still inherent limitations in the tech-
nique. At this stage, the atmospheric phase delay, mainly af-

fected by the differences in propagation paths through the
troposphere, is one of the most critical issues in large-scale
InSAR deformation monitoring.

The second part of this paper briefly introduces InSAR
atmospheric effects and the existing methods for mitiga-
tion. Section 3 describes the data processing strategy of the
proposed GACOS-corrected InSAR stacking method. Study
area, satellite data used, and results are presented in Sect. 4,
followed by the conclusions in Sect. 5.

2 InSAR atmospheric corrections

The propagation paths of the microwave signals of the SAR
sensors on the satellite are affected during the 2-pass through
the Earth’s atmosphere, expressed as the changes in the tran-
sit time, which is always known as the atmospheric effects of
InSAR (Li et al., 2005). The tropospheric effects are mainly
related to the variations of the water vapour in the tropo-
sphere, as well as the temperature and pressure changes at
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Figure 1. Data processing flowchart of GACOS-corrected InSAR
stacking.

different SAR image acquisition time. Generally, the atmo-
spheric effect could result in up to 15–20 cm errors in the
interferograms, which may interfere with or even make the
signals of interest indistinguishable. Researchers have devel-
oped numerous means to mitigate atmospheric effects. Ac-
cording to the data used, there are mainly two types of meth-
ods: atmospheric corrections with or without external data.

No external data employed means there are no other atmo-
spheric parameter measurements, such as water vapour and
temperature, involved in the processing. This kind of phase-
based corrections, such as phase-elevation estimate (Bekaert
et al., 2015) or PSI (Ferretti et al., 2001), are always based on
certain assumptions. As its name suggests, the major benefit
of this type of methods is that external data are not needed,
and it is straightforward and easy-to-implement. However,
the disadvantages are obvious: (i) this method may have the
risk that the signal of interest is removed, (ii) in some scenar-
ios, it is difficult or impossible to evaluate the performance
of atmospheric signal removal quantitatively.

The external data used in InSAR atmospheric correction
mainly includes three types of data, i.e., satellite-based spec-
trometer observations, ground observations and numerical
meteorological models. MEdium Resolution Imaging Spec-
trometer (MERIS) (Li et al., 2012) and Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) offer near-IR wa-
ter vapour products at a fine resolution (∼ 1 km) and high ac-
curacy (∼ 1 mm), but it is sensitive to the presence of clouds
and daytime available only. Ground-based atmospheric pa-
rameters used in InSAR atmospheric corrections refer to
observations from meteorological stations and GNSS ZTD.
However, even the densest GPS networks are overshadowed
compared to the spatial resolution of SAR remote sensing
images. These numerical weather models, such as widely

Figure 2. Overview of the study area with topography as the back-
ground map.

used ERA-Interim (ERA-I) released by the European Cen-
ter for Medium-Range Weather Forecasts (ECMWF) (Jolivet
et al., 2011), have the properties of high availability, relative
“continuity”, and insensitivity to the clouds, making them
popular atmospheric delay correction data sources.

Although there are successful cases, every type of correc-
tion methods has limitations and cannot always promise suc-
cess (Murray et al., 2019). Moreover, the processing of these
external data further increases the complexity of InSAR data
processing procedure. The development of Generic Atmo-
spheric Correction Online Service for InSAR (GACOS), to
some extent, has solved the above problems.

3 GACOS-Corrected InSAR Stacking

Launched in June 2017, GACOS has distributed more than
60 000 tasks all over the world. Together with DEM data,
it utilises atmospheric model High RESolution 10-day fore-
cast (HRES) datasets, which is ECMWF’s highest-resolution
model of up to 0.1◦× 0.1◦ lat/long grid, 137 levels at ev-
ery 6 h. The innovative Iterative Tropospheric Decomposi-
tion (ITD) model is implemented to separate stratified and
turbulent components from tropospheric delays (Yu et al.,
2017), and then high spatial resolution (default 90 m) ZTD
maps are generated. GACOS is not only globally available
and near real-time but also free and easy-to-implement, that
is, the users only need to submit a request with the location
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Figure 3. Spatial and temporal baselines of the interferograms.

of their study area and the acquisition time of SAR data,
and then get the ZTD products. More information can be
found on http://ceg-research.ncl.ac.uk/v2/gacos/ (last access:
2 March 2020).

The averaging of multiple interferograms (stacking) is the
simplest attempt to remove the influences of errors such as
the atmosphere in time-series InSAR analysis. In this model,
the signal of interest, i.e., deformation in the interferograms,
is assumed to have a systematic pattern, and the atmospheric
noise is random. The method of least squares could signifi-
cantly increase the signal-to-noise ratio by reducing the ran-
dom noises (Wright et al., 2001). Mean velocity map is the
most intuitive way to show the characteristics of deforma-
tion. A constant rate of each pixel is estimated by N individ-
ual interferograms following Eq. (1):

Vmean =

N∑
i=1

ϕi1Ti

N∑
i=1

1T 2
i

(1)

where Vmean is the mean velocity, ϕi demonstrates the un-
wrapped phase, and 1Ti is the temporal baseline of the
ith interferogram. In Eq. (1), the interferometric phases are
weighted by the time interval.

As shown in Fig. 1, we proposed a new method estimat-
ing the deformation rate by InSAR stacking with GACOS-
corrected interferometric phases. The interferograms genera-
tion process is similar to the traditional small baseline subset
method. After phase unwrapping, the phases are corrected
pair by pair using GACOS differential ZTDs (dZTDs). We
can employ performance indicators to evaluate the effective-
ness of the corrections and decide whether to apply the cor-
rection to one specific interferogram or not. Finally, the mean
velocities are estimated using the updated phases.

Figure 4. GACOS performance statistics from 549 interferograms.

4 Results and Discussion

4.1 Study area and data used

As China’s largest alluvial plain, the North China Plain cov-
ers the area of 32–40◦ N, 114–121◦ E, and is inhabited by
more than 20 % population of China. The region is flat, most
of which are less than 50 m, and the eastern part is less than
10 m above sea level.

We explore the study area with SAR images acquired on
66 days between October 2016 and March 2019, by Sentinel-
1b. SAR imaging time is 22:04 UTC. Figure 2 demonstrates
the location and topography of the study area. The red rect-
angle region involves 55 bursts in 3 sub-swaths. We multi-
look the interferograms by the factor of 40 (range) and 8
(azimuth), which refers to the resolution of ∼ 120 m. Totally
549 interferograms are formulated with the restriction that
temporal baselines are less than 300 days and at most nine
interferometric pairs are generated for each date. The spatial
and temporal baselines are shown in Fig. 3. All the interfero-
metric phases are unwrapped using minimum cost flow with
the coherence threshold of 0.4.
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Figure 5. GACOS ZTD difference (b, e) and interferograms before (a, d) and after (c, f) corrections for two pairs with different baselines.

4.2 Results

4.2.1 Phase standard deviations of interferograms

The phase standard deviations of interferograms before and
after correction are always used for assessment of the perfor-
mance of atmospheric signal removal. Considering the ex-
isting deformation signals in the interferograms, we mask
out the fast deforming areas with a mean velocity larger
than 30 mm yr−1 (using a preliminary deformation result) for
the interferograms with a temporal baseline of more than
24 days (431 interferograms), before calculating the standard
deviations. The results are binned to 7 levels, as shown in
Fig. 4. The positive values of the performance indicate im-
provements, and GACOS corrections played a positive role
(the phase standard deviations decreases after correction) for

more than 85 % interferograms in this case. Moreover, in the
78 negative performance pairs, there are 36 interferograms
(6.6 % of the total population) whose standard deviations are
less than 10 mm (2.28 rad) or the performance is larger than
−10 %, which means there is, in fact, no significant differ-
ence between the corrected and original results.

Two InSAR atmospheric correction examples are shown
in Fig. 5. The first column (Fig. 5a–c) shows the interfer-
ogram generated by SAR images dated on 5 and 17 Octo-
ber 2016 with a spatial baseline of −11.6 m. After correc-
tion (Fig. 5c), the standard deviation of the interferogram de-
creased by 52.24 % to 2.91 rad. In the second case (Fig. 5d–
f), the standard deviation of GACOS-corrected interferogram
is only about 1/4 of that of the original interferogram. For
the full population of the 549 interferograms, the median and
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Figure 6. Correlation analysis of the phase-dZTD indicator and
GACOS performance.

mean of the performance are 31.15 % and 27.29 %, respec-
tively.

4.2.2 Correlation analysis of the phase-dZTD indicator
and performance

The correlation between the interferometric phases and
dZTDs could be used as an indicator for the applicability of
GACOS (Yu et al., 2018). Here we investigate the correla-
tion between the indicator and GACOS performance. Fig-
ure 6 shows that the mean correlation (indicator) of the 549
interferograms is 0.71, and the mean GACOS performance is
27.29 %. The correlation between them is 0.89, determining
that the performance has a significant relationship with the
indicator. Statistics from the 471 interferograms with posi-
tive performances demonstrate that there is a nearly linear
relationship between the indicator and the performance: the
higher the phase-dZTD correlations, the more positive effect
of the GACOS corrections.

4.2.3 Deformation revealed by GACOS-Corrected
InSAR Stacking

The LOS deformation maps are revealed by stacking from
the original and corrected interferograms, as shown in Fig. 7.
We can see topography-related and long wavelength signals
exist in the original deformation map (Fig. 7a), while they
are largely removed by GACOS (Fig. 7b).

In Fig. 7a, the deformation pattern is obscured by the at-
mospheric effects, which leads to a misunderstanding of the
land surface motions in the study area. GACOS solved the
issue in a simple and effective way. The development of
the new generation satellites as Sentinel-1 with rapid revis-
iting period (12 to 6 days) in the big data era, increases the

Figure 7. Deformation revealed by InSAR stacking without (a) and
with (b) GACOS corrections.

attention on algorithm efficiency and estimation efficiency
in the data processing practice of large-scale ground defor-
mation general surveys. GACOS-corrected InSAR stacking,
as a robust method which is straightforward and easy-to-
implement, provide an effective way for general surveys of
land surface deformation.

5 Conclusions

As an InSAR atmospheric correction method with external
data, GACOS has the advantages of globally available, near
real-time and easy to implement. In this paper, we proposed
the GACOS-corrected InSAR stacking method for general
surveys of the land surface deformation. The main conclu-
sions are as follows:

1. The standard deviations of 471 interferograms de-
creased after GACOS corrections, i.e., more than 85 %
interferograms, in this case, got positive performances.

2. The correlation between the phase-dZTD indicator and
the performance was analysed, and the correlation of
0.89 demonstrated a significant relationship.

3. Deformation was revealed by InSAR stacking method
from the original and corrected interferograms, showing
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that GACOS largely removed the topography-related
and long wavelength signals.
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Abstract. With the rapid growth of economy in coastal megacities, the construction of supertall buildings with
deep pile foundations adjacent to tunnels in soft soil is inevitable. The additional subsidence of tunnel and
long-term subsidence of soft soil was appeared caused by the supertall building load transferred through pile
foundation. In this paper, a typical case in Shanghai where deep piles of supertall building group adjacent to a
metro tunnel was selected, and the long-term monitoring data of tunnel deformation was collected and analysed.
The layered subsidence of surrounding soft soil was analysed by using the monitoring data of extensometers in a
land subsidence monitoring station near the study area. The results of data analysis showed that the construction
of supertall building had a significant impact on the adjacent tunnel subsidence. Moreover, with the increase of
the load transferred from building structure to pile foundation, the adjacent tunnel appeared sustained uneven
subsidence. And the subsidence of tunnel in the study area mainly depended on the deformation of underlying
soil.

1 Introduction

With the rapid growth of economy in coastal megacities
(e.g. Shanghai and Tokyo), the construction of supertall
buildings with deep piles adjacent to metro tunnels in the
soft soil is inevitable. British engineers were aware of the in-
teraction between new pile and an existing tunnel as early
as the 1950s (Measor and New, 1951). Underground subway
operators have developed restrictive guidelines for the con-
struction and loading of piles in the vicinity of tunnels based
on this experience (Schroeder et al., 2004). Mohammad et
al. (2013) presented a neural network combined with a fi-
nite element method to analyse the interaction between the
building and adjacent metro tunnel. The friction resistance
generated by supertall building pile will cause the change
of foundation stress field through the stress transfer of soil
mass, thus additional subsidence of these tunnels and long-
term subsidence of soft soil will develop as a consequence,
which will impact the tunnel stability and thus the Metro

operation (Weng et al., 2016). The safety of megacities is
threated by all these unpredictable problems.

In this paper, a typical case in Shanghai where deep piles
of supertall building group adjacent to a metro tunnel (see
Fig. 1) and the long-term monitoring data of tunnel defor-
mation is presented. In order to accurately analyse the influ-
ence of supertall building loads, three measured data datums
of the tunnel elevation were adopted respectively: the eleva-
tion when the subsidence monitoring on metro tunnel began
in 1999, the elevation when the foundation pit base of Build-
ing A was completed in 2009, and the elevation at the posi-
tion near the Park where was away from the building load.
These results provide an example and can be used as a test
case and example for similar engineering problems faced by
other coastal megacities throughout the world.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Plan view of the case study area.

2 Description of project

The construction of pile foundation for Building A started
in November 2008, and the foundation pit base completed in
March 2010, the main structure completed in August 2013,
and the civil engineering work basically completed by the
end of 2014. Building A started operation in mid-2015.

The soil composition underneath Building A within the
depth of 150 m is mainly composed of saturated clay, silt and
sand. The soil layers and test pile profile are shown in Fig. 2.
The foundation pit of the main building was excavated at a
depth of 31 m. The top of the engineering pile is located in
the sandy and silty soil layer, while the pile end in the silty
sand layer, and the effective pile length was all located in the
sandy soil layer. The water level is generally 1.0–1.7 m below
the ground surface, while 12.3–14.2 m for the water head of
silty confined aquifer.

The study area was selected around the metro tunnels (up-
line and down-line) adjacent to Buildings A–C (see Fig. 1
for details). The construction of Building C was started in
May 1994 and structure completed in August 1997, while
the construction of Building B began in November 2005
and structure completed in September 2007. The heights of
Building A–C are more than 400 m above the ground surface.
The large-diameter (1000 mm) and ultra-long (88 m) cast-in-
situ piles were constructed as the foundation of Building A,
which were different from the steel pipe piles used in Build-
ing B and C (Jiang and Chao, 2012).

3 Analysis of tunnel subsidence

3.1 Subsidence analysis since 1999

In the study area, the subsidence monitoring on the metro
tunnel began in November 1999, and this levelling results
was used as the baseline for subsequent levelling analysis.
Figure 3 illustrates the adjacent tunnel subsidence during the
construction and operation of Building A.

It can be seen from Fig. 3 that the up-line tunnel repre-
sented a gradual trend of rebound in general, and the defor-

Figure 2. Soil and pile profile at the study site (modified from Wang
et al., 2011).

mation pattern was consistent at different positions. The cu-
mulative subsidence of tunnel is the largest at the position of
Park, and the minimum at the position of Building A, and the
cumulative subsidence is relatively similar at other positions.
On the whole, after the completion of civil engineering work
of Building A, the overall rebound rate of the tunnel tended
to decrease.

In order to clearly illustrate the differential subsidence of
the station-to-station tunnel, the cumulative subsidence of the
interval section was drawn with the starting point of Station 1
and the end point of Station 2 (Fig. 4). It can be seen from
Fig. 4a, the levelling data of up-line tunnel, that the cumu-
lated subsidence near Station 1 is relatively large, and there
was a subsidence peak between Building B and C, indicating
that pile foundation group of supertall buildings had some
influence on the subsidence of adjacent tunnel. Figure 4b
shows that the location of subsidence peak of the down-line
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Figure 3. Tunnel subsidence at different position since 1999 during
the construction and operation of Building A.

tunnel, which is relatively away from Building A, shifted
eastward, and it might be related to the stress redistribution
of the tunnel structure caused by the transfer of additional
stress from the load of this supertall building.

3.2 Subsidence analysis since 2009

The structures of Building B and C were completed in Au-
gust 1997 and September 2007 respectively. The influence of
their construction and operation on adjacent tunnel cannot be
ignored. In order to eliminate as far as possible, the influence
of engineering activities in the study area before the load of
Building A, the levelling data in November 2009, when the
foundation pit base of Building A was completed, is consid-
ered as the baseline in the following analysis.

It can be seen from Fig. 5a that the cumulative subsidence
(rebound) of the up-line tunnel was the largest (minimum) at
the position of Building A, while the cumulative subsidence
(rebound) was the minimum (largest) at the position of Park.
Figure 5a shows opposite pattern of that in Fig. 3, which
suggested that the construction of Building A had a signifi-
cant impact on the deformation of adjacent tunnel. Figure 5b
presents the deformation pattern of the down-line tunnel, and
it was not typical compared with that of the up-line. The
down-line tunnel is on the opposite side away from Build-
ing A, and the load of pile foundation may have been attenu-
ated in the stress transfer process, which to some extent was
benefited from the interaction between tunnel structure and
surrounding soil layer.

According to the cumulative subsidence of the station-to-
station tunnel in Fig. 6, the subsidence peak near Building A
was obviously appeared, and was closer to Building A than
that in Fig. 4. Figures 5 and 6 also show that tunnels in the
study area were in a constant rebound trend due to the influ-
ence of the change of surrounding geological environment.

Figure 4. Subsidence of the station-to-station tunnel section
since 1999.

Meanwhile, it can be seen that at the position of Park, the
tunnel appeared peak of rebound.

3.3 Uneven subsidence analysis

The structures in each position of the station-to-station tunnel
are associated with each other, so that the tunnel deformation
at a certain position will cause the follow-up deformation
of surrounding tunnel structures. In order to eliminate the
impact of the overall rebound of the station-to-station tun-
nel, the point at the position of Park was adopted to be the
reference, where was most significantly affected by the sur-
rounding geological environment because it was relatively
far away from the supertall buildings, to analyse the relative
subsidence of tunnel in study area (Figs. 5 and 6).

Taking the tunnel elevation at the position of Park as the
reference point, the relative deformation at different posi-
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Figure 5. Tunnel deformation at different position since 2009 dur-
ing the construction and operation of Building A.

tions was drawn based on the adopted initial value in Novem-
ber 2009 (Fig. 7). It can be seen from Fig. 7 that the whole
up-line tunnel was basically in a state of relative subsidence,
and the accumulated subsidence was the largest near Build-
ing A, the pattern of which was consistent with the analysis
in Sect. 3.2. Figure 7 also shows that during the Building con-
struction period from May 2012 to March 2014, with the in-
crease of load transferred from the structure to the pile foun-
dation, the tunnel structure adjacent to Building A appeared
continuous relative subsidence.

The uneven subsidence peak of the tunnel at the position
of Building A was showed more clearly in Fig. 8a, and the
relative subsidence rate tended to decrease. The down-line
subsidence curve in Fig. 8b illustrates that the tunnel on the
side away from the supertall buildings would also be affected

Figure 6. Deformation of the up-line station-to-station tunnel sec-
tion since 2009.

Figure 7. Relative up-line tunnel deformation at different position
since 2009.

by the load transfer of pile foundation, but the effect was
obviously weakened, which demands for further research.

4 Analysis of soil layer deformation

A land subsidence monitoring station (LSMS) is located
within 300 m from Building A and the tunnels (see Fig. 1),
in which a group of extensometers were installed. The exten-
someters were often used to monitor soil deformation (Yang
et al., 2015). According to the monitoring data, the layered
deformation of soil in this area after November 2009 is illus-
trated in Fig. 9.

Figure 9 shows that the main deformation of the soil in
this region occurred in the shallow layer (1.2–15.5 m), where
the tunnels in the study area were located. Figure 9 also il-
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Figure 8. Relative deformation of the station-to-station tunnel sec-
tion since 2009.

lustrates that, before the structure completion of Building A,
the land subsidence rate was basically lower than the defor-
mation rate of shallow soil layer. After the structure comple-
tion of Building A, the land subsidence rate gradually ex-
ceeded the deformation rate of shallow soil layer, which in-
dicated that the load of the supertall building was gradually
transferred to the deeper soil layer through pile foundation,
resulting in the compression of the deeper soil layers. Com-
paring with Fig. 6, it can be seen that the subsidence of metro
tunnel mainly depended on the deformation of soil layer be-
neath the tunnel structure. Therefore, to study on the impact
of pile foundation load on adjacent tunnels, the stress transfer
pattern and deformation of deep soil layers under supertall
building load should be focused on.

Figure 9. Layered deformation of soil in study area since 2009.

5 Conclusions

In this study, the field monitoring data analyses were per-
formed to evaluate the influence of supertall building load on
adjacent tunnel subsidence. Based on the results, the follow-
ing conclusions can be drawn:

1. the construction of Building A had a significant impact
on the adjacent tunnel subsidence;

2. with the increase of the load transferred from build-
ing structure to pile foundation, the tunnel adjacent to
Building A appeared sustained uneven subsidence;

3. the subsidence of tunnel in the study area mainly de-
pended on the deformation of underlying soil, and the
stress transfer pattern was the key to evaluate the influ-
ence of high-rise building load on adjacent tunnel.
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Abstract. Monitoring of mining areas and associanted dam stability, has become increasingly important as the
awareness of safety and environmental protection is rising. An appropriate monitoring scheme is necessitated
to legally activate, reactivate, or terminate mining operations. The project Integrated Mining Impact Monitoring
(i2Mon) aims to identify and analyze mining-induced impact, in particular its ground deformation. The mon-
itoring system comprises terrestrial measurement and remote sensing: levelling, GPS, LiDAR scanning, UAV
survey, and SAR interferometry. For interpretation and prediction, modelling will be used to simulate local dis-
placements by different factors. The final goal is to launch an interactive GIS-based platform as an early warning
and decision making system for mining industry. Currently, the project is proceeding from a preparatory phase.
This paper focuses on spaceborne SAR interferometry, whereby we can cost-effectively monitor ground move-
ment at millimeter level over a large area. We introduce the prototype of our InSAR monitoring system. The test
result from Sentinel-1 images shows the surface movement during 2018 at a deactivating open-pit coal mine in
Germany. We discuss the current status, ongoing works, planned test sites in Poland, and how we integrate data
from different sensors and approaches.

1 Introduction

For many countries, the mining industry accounts for an im-
portant component of their economy. In general, open-pit and
underground mining causes surface deformation like ground
subsidence. Monitoring this mining impact is increasingly
important for the safety of human lives and properties. Re-
cently, two catastrophic dam failures (Brumadinho dam dis-
aster, 2019; Mariana dam disaster, 2019) in Brazil resulted
in the loss of human lives (205 deaths and 122 missing per-
sons) and countless property damages in 2015 and 2019. The
investigation of the first disaster reveals there were signs of
structural damage on the dam, which were earlier reported
from on-site measurements. We believe such a disaster could
be prevented by implementing a reliable monitoring system.

Generally, monitoring routines rely on in-situ surveys,
which are considered reliable and accurate while expensive
and time-consuming. A regular measurement campaign over
an extensive area may not be cost effective. Alternatively,
remote sensing based on spaceborne data offers an efficient
and cost-effective alternative. This technique aims at fre-

quent surveillance over large areas and provides comparable
complements to in-situ measurement data. The information
derived from both sides must be integrated into a united mon-
itoring system.

The Integrated Mining Impact Monitoring (i2Mon) project
(funded by the European Commission – Research Fund for
Coal and Steel) intends to develop a mining monitoring sys-
tem to the public. The data come from geodetic and geotech-
nical devices (e.g., levelling and GPS), laser scanning, UAV
survey, and multi-spectral and radar satellites (e.g., Sentinel-
1/-2 and TerraSAR-X/TanDEM-X). Movement phenomena
are modelled to interpret the factors and physical processes
at different spatiotemporal scales. The final goal is to launch
an interactive GIS-based platform as an early warning and
decision making system for mining industry.

This paper focuses on work package 2 in i2Mon. We
are developing a monitoring system based on advanced In-
SAR processing of multi-temporal spaceborne SAR images.
The persistent scatterer interferometry (PSI) (Crosetto et al.,
2016; Ferretti et al., 2000, 2001; Hooper et al., 2004) and

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. InSAR-based monitoring scheme.

distributed scatterer interferometry (DSI) (Berardino et al.,
2002; Ferretti et al., 2011; Lanari et al., 2007) approaches
are used and adapted. These two approaches estimate sur-
face movement across a broad area at millimeter accuracy.
Spaceborne SAR delivers radar images, which are acquired
regularly over large areas at a mission-oriented spatiotempo-
ral resolution. Moreover, the active sensors are weather inde-
pendent and have a day-and-night vision ability. This advan-
tage makes SAR images free of cloud occlusion and always
available for use. These characteristics make SAR suitable
for long-term and global monitoring tasks.

In this context, we first illustrate our monitoring system in
Sect. 2. Section 3 describes the activities that we have done
so far and the ongoing plans. An initial DSI result is also
illustrated here. Finally, we conclude this paper along with
future works in Sect. 4.

2 InSAR Monitoring Scheme

The InSAR monitoring scheme (Fig. 1) operates as a self-
contained chain starting from image acquisition to prod-
uct delivery into the integrated system. Complementary data
contain ground truth, a priori knowledge, and information
from other techniques. Sentinel-1 and TerraSAR-X images
are downloaded, processed, and stored at tailored intervals,
e.g., every 6 and 11 d each, for use of InSAR processing.
Requirements, strategies, and parameters are configured in
preparation for a specific task. The InSAR processing – PSI
and DSI is then implemented to generate initial results. They
are analyzed to check if the requirements such as accuracy
and coverage are met. If not, they are modified and evalu-
ate again. Once the requirements are satisfied, the results are
refined for different applications with respect to modelling,
statistics, prediction, and so on. Subsequently, the relevant
products under agreed formats are delivered to an integrated
monitoring system. Here all data derived from different sen-

Table 1. Spaceborne SAR images.

Wavelength X band C band L band
(∼ 3.1 cm) (∼ 5.6 cm) (∼ 22.9 cm)

Satellite TerraSAR-X Sentinel-1 PALSAR-2
Resolution 0.24–40 m 1.7–43 m 1–100 m
Repeat cycle 11 d 6 d 14 d

sors and techniques are digested and cross-analyzed to pro-
duce decision elements. We are planning to build an inter-
active GIS-based platform as an early warning and decision
making system for mining industry.

2.1 Spaceborne SAR Images

Civil spaceborne SAR sensors (Table 1) are currently in
operation using X, C, and L bands. Three typical exam-
ples are TerraSAR-X, Sentinel-1, and PALSAR-2, respec-
tively. Other operational and planned satellites include PAZ
(X), COSMO-SkyMed (X), Radarsat-2 (C), RCM (C), SAO-
COM (L), NISAR (L), and TanDEM-L (L) (https://directory.
eoportal.org/web/eoportal/satellite-missions, last access: 20
February 2020).

Our monitoring system currently uses Sentinel-1 and
TerraSAR-X. A standard Sentinel-1 image package covers
an area around 300km×200km under TOPSAR acquisition
mode. Such a large coverage enables synchronous monitor-
ing of multiple mining areas. The meter-level resolution is
sufficient to monitor mining impact. The shortest repeat cy-
cle of 6 d empowers a weekly monitoring. Last but not least,
Sentinel-1 images are free of charge for both scientific and
commercial purposes. In comparison, although TerraSAR-X
images are not offered for free, their results are characterized
by high-resolution details and more precise movement esti-
mate. If needed, we will turn to PALSAR-2, which is prefer-
able if areas of interest are covered with dense vegetation.

2.2 InSAR Processing

PSI and DSI have their respective pros and cons and are
adapted along with adequate strategies for scene monitoring.
PSI detects and analyzes coherent target points from a SAR
image sequence. These target points are characterized by
stable, strong, and coherent signals reflected from a ground
patch like a piece of a tailing dam. They are less affected by
temporal decorrelation and contain mostly meaningful sig-
nals. The average velocity (up to sub-mm yr−1 accuracy) and
time-series displacements are then evaluated for each point.
Atmospheric noise are filtered out by applying a spatiotem-
poral filtering to the image series. However, target points
are barely found from low- and moderate-coherence areas
such as suburban scenes above underground mines. Similar
to PSI, DSI also uses multi-temporal SAR images to monitor
movement of target points on ground. The difference is that
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Figure 2. Open-pit test mine (7.5km× 5.5km) located at
(14◦25′21.14′′ E, 51◦47′1.56′′ N) and owned by LEAG, Cottbus,
Germany. Red enclosed area, priority area. Background image cap-
tured from © Google Earth.

DSI is capable of providing meaningful results over low- and
moderate-coherence areas; nevertheless, the accuracy (up to
mm yr−1) is one order of magnitude lower than PSI.

2.3 Analysis

This step intends to validate InSAR results and examine
whether they meet the requirements. We describe some im-
portant considerations in the following.

For the SAR analysis, coherence (Hanssen, 2001) is usu-
ally used to evaluate the quality of InSAR products. The
higher a coherence of a point is, the higher precision of its
result like movement estimate is expected. However, coher-
ence is usually measured with a 0–1 range. Instead, our sys-
tem converts wavelength and coherence to a metric form

σM =
λ

4π

√
1− γ 2

2γ 2 (1)

where σM, λ, and γ are movement precision, wavelength, and
coherence.

For each monitoring instance, we double-check the con-
sistency between InSAR results, which are derived from PSI

Figure 3. Field investigation on 21 March 2019 into open-pit test
mine (Fig. 2). Source: i2MON Project.

and DSI using both ascending and descending acquisitions.
If PSI and DSI results generate conflicting results, we must
go thoroughly the procedure to identify and fix the inconsis-
tencies.

The essences of objects must be considered to validate the
associated InSAR results. For instance, the coherence over
tailing areas is expected to be lower than the one over dam
slopes. If this is not the case, the coherences might be either
under- or overestimated, leading to false interpretation.

Last but not least, we also employ ground truth data in
our analysis, including point-based data measured from GPS,
levelling, and corner reflectors. For example, fixed points can
be used as reference or check points. Their data formats, ge-
ographic locations, and temporal sampling are converted to
be comparable to InSAR results.

2.4 Refinement

Our priority is to model the time-series movement of each
target point. For this purpose, we involve spatiotemporal
knowledge of mining activities and structural engineering in
the model design. In-situ measurements like GPS and level-
ling are considered as complementary observations. Derived
from modelling, the results provide movement estimates at
different time scales. Given a proper model, the movement
evolutions are resistant to noise and accurately reflective of
mining activities. If needed, a temporal filtering can be ap-
plied to further suppress the noise before or after modelling.
In addition, we also derive and analyze other physical quan-
tities like velocity and acceleration based on statistics.

3 Status and Activities

The project started in mid 2018 is about to finish its prepa-
ration phase. We have achieved some milestones so far. The
work packages, techniques, website, data exchange, test sites
and visits, system prototype and tests, sensors, and survey
campaigns were discussed and reached a united agreement.

proc-iahs.net/382/225/2020/ Proc. IAHS, 382, 225–229, 2020
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Figure 4. DSI vertical velocity at open-pit test mine
(14◦25′21.14′′ E, 51◦47′1.56′′ N) (Fig. 2). Negative and pos-
itive, subsidence and heave. Red enclosed area, priority area
(© Google Earth).

The details are written in our first annual report submitted in
mid 2019.

3.1 Open-pit Test Mine

Our test site is located next to Cottbus, Germany and is
owned by LEAG (Fig. 2). It operated as a coal mine
since 1981 and was closed at the end of 2015. Since
2016 the pit began to be converted into an artificial lake –
Cottbuser Ostsee (https://www.leag.de/de/geschaeftsfelder/
bergbau/cottbuser-ostsee/, last access: 20 February 2020).
Monitoring of surface movement caused by previous mining
is in particular crucial for this mission. Our monitoring fo-
cuses on the priority areas (red enclosed areas, Fig. 2), where
water channeling, soil reinforcement, and embanking were
planned. In March 2019 we visited and investigated the test
site during our project meeting (Fig. 3). The information and
data we collected are involved in our following works.

Our first DSI result, derived from Sentinel-1 images,
shows the overview of surface deformation in 2018 (Fig. 4).
There are both subsidence and heave across the area. At first
glance, one local engineer confirmed the overall deformation
is reasonable and interpretable. We will later analyze our re-

Figure 5. Underground test site (15km× 15km) owned by PGG,
60 km West of Krakow, Poland. Background image captured from
Google Earth. Center at (19◦12′0.27′′ E, 50◦7′53.14′′ N) (© Google
Earth).

Figure 6. Field investigation on 2 July 2019 into underground min-
ing (Fig. 5). Source: i2MON Project.

sult in more detail and also compare it with the one derived
from TerraSAR-X images.

3.2 Underground Test Mine

Currently, we are narrowing our test area down to a sub-
urb (Fig. 5), where Polska Grupa Górnicza (PGG) is plan-
ning longwall coal mining activities in 2020. The tunnels will
penetrate underneath existing buildings, where local ground
subsidence is expected and could cause damages to these
structures. We will provide InSAR results to analyze this im-
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pact. In July 2019 we visited some possible operation sites
(Fig. 6) and discussed how to coordinate different working
groups for the following activities. Our partner Airbus has
scheduled TerraSAR-X to acquire high-resolution SAR im-
ages over this region. We must wait for the final confirmation
from PGG to proceed with our monitoring tests.

4 Conclusions and Future Works

This paper describes the initial prototype of our InSAR mon-
itoring system, developed under the i2MON project, for min-
ing areas. Using spaceborne SAR images, the system pro-
duces point-based motion data over an extensive area. Each
point contains velocity, acceleration, movement series, and
various statistics. The final goal is to launch an interactive
GIS-based platform as an early warning system to the public.
Under this scheme, the authority will be informed if there is
a sign of subsidence beyond a threshold, which could cause
serious building damages.

Our project just moved to next phase from preparation. We
accomplished agreements partnered with LEAG and PGG to
have an open-pit and an underground test mines, respectively.
Our first DSI result, derived from Sentinel-1 images, shows
the deformation velocity in 2018 on the open-pit test mine.
Our local partner preliminarily considered the result mean-
ingful and interpretable. More details will be released later,
including a comparison with results derived from TerraSAR-
X images.

Here come the future works among all partners. The acqui-
sition of TerraSAR-X images is scheduled to make a stack
over each test area. LEAG and PGG will provide supports
and information like geologic maps and measurement data.
To obtain ground truth, several in-situ campaigns are planned
and scheduled with respect to GPS, levelling, UAV, laser
scanning, corner reflectors, etc. Various kinds of models are
being tested and designed. There are many works to be done
until the next annual report around mid 2020.

Data availability. Sentinel-1 images can be downloaded via
Copernicus Open Access Hub https://scihub.copernicus.eu/ (last ac-
cess: 20 February 2020: ESA, 2020). The access of other data are
now only limited to the internal partners according to i2MON pol-
icy.
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Abstract. Agricultural land use on peatlands inevitably causes ongoing land surface subsidence resulting in a
reduction of productivity. In addition, oxidation of the peat substrate associated with subsidence is responsible
for greenhouse gas emission with the ensuing consequence for global climatic stability. A concept of “paludi-
culture”, the utilisation of wet or rewetted peatlands for agriculture, has been proposed in European countries
to avoid further subsidence and greenhouse gas emission. However, few studies have documented a long-term
record of subsidence through agriculture in wet peatlands such as paddy fields for rice cultivation. In this study,
we measured the subsidence rates of peatland in rice paddy use and compared them to the rates in peatland with
upland crop cultivation. The average subsidence between 2006 and 2016 for the paddy plots was 3.6± 1.9 cm
(± SE) and significantly less than that of 25.6±1.7 cm for the upland plots, and the subsidence reduced linearly
as the period of paddy use increased. These results suggest that paddy use of peatlands can effectively reduce
subsidence. Our results will encourage the use of peatlands with a wet environment as one of the valid options
for future peatland management in terms of mitigation of land subsidence and peat loss.

1 Introduction

Drainage and land reclamation for agricultural use of peat-
lands inevitably causes ongoing land surface subsidence.
Many examples of subsidence thorough agricultural use of
peatlands have been reported all over the world (Leifeld et
al., 2011; Pronger et al., 2014; Schipper and McLeod, 2006;
Zanello et al., 2011). Subsidence in reclaimed farmlands of-
ten lead to social, economic, and environmental troubles in-
cluding reduction of agricultural productivity due to relative
groundwater level rise, increased risks of inundation com-
bined with sea-level rise (Zanello et al., 2011), and increased
cost to maintain farmland productivity (Gambolati et al.,
2006; Wösten et al., 1997). Additionally, drained boreal peat-
lands are estimated to be causing more than 0.0085 Pg yr−1

of carbon emission through oxidation process of peat sub-
strate (Gorham, 1991), with ensuing indispensable conse-
quences to global climate stability (Parish et al., 2008). With-
out appropriate management, not only will the agricultural

economic value of cultivated peatlands be lost, but also the
whole society will be adversely affected by the subsidence
related problems. Hence, appropriate land use management
on agricultural peatlands is strongly required.

Recently several techniques of land use management on
cultivated peatlands has been proposed to mitigate further
subsidence and greenhouse gas emission. Higher groundwa-
ter level generally reduces decomposition of peat substrate,
and therefore, maintenance of high water table with rewet-
ting and submerged infiltration of water has been regarded
as a promising option (Hendriks et al., 2007). Paludicul-
ture, the agricultural use of wet or rewetted peatlands mainly
for biomass production, has been discussed as a solution to
the subsidence related problems in peatlands. It may effec-
tively reduce the decomposition of organic material and, is
acknowledged as a possible land use option on organic soils.
However, few studies have documented long-term records
of peat subsidence and peat loss through agriculture in wet
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Figure 1. Location and extent of the study site and peatland area in
Shinotsu, Hokkaido. The background shaded-relief map is obtained
from Geospatial Information Authority of Japan. The distribution of
peat is based on Hokkaido Agricultural Reserch Institution (1954).
An inset map in the upper left corner shows the location of the study
site within Japan.

peatlands because the implementation of paludiculture has
evolved only in recent years.

In Hokkaido, northern Japan, peatlands have been used as
multi-use paddy fields (rotational cultivation of paddy rice
and upland crop), one form of palidiculture, for more than
a half-century. In paddy fields, the groundwater table main-
tains near the ground surface or above during the summer
irrigation period, so the subsidence in paddy is expected to
slow due to reduction of decomposition of peat substrate.
Some studies, indeed, suggested the possibility of the lower
rate of peat subsidence in paddy fields compared to upland
fields in Hokkaido (Kasubuchi et al., 1998; Miyaji et al.,
1995), yet the number of observation in those studies was
not sufficient to statistically conclude.

Here, we present the first quantitative comparison of the
long-term peat subsidence rates between paddy and upland
fields in Hokkaido to assess the potential of agricultural use
of wet peatlands as a solution of peat subsidence-related
problems. This study will provide an essential suggestion for
future land use in Hokkaido and also key knowledge for the
attempt of the paludicultural use of peatlands worldwide as
well.

2 Materials and methods

2.1 Reginal settings

The investigation of peat subsidence was conducted in
Shinotsu Peatland (Fig. 1; 43◦15′ N, 141◦18′ E), central
Hokkaido, Japan. Its total area is about 12 000 ha, and cur-
rently, almost all area has been converted into cultivated land.
The mean annual temperature is 7.0◦, and the mean annual
precipitation is 1105 mm with 816 cm of snowfall at Shin-
Shinotsu Weather Station of Japan Meteorological Agency.
Currently, peat deposited 6 to 7 m thick. The both of bog-
type peat and fen-type peat are distributed all over the area,
and generally, the fen-type peat is surrounding the bog-type
peat.

The peatland has been cultivated as multi-use paddy fields
(rotational cultivation of paddy rice and upland crop) (Fig. 2),
and the main crops in this area are currently paddy rice,
wheat, soybean, and vegetables. Initially, the area converted
to paddy, but the area that is producing upland crop such
as wheat have been increasing under the situation of over-
production of rice and the implementation of the set-aside
policy by the national government since 1971. In the paddy
fields, the ground surface is always saturated with irrigation
water between middle May and middle August. Both of the
paddy and the upland fields has drainage ditches and sub-
surface drainage systems to maintain a suitable groundwater
table for the crops, so either paddy rice and upland crops can
be grown by the combination of irrigation and drainage sys-
tems.

2.2 Subsidence measurement

Digital elevation models (DEMs) which constructed by air-
borne laser survey were employed for measurement of subsi-
dence. The spatial resolution of the DEMs was 1m×1m. The
total subsidence between 2006 and 2016 in each point was
calculated by subtracting the DEM of 2016 from the DEM
of 2006 using GIS software (QGIS). For each filed plot, the
values of the total subsidence were averaged for the analy-
sis. The DEM of 2006 has an error due to vegetation height
in some field plots, so those plots were excluded from the
analysis. We used randomly selected 53 field plots for the
analysis to assess the effect of the land use form (paddy or
upland) on peat subsidence. The 53 filed plots belonged to
the same township, and the conditions such as the time since
reclamation and the peat type were not different except the
land use form.

2.3 Reconstruction of the history of land use form

We reconstructed the land use form of the 53 field plots for
each year between 2006 and 2016 to examine the relation-
ship between the peat subsidence and the land use form. We
used satellite images which were taken by the optical sen-
sor to assess the land use form of each year. The satellite
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Figure 2. An aerial photograph of multi-use cultivated fields with
a canal for irrigation and drainage in Shinotsu Peatland.

included Landsat-5 TM, Landsat-8 TM, and Sentinel-2. We
employed the bands of visible red (R), near-infrared (NIR),
and short-wave infrared (SWIR). The reflection of each band
of the electric wave on the ground surface varies depending
on the land cover because each land cover has different spec-
tral reflection characteristic. Water can absorb all bands, so
reflectance of R, NIR and SWIR are generally low. The plant
vegetation highly reflects NIR, but less for R and SWIR. Soil
can highly reflect SWIR, but less for R and NIR. During the
rice transplanting period (May to early June), the paddy fields
are filled by irrigation water whereas the upland fields are
covered by vegetation or bare lands. Based on the land cov-
ered difference, we distinguished the land use forms using
a colour composited image of the R, NIR, and SWIR bands
(Fig. 3). This remote sensing technique is often used in crop
classification (Liu et al., 2005). We reconstructed the land use
form in the 53 field plots between 2006 and 2016, excluding
2007, 2011, and 2012 in which the satellite images were not
available due to cloud cover.

3 Results and Discussion

As a result of the reconstruction of the history of the land use
form, 12 field plots out of the 53 plots were used as paddy for
7 years or more between 2006 and 2016 (referred to herein
as the “paddy”), and 15 plots were used as upland fields for
7 years or more (“upland”). The rest 26 plots were for rota-
tional use of paddy and upland (“rotation”). In the rotation
plots, rotation of paddy rice and upland crops were generally
conducted every 3 or 4 years.

The relationship of the peat subsidence to the crop ro-
tation was examined in 53 fields. The overall mean of the
subsidence from 2006 to 2016 in the 53 fields was 15.8 cm,
which equals to 15.8 mm yr−1. The total subsidence from
2006 to 2016 was plotted against the year which each field

Figure 3. Color composited satellite image of bands of red (R),
near-infrared (NIR) and short-wave infrared (SWIR), of Sentinel-2
taken on 28 May 2016 covering Shinotsu Peatland. RGB= (SWIR,
NIR, R). Green area, pink area, and blue area represent upland fields
with vegetation, upland fields with no vegetation, and paddy fields,
respectively.

Figure 4. Relationship between total subsidence from 2006 to 2016
and the years that each field was used as paddy field (out of eight
years which the satellite image is available). The error bars rep-
resent the standard deviation of the samples. The plots with the
same letter are not significantly different in the Tukey-Kramer test
(p < 0.05).

was used for rice paddy in the same period (excluding 2007,
2011, and 2012, in which satellite images were not avail-
able) (Fig. 4). The mean subsidence was 3.7±1.9 cm (± SE;
n= 12) for 11 years in the paddy field plots, and significantly
less than the rate of 25.6± 1.7 cm (n= 15) in upland field
plots (p < 0.001). In the rotation field plots, the subsidence
was intermediated value between the paddy and the upland
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plots, although the difference was not statistically significant
level (p > 0.05) in the Tukey-Kramer multiple comparisons.
Still, it was clear there was a trend that the subsidence re-
duced linearly as the period of paddy increased. This result
suggested that paddy use of peatlands could effectively re-
duce the rate of peat subsidence.

The total subsidence in the paddy plots was significantly
smaller than that of the upland field plots. The average sub-
sidence rate of 3.7 mmyr−1 in the paddy plots was extremely
low value compared with globally reported values of the peat
subsidence through agricultural exploitation (Pronger et al.,
2014). Whereas, the average subsidence rate of 25.6 mm yr−1

in the upland plots was well consistent with the globally re-
ported values. These values also showed that the peat sub-
sidence through wet agricultural use was smaller than the
through upland use.

The possible reason for the reduction of subsidence in the
paddy may have been high groundwater table which inhibits
oxidation of peat substrate. Previous studies have reported
that high groundwater table reduced decomposition of peat
substrate (Hendriks et al., 2007; Kim and Verma, 1992). In
the paddy plots, the water table was always maintained above
the ground surface in cultivate period in summer, which kept
the peat layer in anaerobic condition. Although the ground-
water is drained and lowered from autumn to early spring,
the temperature is generally low, and much snowfall occurs
in those periods without irrigation, which restrains the mi-
crobe activity of the decomposition of the peat. This implies
that the maintenance of wet condition only in the summer
season can sufficiently reduce peat subsidence.

In this study, we just compared the subsidence in the paddy
and upland fields by measuring elevation change in the spe-
cific period and did not examine the decomposition rate, the
greenhouse gas emission, and their temporal trends. Thus,
the mechanism of the reduction of the subsidence in the
paddy fields has still not been cleared. Additionally, few stud-
ies have reported subsidence on paddy peatland. More stud-
ies on subsidence in paddy fields are required to clarify the
mechanism and to reinforce our argument. Also, though our
results showed the rice paddy has a lower impact on peat
subsidence, the demand and consumption of rice have been
continuously decreasing in Japan. Not only technical imple-
mentations but also political and economic intervention is
necessary to achieve sustainable land use management on the
peatlands.

4 Conclusions

We calculated the subsidence rates in different agricultural
land use form, i.e., rice paddy or upland field. The subsi-
dence rate in the rice paddy had significantly lower than that
in the upland field. This difference suggested that paddy land
use had a lower impact on peat subsidence. Our results will
encourage the agricultural use of wet or rewetted peatlands

as one of the valid options for future peatland management
in terms of mitigation of land subsidence and peat loss.

Data availability. The DEM data used in this study were pro-
vided from Hokkaido Development Bureau. The DEM data are
not publicly opened due to national security. The satellite image
data are available from the website of U.S. Geological Survey
(https://landsatlook.usgs.gov, U.S. Geological Survey, 2020). The
processed data of the subsidence for the analysis are available from
the corresponding author, up on reasonable request.
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Abstract. Land subsidence can be caused by underground mining activities. Interferometric Synthetic Aperture
Radar (InSAR) has became an economic, effective and accurate technique for land deformation survey and
monitoring. In mining areas, there may be several factors to overcome for the succsessful application of InSAR,
such as temporal decorrelation and detectable deformation gradient, that limit the ability of InSAR to monitoring
rapid land subsidence. In this paper, images obtained by the Sentinel-1 satellite with 6 or 12 d revisiting time are
used to improve the ability to detect a deformation gradient, and reduce the influence of temporal decorrelation.
By combining Small Baseline Subsets (SBAS) and Interferometric Point Target Analysis (IPTA) methods, using
the Nanhu mining area in Tangshan as an example, the spatial continuous results of land subsidence in this
mining area are obtained with a 70 cm per year maximum rate, which clearly characterizes the deformation field
and its deformation process. The results show that InSAR is a useful way to monitor land subsidence in a mining
area and provides further data for environment mine restoration.

1 Introduction

Ground subsidence, is a major hazard that threatens the vi-
ability and sustainable economic development; it is an im-
portant process that often accompanies underground mining
activities. Tangshan, a coastal city located in the center of
the Bohai Bay in Hebei province in China, is a mining city
with 49 different mineral extraction. The main minerals ex-
tracted are coal, iron, gold and limestone (including cement,
alkali, flux, limestone for ash), dolomite for metallurgy, oil
and natural gas. The coal reserves are 5,12 billion tons and
thus underground coal mining is the main driving process of
land subsidence in the Tangshan urbanized area.

The surface deformation caused by underground mining
activities in coal mining areas usually present a non-linear
characteristic due to the nature of mining activities, which
may brings out relatively rapid surface deformation. InSAR,
as an effective technique for land surface deformation mon-
itoring, has been used in the investigation and monitoring of
many kinds of surface deformation. The necessary condition
for interferometry implies that maximum detectable defor-
mation gradient is one fringe per pixel, or the dimensionless

ration of pixel size to the wavelength (Graham, 1974). The
maximum deformation gradient (dx) can be defined as a di-
mensionless ration of half the wavelength (λ) to pixel size
(η) as following Eq. (1):

dx =
λ

2η
. (1)

In the previous survey (Zhang et al., 2012) and monitoring
of mining deformation, due to the rapid rate of deforma-
tion in mining areas and the rapid change of surface veg-
etation, the time segment of surface deformation through
radar interferometric image pairs with good temporal coher-
ence in winter can be obtained. The maximum detectable
gradient of InSAR technology is related to the wavelength
of radar antenna, the spatial resolution of SAR image and
the satellite revisiting period. The longer wavelength and
the higher spatial-temporal resolution acquisitions used, the
maximum detectable deformation gradient between pixels
can be achieved.

To monitor land deformation in mining area effectively,
Sentinel-1 images are used. The Sentinel-1A and B satel-
lites with 6 or 12 d revisiting time has a great ability to de-
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tect deformation gradients, and reduce the influence of tem-
poral decorrelation. According to Eq. (1), for the satellites
sentinel-1A and sentinel-1B, the maximum detectable defor-
mation gradient is equal to 1.4 cm, with the interferogram
pixel size 20 m× 20 m. Compared to ERS or ENVISAT 35 d
and RADARSAT 24 d revisiting time, Sentinel-1 6 or 12 d
revisiting time enhances detection capacity by four times.

By combining Small Baseline Subsets (SBAS) (Berardino
et al., 2002) and Interferometric Point Target Analysis
(IPTA) (Werner et al., 2003) methods, the spatial continuous
results of land subsidence in the mining area show a maxi-
mum rate of 70 cm per year in the Nanhu mining area.

2 InSAR deformation monitoring technology

SAR satellites acquisition of the Earth’s surface, consists of
phase and intensity. After conjugate multiplication of two
radar data, the interferometric phase difference between the
two SAR images is the target motion occurring along the
sensor-target line-of-sight direction during that time interval.
The interferometric phase can be expressed by Eq. (2):

ϕint = ϕtop+ϕflat+ϕdef+ δϕatm+ δϕn. (2)

The ϕtop is terrain phase, the ϕflat represents flat phase, the
ϕdef is the phase caused by the Earth’s surface deformation
(along the line of sight, LOS), the δϕatm is atmospheric phase
difference between the images, and the δϕn is the phase ac-
cording to noise. After the separation of the phase calcula-
tion by an external digital elevation data, atmospheric data
and imaging geometry, the deformation of LOS 1R can be
calculated form Eq. (3):

ϕdef =
4π
λ
×1R. (3)

The resulting differential interferogram may affected by
many factors, including atmospheric disturbance, the spatial
and the temporal decorrelation. There are two main tech-
niques to overcome these limitations, SBAS and coherence
targets analysis (Werner et al., 2003; Ferretti et al., 2001).

The SBAS approach offers a practical way by making use
of a limited number of SAR data, in which the data interfero-
metric pairs are appropriately combined with small orbital
separation to reduce the spatial decorrelation phenomena.
The IPTA process developed by GAMMA Remote Sensing
is a coherence targets analysis method. In this case, we com-
bine the SBAS and IPTA methods to obtain the deformation
time series of the Nanhu mining area.

3 Results

In this paper, Sentinel-1 mission IW (Interferometric Wide
Swath Mode) data are used to monitor the surface deforma-
tion in the Nanhu mining area, and using the SRTM DEM as

Figure 1. Baseline graph used to calculate interferometric pairs.

and external elevation data for the surface deformation analy-
sis. The land subsidence from April 2017 to November 2018
is calculated using 48 images with the IPTA (Interferometric
Point Target Analysis) technique. There are 170 interfero-
grams generated from 48 images with temporal baseline less
than 48 d and spatial baseline less than 200 m, as shown in
the baseline graph (Fig. 1).

The selection threshold of coherent points is lowered to
obtain denser cloud of point targets, which is suitable for
a small deformation area (5000× 1000 pixels in this case;
1000× 1000 pixels after 5× 1 multilook). This results in
1399 909 coherent points candidate for the IPTA analysis.

The subsidence rate and time series of point targets are ob-
tained using the GAMMA IPTA processing tool to describe
the deformation state and development trend related to the
mining activities in the study area. The results present many
details even in the fast deformation area with the maximum
subsidence more than 1 m, where the subsidence cannot be
detected by temporal decorrelation before, only the deforma-
tion scope can be detected (Zhang et al., 2012) . Compared
with ENVISAT and RADARSAT SAR data, the Senteinel-
1 IW data with 12 d time resolution improves the detection
ability of deformation gradient in the mining area. It can not
only detect the deformation field, but also describe the de-
formation magnitude and process in greater detail. Figure 2
shows the deformation time series at 48 image acquisition
time in the Nanhu mining area. The Nanhu wetland park that
used to be the subsidence area of the coal mine, where the
World Horticultural Expo 2016 was held, is a typical exam-
ple of a mine subsidence restoration. Although the surface
of the Nanhu Lake has been restored as a recreational area,
the underground mining activities below the Nanhu Lake
have never stopped. The surface deformation accumulation is
growing larger due to the contonous underground coal min-
ing. From April 2017 to November 2018, the maximum dis-
placement measured was up to 1.20 m. From the analysis of
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Figure 2. Deformation time series of the Nanhu mining area. (The
bottom gray images are sentinel-1 radar image and superimposed
color fringes present the deformation velocity, one color cycle rep-
resents 20 cm.)

Fig. 2, seventh image, another 3 subsidence centers in the
lower right corner of the images are recognized.

Figure 3 is the time series of the fastest subsidence point
target (point ID 349 097, pixel coordinate x: 2249, y: 331),
with a 70 cm per year subsidence rate.

Figure 4 shows the deformation rate of the Nanhu min-
ing area, from April 2017 to November 2018. The maximum
rate is 70 cm per year, the subsidence field is is clearly rec-
ognized, and the deformation is spatially continuous.

4 Conclusions

The application of Sentinel-1 SAR data for land subsidence
induced by underground mining operation is described, us-
ing a combined InSAR SBAS and IPTA approach. The re-
sults show the rapid surface deformation (up to 70 cm per
year) caused by the underground mining activity. The cumu-

Figure 3. Displacement time series at the subsidence center of the
Nanhu mining area.

Figure 4. Deformation velocity of the Nanhu mining area. (The
bottom gray image is sentinel-1 radar image and superimposed
color fringe presents deformation velocity, one color cycle repre-
sents 10 cm per year.)

lative subsidence time series for each coherent point can be
retrieved at each image acquisition time (e.g. Fig. 3).

Sentinel-1 data is more suitable for detection of rapid de-
formation in mining areas than other mid-spatial resolution
SAR satellites data due to its shorter revisiting period. With
the development of satellite radar technology, InSAR has be-
come an effective and efficient tool for monitoring surface
movements, including both rapid and slow rates resulting
from earthquakes, volcanic activity to landslide, mine, land
subsidence, and engineering deformation.Combining with
the prior model of mining deformation, forming a “space-
ground” three-dimensional monitoring network with ground
leveling, GPS or layerwise mark, InSAR is becoming a use-
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ful technique to monitor land subsidence in mining areas and
provides basic data for mining environment restoration.

Data availability. The Sentinel-1 data can be download from
https://scihub.copernicus.eu/dhus, last access: 12 March 2020. Af-
ter registration, the data downlinks will apparent with the search
criteria (Mission: Sentinel-1, Product Type: SLC, Sensor Mode:
IW,and Relative Orbit Number: 69). The external elevation data
SRTM DEM can be downloaded directly from the following we-
blink: https://dds.cr.usgs.gov/srtm/version1/Eurasia/, last access: 12
March 2020.
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Abstract. We have delineated ten years of urban subsidence derived from continuous GPS stations operated
by the Crustal Movement Observational Network of China (CMONOC) within and adjacent to the municipality
of Tianjin. A method for obtaining accurate site velocities with respect to a stable regional reference frame
is described. CMONOC stations in Jizhou (JIXN) and Baodi (TJBD) districts recorded minor subsidence of
approximately 1 to 2 mm yr−1 during the period from 2010 to 2019. One station in Wuqing (TJWQ) district and
one station in Binhai (TJBH) district recorded steady subsidence of approximately 5 and 2 cm yr−1 from 2010
to 2019, respectively. One station in Cangzhou (HECX) of Hebei Province, adjacent to Tianjin, recorded steady
subsidence of approximately 2.4 cm yr−1 during 2010–2014 and more rapid subsidence of 4 cm yr−1 since 2015.
TJWQ recorded the most rapid land subsidence and the most significant seasonal ground oscillations (uplift and
subsidence) among these five stations. This study indicates that subsidence rates in Tianjin vary significantly
in space and time. Particular attention should be paid, therefore, to extrapolate or infer a rate of subsidence for
an area on the basis of a subsidence rate obtained from previous GPS observations or proximal GPS sites. The
subsidence time series presented in this study provide reliable “ground truth” and constraints for calibrating or
validating subsidence estimations from numerical modeling and repeated surveys using other remote sensing
techniques, such as Interferometric Synthetic Aperture Radar (InSAR).

1 Introduction

Tianjin, the largest port city in north China and the cen-
ter of the industrial and economic area around Bohai Bay,
has experienced severe subsidence problems since the 1950s
(Hu et al., 2004). During the past two decades, Global Posi-
tioning System (GPS) technologies have been gradually ap-
plied to urban subsidence studies, both as a compliment and

an alternative to conventional surveying methods. A great
number of Continuously Operating Reference GPS Stations
(CORS) have been installed in China during the past two
decades. The Crustal Movement Observational Network of
China (CMONOC), the largest CORS network in China, op-
erates over 260 continuous permanent GPS stations across
the China mainland (Fig. 1).

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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CMONOC was designed primarily for earthquake and tec-
tonic studies and for providing stable references for nation-
wide land surveying. Though CMONOC sites were carefully
selected to avoid potential subsiding and faulting sites, a few
CMONOC in urban areas have recorded rapid land subsi-
dence, as a by-product. The earliest CMONOC stations were
installed in the early 1990s, but the majority stations in north
China were installed in 2010. As of 2019, most CMONOC
stations in north China have a continuous history of approxi-
mately 8 to 10 years.

The municipality of Tianjin is situated on Quaternary
and Tertiary sediments overlying the considerably fractured
bedrock. The loose Quaternary sediments, composed of clay,
soil, and sand, are about 600 m thick in the municipality of
Tianjin area and are hydrogeologically complex. The Tertiary
aquifer system has a depth range from approximately 600 to
1100 m. The top 50 m of the Quaternary sediments are al-
ternating marine and continental deposits of varying litho-
logical characters and poor engineering geological proper-
ties, being mostly highly compressible. At depths from 50 to
200 m below the land surface, the sediments have medium-
to-low compressibility characteristics expected in deposits of
mainly fluvial facies. Below 200 m, the sediments are of la-
custrine facies, which change slightly in lithological char-
acter and are low compressional compared to its overlay
sediments (Tianjin Geological Survey and Mine Resource
Administration, 1992). Excessive groundwater pumping is
the primary reason causing subsidence in Tianjin (Yi et al.,
2011). In general, groundwater withdrawal within the munic-
ipality of Tianjin is restricted to a depth shallower than 550 m
below the land surface.

There are five CMONOC stations within and adjacent to
the municipality of Tianjin. This study aims to delineate
the 10-year subsidence time series recorded by these five
CMONOC stations from 2010 to 2019. A comparison of
rapid ongoing subsidence in Tianjin, Houston, and Mexico
City is presented.

2 Methods

The ultimate product from continuous GPS observations is
often the site velocities with respect to a stable reference
frame rather than discrete positional measurements. The ac-
curacy of GPS-derived site velocities does not solely rely on
the accuracy of positional measurements, but largely depends
on available regional geodetic infrastructure, which is com-
prised of two components: a long-history continuous GPS
network and a stable regional reference frame (Wang et al.,
2019). The GPS data from a single station is insufficient by
itself to assess the stability of the site.

GPS positions are initially defined as a set of coordinates
with respect to a global reference frame. In general, a global
geodetic reference frame is a no-net-rotation (NNR) refer-
ence frame, which is realized with an approach of minimiz-

Figure 1. Map showing the locations of 260 permanent GPS sta-
tions (red) of the Crustal Movement Observational Network of
China (CMONOC) and 12 reference stations (yellow) utilized to
realize the stable North China Reference Frame 2016 (NChina16,
Wang et al., 2018).

ing the overall horizontal movements of a large number of se-
lected reference stations distributed worldwide (Rebischung
et al., 2016). As a consequence, GPS-derived site velocities
with respect to a global reference frame are often dominated
by long-term drift and rotations of the tectonic plate on which
the site is located, glacial isostatic adjustment, and other sec-
ular motions (Yu and Wang, 2017). Localized or temporal
ground deformation, such as subsidence and fault creeping,
can be obscured or biased by those common movements. A
stable regional reference frame is needed to exclude those
common ground motions and highlight localized ground de-
formation.

This study employs a method that integrates Precise Point
Positioning (PPP) and a stable regional reference frame for
deriving site velocities from long-term GPS observations.
The details of the method have been introduced in our re-
cent publications for monitoring landslide (Wang et al., 2014,
2015), subsidence (Kearns et al., 2019), and urban faults (Liu
et al., 2019). In short, the whole process comprises the fol-
lowing three steps.

The first step is to get daily PPP solutions from 24 h con-
tinuous GPS observations. The GipsyX software package de-
veloped and maintained by the Jet Propulsion Laboratory
(JPL) in the United States (US) is employed to get single-
receiver phase-ambiguity-fixed PPP solutions (Bertiger et al.,
2010). The major parameters used for the PPP processing are
the same as those listed in our previous publication for real-
izing North China Reference Frame 2016 (NChina16) (Wang
et al., 2018). PPP daily solutions could achieve 2–4 mm hor-
izontal accuracy (root mean square of residuals) and 5–8 mm
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vertical accuracy in north China (Bao et al., 2017; Guo et al.,
2019). The PPP solutions are defined in an Earth-Centered-
Earth-Fixed (ECEF) Cartesian coordinate system that defines
a position as a pair of x, y, and z coordinates with respect to
the International GNSS Service (IGS) reference frame 2014
(IGS14) (Rebischung et al., 2016). IGS14 is the latest in a se-
ries of GNSS reference frames (e.g., IGS00, IGS05, IGS08)
adopted by IGS.

The second step is to transform the IGS14 coordinates
to our selected stable regional reference frame, NChina16.
NChina16 was realized by 12 CMONOC stations fixed on
the stable portion of north China craton (Wang et al., 2018)
(Fig. 1). One-decade continuous GPS observations have ver-
ified that those reference stations are not affected by sub-
sidence and faulting problems. NChina16 provides the 7-
parameters for transforming ECEF-XYZ coordinates from
IGS08 to the regional reference frame. Since NChina16 is
aligned to IGS08, the IGS14 coordinates are firstly trans-
formed to IGS08 according to the parameters provided by
IGS (Rebischung et al., 2016). NChina16 will be updated and
aligned to IGS14 in 2020. Thus, the PPP solutions with re-
spect to IGS14 can be directly transformed to the regional
reference frame in the near future.

The third step is to convert the geocentric xyz coordinates
with respect to NChina16 to a local east-west (EW), north-
south (NS), and up-down (UD) coordinate system (ENU).
The local ENU coordinates are formed from a plane tangent
to the Earth’s surface fixed to the initial location (first mea-
surement) of the site. The change of ellipsoid height over
time is used to depict the vertical displacement (subsidence)
in this study. In practice, subsidence time series derived from
ellipsoid heights are the same as those derived from ortho-
metric heights (Wang and Soler, 2014).

3 Subsidence Derived from GPS Observations

3.1 Subsidence rates

In general, the accuracy of GPS-derived positions, and in
turn, displacements and site velocities, have been improved
dramatically over the past two decades due to advances in
GPS hardware, software, and reference systems. The accu-
racy of site velocities is primarily dominated by the stabil-
ity of the reference frame and the length of the observa-
tional history rather than the accuracy of the individual po-
sitional measurements (Wang et al., 2017). The frame stabil-
ity of NChina16 is better than 1 mm yr−1 in all three direc-
tions (Wang et al., 2018). Figure 2 illustrates the horizontal
and vertical velocity vectors (with respect to NChina16) of
nine CMONOC stations within the Beijing and Tianjin re-
gion. The velocities are estimated by applying a linear least-
squares regression on GPS-derived displacement time series
from 2010 to 2019.

There are four CMONOC stations (BJGB, BJYQ, BJSH,
and BJFS) within the municipality of Beijing (Fig. 2).

Figure 2. Vertical (red) and horizontal (dark) site velocity vectors
(NChina16) derived from 10-year GPS (2010–2019) observations
at nine locations in Tianjin and its surrounding areas.

These stations are located on bedrock or weathered bedrock
sites. None of them recorded considerable subsidence
(< 2 mm yr−1). There are five CMONOC stations within or
adjacent to the municipality of Tianjin (Fig. 2). Figure 3 de-
picts the displacement time series recorded by these five GPS
stations: JIXN, TJBD, TJBH, TJWQ, and HECX.

JIXN did not record any considerable subsidence
(0.1 mm yr−1) during the 10-year period from 2010 to 2019
(Fig. 3). JIXN is in Jizhou district, formerly a county known
as Jixian. TJBD recorded minor subsidence (0.2 mm yr−1).
TJBD is in Baodi district. Jizhou and Baodi are two districts
in the far north of the municipality of Tianjin, far away from
the industrial and commercial areas. The two districts cover
the least economically developed regions and have smaller
population density compared to the other districts of Tianjin.
The two districts probably use less groundwater than other
districts. Furthermore, the thickness of Quaternary aquifers
in the north is less than in the south. As a result, these two
districts have not been considerably affected by subsidence.

TJBH recorded moderate subsidence at an average rate of
approximately 2 cm yr−1 during 2010–2019. TJBH is in Bin-
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hai district, a coastal district located on the west coast of the
Bohai Gulf and east of Tianjin’s main urban area. Binhai dis-
trict has undergone rapid industrial and infrastructure devel-
opment since the 2000s.

TJWQ recorded rapid subsidence with a steady rate of
approximately 5 cm yr−1 from 2010 to 2019. TJWQ is in
Wuqing district, which has been experiencing rapid urban-
ization during the past three decades (1990s–2010s). Wuqing
has a unique location advantage called “Corridor of Beijing
and Tianjin”. The population has reached over 1 million as
2018. Groundwater is still a significant component of pub-
lic water supply and water use in agriculture and local in-
dustry. The horizontal components of TJWQ also recorded a
steady movement towards the north with an average veloc-
ity of approximately 4 mm yr−1. The horizontal movement
associated with the rapid subsidence implies that this sta-
tion is not located in the center of the ongoing subsidence
bowl. The subsidence rate in the center could be more sig-
nificant. Indeed, a subsidence rate of 15 cm yr−1 in Wuqing
was reported by Zhang et al. (2016) based on Interferomet-
ric Synthetic Aperture Radar (InSAR) observations during
the period from 2012 to 2014. Other researchers also re-
ported much faster subsidence in Tianjin during the 2000s
and 2010s (Ye et al., 2016; Liu et al., 2016; Gong et al.,
2018).

HECX is located in Cangzhou city in Hebei Province,
20 km away from the border of Tianjin and Hebei Province.
Cangzhou is a rapidly developing industrial city with a popu-
lation of over one million as of 2019. HECX recorded steady
subsidence of 2.4 cm yr−1 during the period from 2010 to
2014; the subsidence accelerated to 3.7 cm yr−1 since 2015.
The total subsidence during 2010–2019 at HECX is as much
as 30 cm.

3.2 Comparisons of the maximum subsidence rates in
Tianjin, Houston, and Mexico City

Our research group is also studying urban subsidence in
Houston, US and Mexico City, Mexico. Houston and Mex-
ico City have been suffering from subsidence problems for
a century. According to numerous investigations, excessive
groundwater withdrawal is the primary cause of ongoing sub-
sidence in all three cities: Tianjin, Houston, and Mexico City
(e.g., Chaussard et al., 2014; Yu and Wang, 2016).

The ongoing 4.7 cm yr−1 subsidence at TJWQ is among
the most rapid subsidence ever recorded by long-history con-
tinuous GPS in China, which is comparable to the most
rapid subsidence in the Houston metropolitan region from the
1990s to early 2000s (Kearns et al., 2015). The subsidence
rate in the Houston region has been successfully reduced by
groundwater regulations enforced by local subsidence dis-
tricts since the 1970s. According to recent studies (Kearns et
al., 2019), currently, the most rapid subsidence in the greater
Houston region is approximately 2 cm yr−1 with respect to a
stable local reference frame (Houston16) (Fig. 4). The mod-

Figure 3. Subsidence time series recorded by four GPS stations
(JIXN, TJBD, TJBH, TJWQ) within and one (HECX) adjacent to
the municipality of Tianjin.

erate subsidence is occurring in Katy and The Woodlands,
two affluent and rapidly developing suburbs to the west and
north of Houston, respectively.

According to our recent investigations, rapid subsidence
(> cm yr−1) is ongoing in several cities in central Mexico (Yu
and Wang, 2017; Wang et al., 2020). A GPS station (MMX1)
in Mexico City recorded steady subsidence of approximately
27 cm yr−1 with respect to a stable regional reference frame
(Gulf of Mexico reference frame) since 2008 (Fig. 4). To our
knowledge, the 27 cm yr−1 subsidence is the most rapid ur-
ban subsidence ever recorded by continuous GPS. MMX1
is located in the Mexico City International Airport and has
experienced approximately 3 m total subsidence during 2010
to 2019. Du et al. (2019) reported that InSAR observations
(2004–2018) also revealed an approximately 30 cm yr−1 sub-
sidence rate in the area adjacent to the airport.

4 Seasonal ground deformation

GPS-derived positional time series are well known to have
periodic variations attributed to a combination of annual and
seasonal cyclical sinusoids. The cyclical signals could be
the result of a combination of actual periodical ground mo-
tions (up and down) and periodical errors associated with the
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Figure 4. Comparisons of the most rapid ongoing subsidence
recorded by GPS in Tianjin (China), Houston (US), and Mexico
City (Mexico).

PPP processing. It is often difficult to distinguish the indi-
vidual sources that cause the seasonal motions superimposed
into the GPS-derived displacement time series (Wang et al.,
2015).

A seasonal ground deformation model (vertical) in north
China was developed by Wang et al. (2018) based on long-
period GPS observations at weathered bedrock sites, which
can be described as:

SeasonalUD (t)=−0.35× cos(2πt)+ 0.45× sin(2πt)

+ 0.1× cos(4πt)− 0.13× sin(4πt) (1)

where t is time with a unit of decimal year. The unit of the
seasonal motion is in cm. The seasonal model could be use-
ful for the near-real-time landslide or structural deformation
monitoring since the seasonal model predicts much of the
up-coming noise (Bao et al., 2017).

Figure 5 depicts a comparison of the seasonal model (red)
with GPS-derived seasonal ground motions (dark) in Tianjin.
The vertical displacement time series are obtained by apply-
ing a smoothing (7 d average) process on the daily displace-
ment time series (detrended) illustrated in Fig. 3. Overall,
the vertical displacement time series in Tianjin agree consid-
erably well with the regional seasonal-model. On average,
the peak-to-trough amplitude is approximately 2 cm. TJWQ
recorded a larger peak-to-trough amplitude (approximately
3 cm) than other stations.

It appears that the seasonal motions are dominated by a 4-
month-long downward movement (subsidence) from June to
September and an 8-month upward movement (uplift) from
October to next May. In general, periodic ground oscillations
in soft sediments areas are controlled by seasonal variations

Figure 5. Comparisons of seasonal vertical ground deformation
recorded by GPS (dark, 7 d average) in Tianjin with the seasonal
model (red, Eq. 1) for the north China region.

in the groundwater level, surface water loading, snow load-
ing, and soil moisture. The groundwater level is generally
lower during June through September compared to the rest
of the year because groundwater withdrawals during these
months are usually at an annual maximum. In general, more
groundwater is used during the summer months compared to
the winter months.

5 Summary and Conclusions

Large CORS networks have been established in many coun-
tries for land surveying and crustal monitoring purposes,
which also recorded important land subsidence information,
as a by-product. This study investigated CMONOC stations
within and adjacent to the municipality of Tianjin. Ongoing
subsidence as fast as approximately 5 cm yr−1 was recorded
in Wuqing, 3 to 4 cm yr−1 was recorded in Cangzhou, and
2 cm yr−1 was recorded in Binhai. The subsidence rates at
TJWQ and TJBH were steady from 2010 to 2019; however,
the subsidence at HECX accelerated since 2015. According
to previous investigations, the rapid ongoing subsidence is
caused by substantial groundwater withdrawals associated
with rapid urban and industrial development.

GPS-derived subsidence time series presented in this study
depict substantial spatial and temporal variations of subsi-
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dence rates. The spatial variation may be associated with the
differences among sites in the ratios of sand, silt, and clay,
the amount of nearby groundwater withdrawal, and previ-
ously established preconsolidation heads. The temporal vari-
ations are mostly correlate with groundwater levels during
different periods. As a result, it is a challenge to precisely
estimate subsidence risk at a specific site by extrapolating
or inferring rates of subsidence observed from adjacent sites
during the same time window, or by extrapolating or infer-
ring rates of historic subsidence at the same site. Certainly,
the observations at a few GPS sites would not provide enough
information to assess the overall ongoing subsidence in Tian-
jin. However, they may provide credible “ground truth” and
constraints to calibrate or validate the subsidence estima-
tions provided by numerical modeling and other remote sens-
ing techniques, such as Interferometric Synthetic Aperture
Radar (InSAR). The long-term GPS measurements also pro-
vide first-hand ground truth datasets for local governments
to assess subsidence risk and make plans for future urban de-
velopment.
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Abstract. Layover occurs as a consequence of the slant range scale distortion in Synthetic Aperture Radar
(SAR) data and it is commonly observed in the images acquired over urban areas. There may be two or more
Persistent Scatterers (PSs) in one pixel. Moreover, these PSs do not have amplitude stability and spatial coher-
ence. The threshold method used in the Persistent Scatterer Interferometric (PSI) SAR technique cannot identify
the PS with two scatterers in urban, the accuracy of urban land subsidence is reduced. To solve this problem, we
used Fast Fourier Transform (FFT) convert PSs in frequency domain during PS identification process of PSI, by
observing their characteristics in the frequency domain, the layover scatterers can be identified and separated.
The results of simulation experiment show that by analyzing the peak distribution characteristics of PSs in the
elevation direction under the relatively even space baseline, PSI with FFT can identify single scatterers and lay-
over scatterers. After separating the layover scatterers, the reliability of PSs identification are improved. For the
real data experiment, we use 31 Sentinel-1A IW images covering Beijing from 2014 to 2016 as data sources.
The results show that the proposed method can effectively identify layover scatterers which cannot be identified
by the threshold method in urban, reducing the effect of layover scatterers, improving the accuracy of urban land
subsidence monitoring.

1 Introduction

Land subsidence is a geological phenomenon caused by nat-
ural physical and chemical processes or by human activities
such as over-exploitation of subsurface fluids and solid min-
erals and construction engineering primarily in urban. Land
subsidence has been discovered in more than 150 regions
and cities over the world. Beijing is one of the areas where
land subsidence is relatively serious in China (Chen et al.,

2015). Excessive exploitation of groundwater is the main
cause of land subsidence in Beijing (Wang et al., 2005). At
present, five large land subsidence areas have been formed in
Changping District, Chaoyang District, Shunyi District and
Tongzhou District. The potential threatens of urban land sub-
sidence mainly include damage to buildings, railways, roads
and bridges. Therefore, to ensure sustainable urban develop-
ment and to improve the residental environment and safety
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of people’s lives and property, land subsidence monitoring is
an essential process in Beijing.

With the development of the Interferometric Synthetic
Aperture Radar (InSAR) techniques, PSI has become one
of the main means of monitoring land subsidence in ur-
ban. In PSI technique, PSs identification method mainly in-
cludes: single and multiple threshold. It is difficult to iden-
tify and separate the layover scatterers in the urban environ-
ment through the threshold setting, which reduce the reliabil-
ity of PSs identificatin for both single and multiple threshold
method.

For our purposes, we, therefore, adopted the following
simple procedure. To identify and separate single and lay-
over scatterers, the FFT algorithm in spectral analysis is ap-
plied to the PSs identificatin process. The FFT can be used
to analyze the height-to-peak position of single and layover
scatterers, and the frequency information contained in cor-
responding scatterers are obtained. Thereby improving the
problem of layover scatterers in urban environment and im-
prove the monitoring accuracy.

2 Methods

2.1 PSI Technique

In 2001, Ferretti et al. proposed a permanent scatterer differ-
ential interferometry technique to reduce temporal and ge-
ometric decorrelation and atmospheric influences in tradi-
tional InSAR technology (Ferretti et al., 2001). The core idea
of the method mainly includes: firstly registering the auxil-
iary image of the N+1 SAR image covering the research area
with the main image, and interfering to obtain the N-view
differential interferogram, and then using the external DEM
to remove the terrain phase. The candidate PS is preselected
based on the Dispersion Amplitude Index (DAI). After ob-
taining the PS candidate points, analyze the phase stability
and screen the best PS points (Hooper et al., 2004). The ba-
sic model is as follows Eq. (1):

φx,i = φdef,x,i +φa,x,i +φorb,x,i +φε,x,i + nx,i (1)

where φx,i is the phase of the xth PS point in the ith interfer-
ogram, φdef,x,i is the phase related to the deformation along
Line of Sight (LOS), φa,x,i is the phase caused by the atmo-
spheric phase, φorb,x,i is the orbit error phase, φε,x,i is DEM
error phase, nx,i is the thermal noise of the system.

2.2 Fast Fourier Transformation

FFT is a fast algorithm of Discrete Fourier Transform (Tan
and Zhang, 2006). As to complex serial x0,x1, . . .,xn−1, fol-
lowing Eq. (2):

yj =

n−1∑
k=0

e−
2πi
n
j kxk j = 0,1, . . .n− 1 (2)

Table 1. Simulation parameter.

Parameter Value

Wavelength (λ) 0.038 m
Average Satellite Height (H ) 600 km
Average Distance (Rg) 600 km
Total Perpendicular baseline Length (Bv) 600 m
Number of Flights (N ) 30

Figure 1. The results of Single Scatterers Simulation.

In the focused SAR complex image, the complex value Y
of a pixel in the N th scene image can be regarded as the
projection of the real 3-D reflection on the azimuth-oblique
distance plane, i.e. the integral of the reflected signal along
the vertical oblique distance direction (Fornaro et al., 2003),
which can be expressed as Eq. (3):

yn =

∫ Smax

−Smax

γ (s) · exp(−j · 2πξns)ds n= 1,2, . . .N (3)

where [−smax, smax] is the distribution range of the signal
along the tomography direction s. γ (s) represents the scatter-
ing value in the vertical oblique direction. ξn represents spa-
tial frequency, which is related to the position of the synthetic
aperture. Images obtained by satellites at different positions
represent the results of discrete Fourier transform of oblique
vertical target scattering points at different frequency com-
ponents (Zhu and Bamler, 2010). When enough images of
different frequency components are registered, the sequence
can be regarded as Fourier transform of the distribution func-
tion γ (s) of the backward complex scattering coefficient of
the oblique vertical target, and the information of the dis-
tribution function γ (s) of the backward complex scattering
coefficient of the oblique vertical target can be obtained by
inverse Fourier transform.

In this method, the PSs with better spatial distribution den-
sity can be obtained by DAI pre-selection and phase stability
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Figure 2. The results of Layover Scatterers Simulation.

Figure 3. Comparison of PSs coherence coefficients.

screening. On this basis, the FFT is used to identify the lay-
over scatterers contained in a pixel.

3 Experiments and Analysis

In order to verify the effectiveness of FFT in frequency do-
main conversion at PS, simulation experiments are carried
out.

3.1 Simulation Experiment

It is assumed here that the SAR azimuth and distance di-
rections have been completely focused, and only the height-
direction signals are simulated. The specific simulation pa-
rameters are shown in Table 1.

Assuming that the perpendicular baseline Bv is a random
non-uniform distribution, the parallel baseline Bp is a ran-

Figure 4. Distinguishing single- (red) and layover scattering (blue)
points using PSI with FFT on a stack of Sentinel-1A IW images of
Beijing (Sentinel-1A data ©ESA 2014–2016).

dom distribution of 0 to 100 m. When there is a single scat-
terer in one pixel, the heightHs of the scatterer is 40 m, when
one pixel is a layover scatterer (that is layover scatterer),
the scatterer heights Hs are 0 and 80 m respectively, and the
corresponding scattering intensities are 100 and 150 respec-
tively. In order to make the analog data closer to the real data,
Gaussian white noise with a certain intensity is added to the
SAR signal. The high-dimensional focusing of the simulated
highly diffuse cross section is performed using the FFT. The
simulation results of single scatterer in the resolution unit are
shown in Fig. 1; the simulation results of layover scatterers
in the resolution unit are shown in Fig. 2.

As can be seen from Figs. 1 and 2, when a single scat-
terer is known in the resolution unit, there is only one peak
in the height range of scatterers reconstructed by FFT, while
when a layover scatterer is known in the resolution unit, there
are two peaks in the height range of scatterers reconstructed
by FFT. This proves that single and layover scatterers can
be identified by FFT after frequency domain conversion of
PSs. In the simulation experiment, the baseline distribution
is dense, FFT can better control the generation of noise, and
the scattering point position is more accurate.

3.2 Land Subsidence Monitoring in Beijing

In order to verify the effectiveness of FFT applied to PSs
identification in land subsidence, a PS identification method
called “PSI technique with FFT” (FFT+PSI) is used for
identifying and separating layover scatterers. We used 31
Sentinel-1A IW images from October 2014 to Septem-
ber 2016 in Beijing area for method verification. The range
resolution of Sentinel-1A IW images is 5 m, the azimuth res-
olution is 20 m. Rapid deformation rates can be monitored
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Figure 5. Comparison of deformation velocity calculated for Bei-
jing between 2014 and 2016 for two cases, using (a) PSI and
(b) FFT+PSI (The Digital Elevation Model (DEM) with a spatial
resolution of 90 m was used as a basemap. DEM ©Geospatial Data
Cloud 2016).

due to the short repeat cycle of only 12 d of each satellite of
the Sentinel-1 mission. The images obtained on 20 Novem-
ber 2015 are taken as the master images, and the remaining
30 scenes are slave images.

Statistics are made on the mean values of PS correlation
coefficients identified by the two methods respectively, and
the results are shown in Fig. 3. It can be seen that the aver-
age correlation coefficient of a small portion of PSs are in
the range of 0.0–0.6. However, the mean value of correlation
coefficients of almost all PSs are kept within a relatively high
range (0.6–0.95), which shows that the spatial correlation of
PSs are improved as a whole after FFT is used, and further
proves that it is feasible to identify layover scatterers in ur-
ban.

In this paper, FFT is applied in the PS point identifica-
tion process, which can identify single and layover scatter-

Figure 6. Comparison of Monitoring accuracy.

ers. The number distribution of scatterers is shown in Fig. 4.
Among them, the pixels represented by red points are sin-
gle scatterers, and the pixels represented by blue points are
layover scatterers. Most single scatterers are located in the
lower part of the building, while most layover scatterers are
located in the upper part of the building. This is because the
facade of the building and the ground form a typical dihedral
angle structure, and there are ground objects with the same
distance from the satellite on the wall and the ground. The
echo signal of the images element in the upper part of the
building usually comes from the ground and the other part
from the wall. The two kinds of signals are superposed to
form the echo signal of the SAR images element.

3.3 Monitoring Results of Land Subsidence in Beijing

The PSI and the FFT+PSI are applied to Sentinel-1A IW
images from October 2014 to September 2016 respectively,
and the land subsidence information in Beijing is obtained,
as shown in Fig. 5 (the red area in the Fig. 5 is negative,
indicating the land subsidence; The blue area is positive, in-
dicating that the ground is rising). Before further analysis,
the land subsidence results obtained by PSI should be com-
pared with the benchmark results to ensure the accuracy of
the subsidence values obtained by PSI.

3.4 The Validation of Monitoring Results

We chose the leveling measurements to evaluate the quality
of monitoring results. We compared the time series of de-
formation from PSI, FFT+PSI and leveling measurements.
And we chose the PSs within 200 m of benchmarks (that is
reference point in the Fig. 5) for the comparison (arithmetic
average method).

From Fig. 6, the difference between the two methods and
the leveling measurement are smaller than ±5 mm at most
points. And the standard deviation of the difference of PSI
and leveling, FFT+PSI and leveling are 5.41 and 1.05, re-
spectively, which indicates that the FFT+PSI results are
more reliable for land subsidence monitoring. Very interest-
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ing are the results of the benchmark BM 1, BM 2 and BM
3 in densely built urban areas, the monitoring error of PSI is
larger than the mean error.

3.5 Discussion

The velocity of land subsidence in Beijing is shown in Fig. 5.
The western region has a center of land subsidence, and
the phenomenon of regional uneven subsidence is serious.
From 2014 to 2016, the annual deformation velocity ranges
from +5.5 to −110.4 mm yr−1. The area with the most seri-
ous land subsidence is located in Chaoyang district of Bei-
jing and the border area between Chaoyang and Tongzhou.
This area is the economic center of Beijing. Many high-
rise buildings are concentrated in the Central Business Dis-
trict (CBD), and the average annual subsidence is more than
100 mm yr−1.

The above results have shown that both methods can ob-
tain more accurate land subsidence results for regions with
stable surface conditions. But, for urban with dense build-
ings, the threshold method used in the PSI technique can only
deal with the situation that there is a single scatterers in a
pixel, and cannot identify and separate layover scatterers, so
it is easy to affect the monitoring results of urban land sub-
sidence. However, the method in this study can also obtain
better monitoring accuracy for urban areas, we applied the
FFT convert PSs in frequency domain during identification
process of PSI technique. By observing their spectral distri-
bution characteristics of single and layover scatterers from
the frequency domain, they are identified and separated, fur-
ther proving the effectiveness and reliability of this method,
and the monitoring accuracy was significantly improved.

4 Conclusions

In this paper considering the threshold method cannot iden-
tify layover scatterers in urban through threshold setting. The
FFT is used to PS identification process in PSI. This method
through convert PSs into frequency domain, observe the peak
of reconstructed scatterer height range, and obtain the fre-
quency domain characteristics of single and layover scatter-
ers. In particular, the land subsidence monitoring experiment
in Beijing shows that the monitoring accuracy of proposed
method is higher than that of PSI method, and the subsi-
dence monitoring accuracy in densely built urban areas is
improved. As an additional contribution, these results cast
new light on the PSs identification and have important rami-
fications for obtain information on urban land subsidence.
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Abstract. The paper discuses one of the most complicated cases in tunnel construction practice in the water-
saturated fine-grained deposits in Moscow. Due to the imperfectness of enclosing engineering structures, ground-
water and water-saturated soils broke through to the tunnel at the time of its construction. This resulted in the
formation of decompaction zones in the enclosing ground massif as well as in deformation of buildings and
land surface subsidence. After the end of construction, settling of land surface near tunnel has almost stopped;
however, groundwater seepage to the tunnel still continues despite numerous percolation-control measures. As
a result, the decision was made to arrange the permanently operating drainage, which could have sustain the
groundwater level at the required depth. The possible settling of the land surface has been calculated for the area
near the tunnel due to the soil compaction upon the water drawdown. The calculation is based on the principle of
linear deformability of soils and on the Terzaghi law about the stresses of two kinds in a ground massif. The re-
sults obtained prove that the settlement values will not exceed the critical values adopted by standard regulatory
documents. It appears virtually impossible to take account in calculations the transformation of ground massif
parameters at the sites of soil breakthrough to the tunnel. Therefore, it is necessary to keep continuous observa-
tions over the deformation of buildings and the land subsidence in the tunnel zone. Monitoring and permanent
drainage should ensure the safe operation of the tunnel.

1 Introduction

A new 2 km-long highway tunnel was open for traffic in the
northwest of Moscow in 2016. Included in a major transport
interchange, it is named Alabyano-Baltic tunnel (ABT), as it
connects Alabyan street and Baltic street.

Uneven land subsidence with deformation of buildings
was registered around the tunnel during and after its con-
struction. After the groundwater pumping during construc-
tion had been stopped, water seepage started into the in-
ner subsurface engineering structures of the tunnel. These
unfavorable natural-anthropogenic conditions are caused by
imperfect protective waterproof coatings as well as by the
changing state and properties of ground massif as a result
of numerous cases of groundwater and water-saturated soil
breakthrough into the tunnel during its driving.

To the time of traffic opened through the tunnel, sur-
face deformations at the adjacent territory had stopped com-
pletely. However, despite the diverse filtration-control pro-
tective measures, water seepage still continues in the bottom,
roof and walls of the operating tunnel. Under these circum-
stances, in order to stop the water inflow to the tunnel, ar-
rangement of the permanent drainage appears to be most ap-
propriate. However, many experts are afraid that water pump-
ing may cause additional adverse changes in the technonat-
ural environment around the tunnel. That is why the neces-
sity arose to assess the influence of planned water drainage
on land subsidence in the vicinity of the tunnel based on the
present-day ideas in geomechanics.
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2 Engineering geological conditions of the site and
their changing upon tunnel construction

The tunnel site and its surroundings of a total area of 20 km2

are located in the fluvioglacial plain in the northeast and at
the third terrace above the Moscow River floodplain in the
southwest (Osipov and Medvedev, 1997). The modern re-
lief surface is rather gentle with the markedly pronounced
sloping southwards towards the Moscow River channel. The
territory topography is complicated by the valleys of the
Moscow River tributaries, i.e., Khodynka, Zhabenka, and
Tarakanovka rivers. The maximal elevations of the earth sur-
face (169 m above sea level) are registered in the northern
part of the territory; whereas the minimal elevation (148 m)
are typical for the site of the Khodynka River channel, in
the south. The tunnel route goes immediately along the
Tarakanovka River channel, flowing in the collecting pipe
now.

The oldest deposits drilled by the boreholes in the studied
area are represented by limestone, clay and marl of Carbonif-
erous age (Fig. 1). These deposits are registered at a depth
of 40–50 m and deeper, being almost everywhere overlapped
by the sandy-clayey Jurassic and Cretaceous deposits of 25–
30 m thick. The thickness of Quaternary deposits is equal to
20–30 m. It is composed mainly of sand with locally spread
lenses and discontinuous interlayers of sandy loam and loam.
Technogenous soil covers the surface everywhere. Its maxi-
mal thickness (up to 6–8 m) is observed within the backfilled
channels of minor rivers as well as highway and railroad em-
bankments.

Groundwater aquifers are found in Carboniferous lime-
stone, as well as Jurassic, Cretaceous and Quaternary sand.
The lowermost Carboniferous aquifer is a confined one. It is
covered by mid- and upper Jurassic clay of Callovian and
Oxfordian stages at the top. Above-lying are the confined
aquifer in sandy and sandy loamy interlayers in Jurassic clay
stratum and predominantly unconfined groundwater complex
in Jurassic, Cretaceous and Quaternary sands (the above-
Jurassic water-bearing complex).

The Alabyan-Baltic tunnel is driven mainly in Quaternary
sandy deposits and in the upper Jurassic sandy loam and
loam in its deepest part. For the most part, it runs below
the groundwater level. The tunnel was driven by the open-
pit method, somewhere by the cut-and-cover technique. Inde-
pendently of the cutting technique, reinforced concrete bored
piles or cement piles serve as enclosing engineering struc-
tures. Walls of bored piles are the elements of the principal
supporting structures at the stage of the facility operation;
whereas the walls and the floor of the cement piles serve as
the waterproof curtain that was intended to reinforce the en-
closing rock massif and to eliminate the groundwater seepage
to the construction pit and the inner structures of the tunnel.

The tunnel construction affected significantly the hydro-
dynamic regime of the above-Jurassic water-bearing com-
plex both due to the uneven (in time and in space) water

drainage during the construction works, and also because the
enclosing engineering structures of the tunnel blocked nearly
completely this aquifer at the 1000 m-long route segment. In
2010–2011, the depression cone exceeded 2 km in the width,
and a decrease in the groundwater level reached 10 m. In the
course of construction works, the shape and depth of depres-
sion funnel changed several times. In the end 2012, when the
main construction works at ABT terminated, water pumping
outside its contour was also almost stopped. Since then, the
groundwater level started to restore.

In the course of construction of enclosing structures, nu-
merous cases of breakthrough of groundwater and water-
saturated soils into the tunnel happened. Geophysical sur-
vey registered decompaction zones near the tunnel. Consid-
erable percolation heterogeneity of enclosing ground massif
has been noted. In 2013, after groundwater pumping had ter-
minated, water seepage to the inner structures of the tunnel
started. In 2011 and 2015, the surface collapses near the tun-
nel happened. These facts proved that the application of “Jet-
grouting” technology was insufficiently effective under these
conditions, and the waterproof cement curtain surrounding
the reinforced concrete walls and floor of the tunnel failed to
protect them adequately. To stop water inflow to the tunnel,
it was decided to arrange a permanent drainage at the terri-
tory adjacent to the tunnel. Possible subsidence of the surface
caused by drainage was calculated.

3 Principal theoretical positions for the land
subsidence calculation

At present, prediction of soil and rock massif compaction
process and the land surface subsidence upon the decreas-
ing groundwater level is usually based at the principle of lin-
ear deformability of soils and on the main law (principle)
of subsurface hydrostatics (Gersevanov and Pol’shin, 1948;
Kutepov and Sheko, 2002; Mahmutoğlu, 2011; Theoreti-
cal fundamentals of engineering geology, 1986; Land sub-
sidence, 2005). The former consists in the following (Ger-
sevanov and Pol’shin, 1948): upon insignificant variation of
the external pressure (0.1–0.3 MPa, and up to 0.5–0.7 MPa
for hard rock), the dependence between the total deforma-
tions and stress may be considered as a linear one (with the
sufficient for practical tasks accuracy).

For compressive compaction, this principle is written in
the form of the following equation (Tsytovich, 1967):

ε = arcσ, (1)

where ε stands for the relative vertical deformations; σ desig-
nates vertical stress; and arc is the coefficient of soil relative
compressibility (Pa−1), equal to

arc = β/Eo. (2)

Here, Eo is the total strain modulus; β is the coefficient de-
pending on the relative transverse deformation of soils (sim-
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Figure 1. Geological cross-section along the route of Alabyan-Baltic tunnel in Moscow.

ilar to the Poisson’s coefficient for elastic bodies). The phys-
ical essence of Eq. (2) becomes clear from Eq. (2a):

arc = si/(m ·pi), (2a)

which shows that this coefficient stands for the relative sub-
sidence si/m of m-thick layer per the applied pressure unit
pi .

Solving problem about the final subsidence s of the ground
layer under the uniformly distributed load q is the simplest
model of linearly deformed medium. For continuous loading
q, deformations ε may be considered as linear to be based
on the results of soil compressibility tests. Then, taking the
compressibility coefficient ac constant in the course of defor-
mation, we come up with (Mironenko and Shestakov, 1974):

s = acmq/(1 + e0), (3)

where e0 is the initial coefficient of porosity. Note also that
the compressibility coefficient correlates with the relative
compressibility coefficient via formula (Tsytovich, 1979):

arc = ac/(1 + e0). (4)

The second principle (the main law of subsurface hydrostat-
ics, according to Mironenko and Shestakov, 1974; Terzaghi
and Pek, 1967) says that in any point of the two-phase soil-
water, the full pressure σ6 is equal to a sum of effective (σ )
and neutral (p) stresses exerting an impact on the soil skele-
ton and pore water, respectively:

σ6 = σ +p. (5)

For σ6 = const

1σ +1p = 0, (6)

therefore, upon the constant external pressure and incom-
pressible liquid phase, a decrease in the groundwater head
by 1H causes a decrease in the pore pressure by 1p =

−γw1H (where γw = 10 kN m−3 is the bulk water weight).
In this case, the effective stress will increase by the same
value 1σ = γw1H :

1σ =−1p, (6a)

which will or may lead to the soil skeleton compression and
land subsidence.

However, unlike the continuous evenly distributed load q,
with the pressure diagram by the soil layer depth shows a
rectangular shape (Fig. 2a), the compressive pressure pro-
duced by the volume forces γw rises with the depth accord-
ing to the triangle rule (Fig. 2b). In this case, Eq. (3) for the
compressible layer of drained soils of m=1H thickness is
written as follows:

s = acγw1H
2/2(1 + e0), (3a)

because the total additional force per 1 linear meter normal
to the plane (Fig. 2) is evidently equal to 1/2 of rectangular
square with sides m and γwm: F = 0.5γwm

2
= 0.5γw1H

2.
Then, substituting expressions (2) and (6) to (3a) we come
up finally with:

s = β · γw1H
2/2Eo. (7)

The equation for the final ground subsidence on water pump-
ing usually contains effective stress represented as (Miro-
nenko and Shestakov, 1974; Terzaghi and Pek, 1967; The-
oretical fundamentals of engineering geology, 1986):

1σ = (γ − γ ′)1H, (8)
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Figure 2. Distribution of additional compressing stresses σz in the
soil layer of m thickness under the impact of continuous evenly
distributed load q, applied to its surface (a), and volume forces
γw, arising upon decreasing the groundwater level by 1H =H0−
H (b).

where γ is the bulk weight of water-saturated soil and γ ′ is
the weight of soil suspended in water. However, this value of
additional stress does not contradict the above-listed equa-
tion: 1σ =−1p = γw1H . Let us explain.

The ABT basement (including the deepest elevation marks
of the tunnel bottom) is mainly composed by sand. For such
soils with all pores being filled with water (below the ground-
water level), the following equations are valid (Gersevanov
and Pol’shin, 1948; Terzaghi and Pek, 1967):

γ = γs (1− n)+ γwn, (a)
γ ′ = (γs− γw) (1− n) (b)

where γs is the bulk weight of the soil mineral particles and
n is the soil porosity. It is easily shown that the difference
between these bulk weight values is equal to

γ − γ ′ = γw. (c)

Thus, for ABT conditions, Eq. (8) is reduced to

1σ = γw1H, (8a)

which follows directly from the consideration of the main
principle of subsurface hydrostatics.

It appears appropriate to cite Nikolay M. Gersevanov here:
“. . . artificial decreasing of groundwater level byH meters al-
ways produces and additional load on the soil equal to Hγw,
being accompanied by the relevant ground subsidence” (Ger-
sevanov and Pol’shin, 1948, p. 117). The growth of effective
stress in the water-decrease zone may be caused by three rea-
sons: (1) appearing filtration pressure (prior to drying soils),
(2) a decrease in the suspending effect of water; and (3) an
increase in the capillary pressure.

4 Procedure and results of land subsidence

If soil is incompletely water-saturated, which is often met
in soils although occurring below the groundwater table, its
weight (let us designate it as γS<1) may be evidently lower
than that defined by Eq. (a): γS<1 < γ . The lower index indi-
cates that the moisture content Sr < 1. The difference (c) will

Figure 3. Map of isolines of lowering groundwater level and sub-
sidence distribution along the tunnel route.

be also lower: γS<1 – γ ′ < γw; it may differ substantially (by
10 %–20 %) from γw for the interlayers of sandy loam (sand
dust), loam and clay. Nevertheless, for calculations let us use
Eq. (7):

s = β · γw1H
2/2Eo,

since the subsidence value calculated according to this equa-
tion will exceed that determined from 1σ according to
Eq. (8). Here, we follow the conservative approach com-
monly used in engineering survey and projecting of buildings
and engineering structures.

Let us take the values for β coefficient proceeding from
Nikolay A. Tsytovich recommendations, i.e., β = 0.8 for
sand, β = 0.7 for sand dust, β = 0.5 for loam, and β = 0.4
for clay (Tsytovich, 1979, p. 64). We set the Eo modulus val-
ues proceeding from the engineering geological survey data
for all lithological types that occur in the interval:

1H =H0−H,
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Table 1. Fragment of the table of data by the calculation layers and for the entire compressible massif model.

No. Layer index and composition No. of ABT mi (m) m (m) (Eo)i (Eo)med bi bmed
section (MPa) (MPa)

160 J3tt_sand dust 32 0.09 18,00 0.70

161 fIId-ms_fine sand 33 1.40

14.26

17.00

28.39

0.80

0.66
162 gIdns_loam 33 6.72 33.00 0.50
163 fIst-dns_fine sand 33 6.09 26.00 0.80
164 J3tt_sand dust 33 0.04 18.00 0.70

165 fIId-ms_fine sand 34 1.82
14.18

17,00
27.75

0.80
0.68166 gIdns_loam 34 5.89 33.00 0.50

167 fIst-dns_fine sand 34 6.47 26.00 0.80

168 fIId-ms_fine sand 35 2.20

14.22

17.00

27.10

0.80

0.69
169 gIdns_loam 35 5.12 33.00 0.50
170 fIst-dns_fine sand 35 6.85 26.00 0.80
171 J3tt_sand dust 35 0.06 18.00 0.70

172 fIId-ms_fine sand 36 2.51

14.16

17.00

26.41

0.80

0.71
173 gIdns_loam 36 4.35 33.00 0.50
174 fIst-dns_fine sand 36 7.04 26.00 0.80
175 J3tt_CII 36 0.26 18.00 0.70

176 aIV_fine sand 37 1.00

14.02

16.00

25.88

0.80

0.72

177 fIId-ms_fine sand 37 0.53 17.00 0.80
178 aIV_medium sand 37 1.20 18.00 0.80
179 gIdns_loam 37 3.51 33.00 0.50
180 fIst-dns_fine sand 37 7.54 26.00 0.80
181 J3tt_sand dust 37 0.24 18.00 0.70

182 fIId-ms_medium sand 38 0.31 21.00 0.80

where H0, H are the elevations of the initial and predicted
groundwater level (see Fig. 2b). The ground massif of m=
1H thickness is multi-layered; therefore, we rewrite Eq. (7)
as:

s = βmed · γw1H
2/2(Eo)med, (9)

Here, βmed, and (Eo)med are the weighted average values of
these parameters:

(k)med =
6miki

6mi
,

mi and ki are the thickness and the parameter of the ith soil
layer, respectively, in the table of input geological data, a
fragment of which is shown in Table 1.

For calculations, we use the data on the initial position of
groundwater level and on the predicted value of this level
lowering (1H ). Figure 3 shows the isolines of the predicted
level decrease value (1H ) and the position of two profiles
used for s (subsidence) calculation. The subsidence values
are also shown in this figure beside each tunnel section. The
calculations were performed using the software developed at
IEG RAS and 3D engineering geological model of soil and
rock massif at the ABT site. The calculation results are pre-
sented in Table 2.

The calculation results are also presented in the form of
graphs of subsidence distribution by the lengths of profiles
AA′, BB′ (Fig. 4). As is seen, the absolute values s grow reg-
ularly up to the 23th ABT section. A somewhat straighten-
ing of graphs at segments L= 120–150 m (sections nos. 5–7)
and L= 340–400 m (sections nos. 11–12) is explained satis-
factorily by the joint influence of changing 1H , βmed and
(Eo)med, in Eq. (9).

Starting from the 19th and 20th sections (L= 600–630 m,
Fig. 4) and up to the 24th and 25th sections (L= 780–830 m,
Fig. 4), profiles AA′ and BB′ cross the center of depression
cone. Therefore, we can see a beak-shaped depression in the
area of sections 23 and 24 in BB′ profile; it is due both to a
decrease in (Eo)med, by 1 MPa, and to an increase in 1H by
1.3 m. Mind that a decrease in the groundwater level exerts a
greater effect on the increasing the absolute subsidence value
as compared to the reduction of (Eo)med, because as pro-
ceeds from Eqs. (7) and (9) s is directly proportional to 1H
in power 2 and inversely proportional to (Eo)cp in power 1.
This is the reason for a markedly higher position of the red
graph as compared to the blue one in the centre of the depres-
sion cone (Fig. 3), where the settlement difference reaches
1s= 5–6 mm (Fig. 4).
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Table 2. Fragment of the table showing the calculated subsidence for AA′ and BB′ profiles in the points located in the centers of tunnel
sections.

No. Section no. and bmed (Eo)med Water-table decline, Settlement,
profile (A, B) (MPa) 1H (m) s (mm)

MIN MED MAX MIN MED MAX

62 30_B 0.66 28.46 12.09 12.16 12.23 16.99 17.19 17.39

63 31_A 0.63 29.49 10.74 10.88 10.98 12.36 12.69 12.92
64 31_B 0.63 29.49 11.93 12.04 12.14 15.26 15.54 15.80

65 32_A 0.64 29.07 10.69 10.77 10.84 12.60 12.79 12.95
66 32_B 0.64 29.07 11.82 11.91 11.99 15.40 15.64 15.85

67 33_A 0.66 28.39 10.58 10.69 10.78 12.98 13.25 13.48
68 33_B 0.66 28.39 11.76 11.83 11.94 16.04 16.23 16.53

69 34_A 0.68 27.75 10.59 10.65 10.73 13.65 13.81 14.02
70 34_B 0.68 27.75 11.67 11.73 11.77 16.58 16.75 16.86

71 35_A 0.69 27.10 10.48 10.57 10.67 14.02 14.26 14.53
72 35_B 0.69 27.10 11.55 11.63 11.74 17.02 17.26 17.59

73 36_A 0.71 26.41 10.38 10.51 10.64 14.41 14.77 15.14
74 36_B 0.71 26.41 11.34 11.47 11.55 17.19 17.59 17.84

75 37_A 0.72 25.88 10.22 10.34 10.47 14.60 14.94 15.32
76 37_B 0.72 25.88 10.98 11.14 11.37 16.85 17.34 18.06

77 38_A 0.71 27.32 9.84 10.05 10.25 12.57 13.11 13.63
78 38_B 0.71 27.32 10.21 10.64 11.05 13.53 14.69 15.85

79 39_A 0.68 28.59 9.43 9.67 9.98 10.64 11.19 11.92
80 39_B 0.68 28.59 9.66 10.01 10.31 11.17 11.99 12.72

Figure 4. Subsidence variation by the profiles AA′ (the red line) and BB′ (the blue line) along the ABT route at a distance of 30 m from the
tunnel walls (see Fig. 3). Sections 46a and 47a are marked by small dashes at the lower abscissa axis.
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Figure 5. Graphs of changing the relative subsidence difference by the lines AA′ (red) and BB′ (blue): 1L is the distance between the
centers of the first and the each of the following 56 sections.

Thus, the maximal predicted subsidence along the tun-
nel route due to groundwater drawdown is observed within
the interval L= 600–800 m (sections nos. 19–24). It reaches
smax = 25.1 mm 30 m westward (NW) from the tunnel along
the AA′ line; whereas it reaches smax = 30.4 mm eastward
(SE) from the tunnel along the line BB′.

The subsidence value decreases regularly from sec-
tion 24 to section 31 to sred (AA′)= 12.7 mm and sblue
(BB′)= 15.5 mm. The gap between the red and blue graphs
also reduces noticeably (Fig. 4), which must be related to
aligning of 1H isolines and a decreasing head difference
perpendicular to the tunnel axis (Fig. 3).

The subsidence value is almost the same at sections 31 and
32. However, further, instead of expected rising of graphs,
we observe their fall (sections 33–36, L= 1100–1210 m, Ta-
ble 2). Subsidence is rising by 2 mm: sred = 14.8 mm, sblue =

17.6 mm. After the “pit” near section 37 (L= 1250 m),
graphs go upward to join nearly together at the site of sec-
tion 40 (L= 1300 m) (Fig. 4). Further, starting from section
40, with the depression cone having been passed, the surface
settlement decreases regularly to s = 3.4 mm in the area of
the last section 55. Some (though insignificant) violations of
this trend do not disturb the above-presented pattern of soil
subsidence upon the groundwater level decrease.

Nevertheless, an abrupt rise in the subsidence value in
the interval L= 1100–1210 m (sections 33–36, Fig. 4) needs
to be explained. Attentive study of the input data and cal-
culation results draws us to the following conclusion. In
case the groundwater level decrease changes insignificantly
(1H ≈ const), which is observed at the segment L= 1100–
1210 m (Fig. 3, Table 2), the deformation properties of soil
become of decisive importance. In our case, these properties
are represented by βmed, (Eo)med.

As is clearly seen from Table 2, starting from the 32nd and
up to the 37th section, the total strain modulus decreases,
whereas the β coefficient, on the contrary, rises. It is this
combined effect from the growing βmed in the numerator and

the decreasing (Eo)med in the denominator of Eq. (9) that re-
sults to a sharp bending of graphs in Fig. 4 within the interval
of the above-mentioned values L.

In any case, the calculation results attests to the insignif-
icant value of the final subsidence s due to the groundwa-
ter level drawdown. It is 3–5 and more times lower than
the maximum permissible (critical) settlement stated by SP
22.13330-2011 (2011, Annex D).

The relative difference between the subsidence (uplifting)
of ground basement 1s/1L is another, no less important
parameter of sustainable operation of engineering structures
(SP 22.13330.2011, 2011; Theoretical fundamentals of engi-
neering geology, 1978; Tsytovich, 1979). Distribution of its
absolute value is shown in Fig. 5. The uneven distribution of
subsidence values is seen to be noticeably higher along the
eastern profile (BB′) than along the western one (AA′).

In Fig. 5, we observe the alternating rises and falls in the
1s/1L ratio, all of them being somehow related to the inten-
sity of decreasing or increasing the absolute final subsidence
value s (Fig. 4). Analysis of these regularities is a separate
research task. Here, we may just note that groundwater draw-
down along the ABT route does not evidently result in any
serious uneven subsidence of the earth surface.

For instance, in the area of sections 26–27 (Fig. 3), we
may observe the maximal values of the relative subsidence
difference both on the right and on the left from the tunnel:
(1s/1L)red = 0.063× 10−3, (1s/1L)blue = 0.075× 10−3

(Fig. 5, 1L= 867.7 m). However, they are still two orders
lower than their permissible values adopted in standard reg-
ulations SP 22.13330-2011 (2011, 5, Annex D).

5 Conclusion

The arrangement of permanently acting drainage in the tun-
nel will inevitably lead to a decrease in the level of above-
Jurassic aquifer at the entire territory adjacent to ABT. At
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the same time, under these circumstances, the lowering level
of the uppermost groundwater aquifer could not cause any
serious adverse changes in the environmental conditions.

In particular, it is revealed that the drainage of the ABT
ground foundation massif results in the final subsidence of
the territory by AA′ and BB′ profiles running along the tun-
nel route at a distance of 30 m from its walls, which ranges
from s= 3–12 mm (in the beginning and in the end of the
ABT, respectively) to s= 25–30 mm (near section 24). The
subsidence becomes still less significant at a distance of only
100–200 m from the tunnel.

As to the unevenness of land subsidence within the ABT
territory due to water drainage, the maximal predicted val-
ues of relative subsidence difference in the area between the
tunnel sections 26 and 27 are equal to 1s/1L= (0.063–
0.075)× 10−3. This is two orders lower than the critical val-
ues adopted in the standard regulatory documents.

Note that the calculations performed determine only the
influence of groundwater level decrease on the surface subsi-
dence and prove it to be far less than the maximal permissible
values (100 mm) stated by standard regulatory documents.
This conclusion does not rule out the necessity to undertake
protective measures and monitoring of buildings in the ABT
vicinity, since the state and properties of soil and rock mas-
sif enclosing the tunnel were changed significantly during its
construction.
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tific accompaniment of ABT construction project; according to the
contract they are unavailable in open access. For interested parties,
the data can be provided by IEG RAS upon request.

Author contributions. IVK and ONE characterized engineering
geological conditions at the site as well as their transformation in
the course of tunnel construction and analyzed the constructional
specifics of the tunnel. AVA substantiated theoretical positions for
the subsidence calculation and performed the calculations proper.
All authors participated in the analysis and interpretation of the re-
sults obtained.

Competing interests. The authors declare that they have no con-
flict of interest.

Special issue statement. This article is part of the special is-
sue “TISOLS: the Tenth International Symposium On Land Sub-
sidence – living with subsidence”. It is a result of the Tenth Inter-
national Symposium on Land Subsidence, Delft, the Netherlands,
17–21 May 2021.

Financial support. This research has been supported by the Rus-
sian Science Foundation (grant no. 16-17-00125).

References

Gersevanov, N. M. and Pol’shin, D. E.: Theoretical fundamentals
of soil mechanics and their practical application, Gosstroiizdat,
Moscow, 247 pp., 1948.

Kutepov, V. M. and Sheko, A. I. (Eds.): Natural hazards of Russia.
Exogenous geological hazards. Thematic volume, Kruk Publ.,
Moscow, 348 pp., 2002.

Land subsidence: Special Volume: Proceedings of the 7th Interna-
tional Symposium, 23–28 October 2005, Shanghai, P.R. China,
edited by: Barends, F. B. J., Carbognin, L., Gambolati, G., Steed-
man, R. S., Millpress, Rotterdam, 171 pp., 2005.
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Abstract. Multiple processes contributing to natural land subsidence in a shallow coastal aquifer near Ravenna
(Italy) were identified by analysing the relationships among different data set time series (water table level,
rainfall, land reclamation drainage, sea level, etc.) and establishing the correlations with vertical ground mo-
tion observed at a high-resolution settlement gauge. Our study highlights the presence of three deformation
components related to different processes controlling land subsidence: elastic, delayed-elastic, and irreversible
(plastic) components. The elastic and delayed-elastic components are closely related to water table fluctuations
that change the effective stress in two portions of the coastal aquifer at a daily (in the sandy unconfined portion)
and seasonal time scales (in the layered clay-rich semi-confined prodelta portion), respectively. The irreversible
component represents the trend in the land subsidence time series and is due to primary consolidation (pore
pressure dissipation) of the fine-grained prodelta levels above where the settlement gauge is located. The ampli-
tudes of the elastic component can be up to 0.2–0.3 mm whereas the amplitude of the delayed-elastic component
reaches 0.89 mm. The primary consolidation rate of deformation is 0.9 mm yr−1 and constrains the likely age
of prodelta sediments deposition to 1300–2800 years before present. The delayed-elastic subsidence rate has
similar magnitude to that due to primary consolidation and is connected to poroelastic effects in the prodelta
sequence following seasonal variations in water table. Our findings are important for planning land subsidence
management and monitoring strategies especially where the surface aquifer structure is heterogeneous due to
different depositional settings. The natural land subsidence rate in the Holocene sediments of the shallow coastal
aquifer of Ravenna (North eastern Italy) that we measured in this study accounts for 10 %–20 % of the total
current land subsidence rate observed in this portion of Ravenna coastal area (10–20 mm yr−1).

1 Introduction

By using data from a high-resolution settlement gauge, our
present work aims to define the processes governing shallow
ground settlement (magnitude and development over time
since the installation of the instrument) and verify land subsi-
dence and water table fluctuations interactions in the shallow
coastal aquifer of Ravenna. Our work highlights the contribu-
tion of natural processes such as primary consolidation (com-
paction of sediments under their own weight via expulsion
of interstitial pore water) and water table fluctuations in the

Holocene shallow coastal aquifer of Ravenna to the cumula-
tive land subsidence rate observed in the area (Bertoni et al.,
1995; Teatini et al., 2005; Baldi et al., 2009). The processes
in the shallow coastal aquifer are uncoupled from other pro-
cesses contributing to the cumulative land subsidence rate
and that are primary and secondary consolidation of deep
aquifers (Teatini et al., 2011), fluids extraction from reser-
voirs (Teatini et al., 2006), tectonism, and isostasy (Carmi-
nati et al., 2003). The time series analysis and correlation of
hydrologic parameters with settlement from high-resolution
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gages are powerful tools to investigate the coupling of differ-
ent processes within a shallow aquifer and to constrain the
time of its deposition (Antonellini et al., 2019).

Study area

The area addressed by the present study includes the coastal
area of the Ravenna city, in the Emilia-Romagna coastland,
south of the Po River Delta (Northeastern Italy, Fig. 1). It
is a lowland coastal area not exceeding 2 m a.s.l. (above sea
level), with a large portion below mean sea level, because
of the combined effects of natural and anthropogenic land
subsidence, land reclamation, and sea level rise.

In most studies performed in the area there is evidence of a
close relationship between land subsidence, deep groundwa-
ter pumping, and deep gas field development (Teatini et al.,
2005, 2006).

The shallow coastal aquifer, where the instruments of this
research are installed, consists of Holocene sediments; there
are three fundamental units (Amorosi et al., 1999a, b; Campo
et al., 2017), as represented in the stratigraphic core log
and Standard Cone Penetration Test (SCPT) in Fig. 2. Two
sandy units, one at the surface, made up by medium- to fine-
grained sand and with a thickness of about 8 m, and a deeper
one (from −20 to −25 m a.s.l.), consisting of fine sand with
very thin clay inter-layers. The intermediate unit is a pack-
age of alternating clay-silt and sandy-silt strata (prodelta
sediments). The basement of the unconfined coastal aquifer
consists of Pleistocene impermeable clay at a depth of 26–
30 m a.s.l. In this paper, when we refer to the “shallow coastal
aquifer of Ravenna”, we mean the whole sediment pack-
age described above (depth 0–30 m). It is apparent, however,
that the upper part (0–8 m depth) is unconfined (phreatic),
whereas below 8 m depth the aquifer is semi-confined or con-
sists of aquitards.

2 Methods

We used a classical decomposition by moving averages based
on an additive model (Kendall et al., 1983) of data time se-
ries (subsidence-settlement, water table level, precipitation,
drainage, sea level) into the trend, seasonality and noise com-
ponents and find correlation coefficients between each anal-
ysed component, especially between settlement and changes
in water levels measured in a nearby piezometer (Fig. 1). We
also used the effective stress principle (Geertsma, 1957) and
Terzaghi (1923) equation in the closed-form solution given
by Singh and Swamee (2008) to model the irrecoverable and
elastic components of land subsidence.

A TS 377 AGISCO settlement gauge is anchored 30 m
below ground with the aim to evaluate the contribution of
the Holocene compaction to the land subsidence (Fig. 2).
The gauge is equipped with a 15 mm inductive transducer
and the recorded time series of settlement data consists of
4 measurements per day. In addition, the dominant parame-

ters controlling water level in the piezometer (one at a depth
of 3 m open at the bottom used for the correlations and one
in the upper sandy portion of the surface aquifer used for
control) were analyzed: the stage level (m) of the Bevano
river; the atmospheric pressure (Pa), and rainfall (mm) at the
“ARPAe” Ravenna weather station; the daily discharge at the
“V Basin” pumping station; the water table elevation (m),
groundwater temperature (◦C), and salinity (g L−1) at the
MF1–3 piezometer; the sea level (m) at the Porto Garibaldi
tide gauge station of the Emilia-Romagna.

Given that the frequency of data is constant over time, we
decomposed the daily time series using an additive model
into seasonal, trend and irregular components using moving
averages (Kendall et al., 1983).

Correlation tables among all data series were elaborated
for daily and monthly time series (Table 1); lag times among
correlated parameters were also computed.

3 Results

Monthly correlation coefficients calculated for time series
dataset are listed in Table 1. The time series data for the
most relevant (and correlated) parameters recorded – ground
movement (mm), water table level (m), drainage (mm), sea
level (m) – are shown in Fig. 3a.

The results of the decomposition of the settlement daily
time series are presented in Fig. 3b–d. The seasonal compo-
nent (Fig. 3c) of the settlement has an absolute amplitude of
about 0.89 mm (from −0.41 to 0.48 mm) with a maximum
positive value (0.48 mm) at the end of May and a secondary
maximum (−0.05 mm) in mid-November, whereas the prin-
cipal minimum (−0.41 mm) is at the beginning of September
and a secondary one (−0.38 mm) is at the end of December.
The seasonal component of the water table fluctuation has
an amplitude of about 0.60 m (from −0.19 to 0.41 m) with a
maximum positive value (0.41 m) at the beginning of March
and a secondary maximum (0.3 m) at the end of October,
whereas the principal minimum (−0.19 m) is at the end of
August and a secondary one (−0.08 m) is at the end of De-
cember. The noise components of settlement and water table
are correlated (Fig. 3d).

The trend component of settlement (Fig. 3b) fits (R2
=

0.99) the 1-D consolidation model based on Terza-
ghi (1923) equation when a consolidation coefficient cv =

7.1× 10−3 [m2 d−1] is used. The trend settlement rate is
−0.91 [mm yr−1].

Table 1 shows the correlation at monthly level between
settlement and other hydrologic parameters measured, which
helps in smoothing lags due to the daily observations.
The settlement has a positive correlation with water table
level (0.44), Bevano River stage (0.49), drainage (0.55), rain-
fall (0.46), and water salinity (0.49).
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Figure 1. (a) Study area and location of the monitoring stations. The green dots represent the locations of data acquisition: MF1_3 piezome-
ter, “Settlement gauge+SCPT (Standard Cone Penetration Test)” see Fig. 2; (b) Subsidence rate and isokinetic isolines (2006–2011) of the
study area (source: ARPAe database: https://arpae.it/cartografia/, last access: 15 July 2018; from Antonellini et al., 2019).

Table 1. Monthly correlation coefficients (from Antonellini et al., 2019). Bold values are for a very good correlation and NS means not
significant.

Settlement Water P atm Bevano Drainage Rainfall Average Average Average Water
(mm) table (PA) stage (mm) (mm) sea level atm T water T salinity

(m) (m) (m) (◦C) (◦C) (g L−1)

Settlement (mm) 1 0.44 NS 0.49 0.55 0.46 NS NS NS 0.49
Water table (m) 1 NS 0.34 0.52 0.35 NS −0.40 −0.28 0.35
P atm (PA) 1 −0.41 NS NS –0.57 –0.66 NS NS
Bevano stage (m) 1 0.54 0.55 0.57 NS NS 0.41
Drainage (mm) 1 0.58 NS NS –0.45 NS
Rainfall (mm) 1 NS NS NS NS
Average sea level (m) 1 NS NS NS
Average atm T (◦C) 1 0.65 −0.43
Average water T (◦C) 1 NS
Water salinity (g L−1) 1

4 Discussion and conclusions

The data we present are important because they allow to sep-
arate and quantify the effects of natural processes (primary
consolidation, water table fluctuations, etc.) in the heteroge-
neous Holocene aquifer sediments from the cumulative land

subsidence rate observed in the area, which includes other
natural (secondary consolidation in deep aquifers, tectonism,
isostasy, etc.) and anthropogenic effects (gas and fluids ex-
traction from deep aquifers and reservoirs).

One of the important findings of our research is that the
daily ground movement variations are related to the water ta-
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Figure 2. Stratigraphic core log of the borehole where the settlement gauge is installed and Standard Cone Penetration Test (SCPT) carried
out next to the log. Depositional environments (dep. env.): floodplain (F), levee and crevasse (L/C), marsh (M), dune backshore and fore-
shore (D/B/F), upper shoreface (US), lower shoreface (LS), offshore and prodelta (OP) and lagoon (L). Lithology: P= peat, C= clay, S= silt,
S= sand f=fine, m=medium, c= coarse. CPT parameters: qt= cone resistance, fs= lateral friction, U= pore pressure, Vs= shear wave
velocity, z= depth, Ha = depth of the settlement gauge, Hb = depth of the bottom of the first sand package, and Hdr= equivalent thickness
of clay level (from Antonellini et al., 2019).

ble fluctuations (Fig. 3a and Table 1). This is shown by the
similarity of the two curves in Fig. 3a and by the correlation
coefficients in Table 1. The positive correlations observed
in Table 1 and described in the results section are expected
since the daily water table fluctuations modify the effective
stress, which induces an almost immediate elastic response
in the upper sandy portion (8 m-thick) of the coastal aquifer
(upward-directed and therefore in the positive direction). The
other correlations follow from the direct links among precip-
itation, drainage, river stage, and water table level; the water
salinity correlation is probably related to dissolution of salts
from the vadose zone as the water table rises. To the best of
our knowledge, the elastic effect described in the aquifer was
not documented before.

Another important result from time series analysis is the
identification of a seasonal recoverable (time-dependent)
component in vertical displacement with an amplitude
of 0.89 mm (Fig. 3c), which is similar in magnitude to
the yearly irrecoverable consolidation rate (0.9 mm yr−1)
(Fig. 3b). We propose that this displacement component is
delayed-elastic given its time-dependency and its delayed
coupling to effective stress variations. This poroelastic effect
occurs in the prodelta aquitard following seasonal water ta-
ble changes. The elastic seasonal component of vertical dis-
placement has a positive (uplift) value that initiates with the
seasonal water table rise (Fig. 3c) and then persists after the
water table has fallen (for about 3 months). This behaviour
points out an increase in pore pressure within the prodelta
section of the aquifer, starting in the period when the water
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Figure 3. (a) Time series of recorded data. (b) Trend component of the settlement time series data (solid black line) compared with the 1-D
best fit (R2

= 0.99) consolidation model (dashed red line line). (c) Seasonal and noise (d) components of the settlement, land reclamation
drainage in mm equivalent of water per unit area, sea level and water table time series data (from Antonellini et al., 2019).

table is high, followed by a slow seepage and outflow after
the water table has decayed. The relationships between daily
water table fluctuations and daily land subsidence are almost
instantaneous as shown in Fig. 3a; the best r value achieved
after a lag of 5 d is only slightly higher than that obtained
with a 1 d lag. This is an indication of elastic deformation in
the high-hydraulic-conductivity (k > 5 m d−1) sandy part of
the aquifer (upper 8 m).

The trend component of land subsidence (Fig. 3b) al-
lows us to compute the total irrecoverable settlement, which
occurred in the shallow coastal aquifer (from 0 to 30 m
below the ground surface) during the monitoring interval
time (May 2014–November 2016) and that is 2.29 mm. The
consolidation rate of the Holocene succession, therefore, is
0.9 mm yr−1 and is comparable to the lowest rates observed
in the Holocene sequence of the Po Delta (Teatini et al.,
2011). The consolidation rate that we measured is likely con-
nected to residual primary consolidation of the prodelta clays
(Teatini et al., 2011). By using consolidation coefficients in
the range varying from 1.58 to 3.15 m2 yr−1, which is what
proposed by Teatini et al. (2011), we obtain an average de-
gree of consolidation Um varying from 0.8 to 0.99. This av-
erage degree of consolidation is compatible with values re-
ported in the literature (Teatini et al., 2011), with the geotech-
nical characteristics of the prodelta clays (pore index), and

the irrecoverable land subsidence rate that we identified with
time series analysis. Therefore, we can constrain the age of
the prodelta clays to an interval of 1300–2800 years before
present, which is compatible with the range given in the lit-
erature (Amorosi et al., 1999b; Campo et al., 2017).

Our data, however, highlight the contribution of the shal-
low Holocene coastal aquifer to the overall land subsidence
rate, which is not negligible. It represents about 10 %–20 %
of the total land subsidence rate in the area (10–20 mm yr−1;
Teatini et al., 2005). The elastic daily response of land sub-
sidence to water table fluctuations might have a maximum
amplitude of 0.2 mm and the seasonal delayed-elastic com-
ponent of land subsidence has an amplitude (0.89 mm) that
is similar to the irrecoverable yearly rate (0.9 mm yr−1).

Recognition of the recoverable elastic and delayed-elastic
vertical displacement components at different time peri-
ods (daily to seasonal) is complementary to and may help
constraining uncertainties associated to data collected with
areal monitoring land subsidence techniques (GPS, InSAR)
at sparse time intervals (seasonal to multiple years). The
methodology and the findings that we present here show the
advantages of using settlement gauges to characterize the ef-
fect of aquifer heterogeneity on land subsidence and can be
used in other similar settings around the world where mul-
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tiple processes contribute to the cumulative land subsidence
rate.
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Abstract. In the region of Maastricht, both in the Netherlands and in Belgium, about 400 room and pillar mines
have been excavated in weak Upper-Cretaceous limestones. Pillar instability has resulted in a number of large-
scale collapses and serious surface subsidence with faulting and sinkhole formation. The Heidegroeve used to be
a very stable mine for more than 50 years, until pillars started to fracture and spall unexpectedly in the summer
of 1987. The collapse of the abandoned mine occurred in June 1988, and was initially detected when faults and
sinkholes had formed at the surface.

Originally it was postulated that just creep deformation inside this mine was the main cause. However, a
stability analysis revealed that all pillars inside the collapse area showed sufficient safety factors and should
still be intact, while the weakest part, with several pillars of insufficient strength, had been fractured but is
still standing. In the vicinity of the collapse area mines have been excavated at a lower level. Therefore it was
postulated that the collapse of the Heidegroeve was related to an unknown and inaccessible continuation of
these mine workings underneath. Indeed, recent, rather adventurous fieldwork revealed a downward collapse-
induced fault giving access to open galleries and collapse structures about 3.5 m below the Heidegroeve. Inside
the collapse area of the Heidegroeve itself, accessible through openings between the debris fragments, severe
tilting of gallery floors was observed, which was probably brought about by punching of pillars of the lower
mine.

This case study with an unusual result shows that great care must always be taken in the analysis of the stability
of mines and the assessment of the risk of surface subsidence.

1 Introduction

In the Dutch- and Belgian provinces of Limburg the rocks of
Maastrichtian age contain some layers of calcarenite which
are free of flint. These layers have been mined by room and
pillar methods since the Middle Ages to give an attractive
building stone, despite its low strength (UCS generally of
1.5–3 MPa). The mines are situated at depths of 50 m at most
and range in size from a few galleries to labyrinths of 85 ha.
In the past the rock was excavated by means of handsaws,
picks and chisels. At present the building stone is mined only
in one underground quarry using electric chainsaws.

The now abandoned mines, often containing paintings,
drawings and sculptures, are of great historical and cultural

value, and their touristic exploitation (at least 500 000 visi-
tors per year) is economically important for the region. The
stability of the mines is not only important because of the
touristic exploitation but also because several of these are lo-
cated below buildings, roads and other surface structures.

Various types of instability in the mines can induce sub-
sidence. This paper concentrates on the characteristics of
large-scale pillar collapses and the induced surface subsi-
dence, with the Heidegroeve as a case study with some un-
usual aspects.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. The two main types of large-scale pillar collapse in
the limestone mines: downward movement of the rock overburden
along collapse-induced faults (a) and by mere deflection of the rock
overburden (b).

2 Pillar instability and large-scale collapse

2.1 General characteristics

If the average vertical stress on a pillar exceeds its (long-
term) strength, the strain becomes so large that cracks start
to develop at the top and bottom edges and spalling begins
to occur. Upon further strain the pillar is separated into an
hourglass shaped core and parted pillar sides. Such a pillar is
denoted as completely failed. However, such a pillar still has
some residual strength.

The vertical strain of a failed pillar, reduced in strength,
is often limited due to stress transfer to surrounding pillars.
Collapse, i.e. compression of several decimetres to metres
and disruption, does not occur. However, due to this load
transfer other pillars may start to fail as well. By this domino
effect pillar failure may affect a whole mine or a major part
of it. Eventually a sudden large-scale collapse may result and
in a few seconds several hectares of a mine system are de-
stroyed. Creep deformation must be of importance, because
several collapses occurred tens of years or even more than
100 years after the end of the excavation. In Limburg at least
ten of such events have occurred in the past (Bekendam,
1998). The most tragic collapse (4 ha) was in 1958 in the
Roosburg mine near the village of Zichen in Belgium, when
18 persons, working in the mine as mushroom-growers, were
killed.

One person died when she was projected against a pillar
wall by the resulting air blast. On the short term (weeks,
months), such collapses are preceded by a striking acceler-
ation of pillar- and roof fracturing and spalling, by cracking
sounds and by rock dust falling from the roof. Unfortunately
such signs were often ignored.

Extensive field studies showed that two types of large-
scale pillar collapse exist (Fig. 1).

In most cases type A applies, which is characterised by
downward movement of the rock overburden along joints or
collapse-induced faults. These faults dip towards the area still
standing and intersect the whole rock overburden. The over-

lying soil flows into the rock depression, and a subsidence
trough is formed, bounded by sinkholes and normal faults
with vertical offsets of up to more than one meter. The other
type B occurs by mere deflection of the rock overburden,
without disruption over its full height at the margins. This
type was observed at two collapses of mined areas of a rela-
tively wide span of more than 150 m. The surface subsidence
is more or less the same as for the first type.

2.2 Assessment of the large-scale pillar collapse
potential

The assessment of the large-scale pillar collapse potential has
been explained in previous publications (Bekendam, 1998,
2000, 2004). For the understanding of this paper only some
basic concepts are dealt with. The stability of an individual
pillar can be determined by using a safety factor SF, which is
the ratio of the pillar strength Sp and the mean vertical pillar
stress S. The latter is calculated by the well-known tributary
area method (Goodman et al., 1980) The following formula,
a modified version of that of Goodman et al. (1980), applies
well to the strength of the limestone pillars in Limburg:

Sp = UCS× (0.875+A/CH ), (1)

where A and C denote the area and circumference of the
basal plane of the pillar, H is the pillar width and UCS
the unconfined compressive strength of the limestone. Ad-
ditionally, the large-scale pillar stability must be taken into
account, which is defined by Bekendam (1998) as a safety
factor, to be achieved by dividing the total load carrying ca-
pacity of all pillars together by the total overburden load:

SFtot,0 =
6

(
Sp×Ap

)
6 (Sov×At)

(2)

To describe the amount of pillar damage more or less quanti-
tatively by visual inspection and to validate calculated safety
factors, the pillar classification system of 1998 was refined
and extended in (Bekendam, 2000). In this system pillars of
class 0 are not affected at all by fracturing, and class 1 pillars
do not show fractures of more than 1 mm width and more
than a few decimetre length. In a stability analysis these pil-
lars are considered as (more or less) intact. The amount of
fractures and their width and length increases from class 2
to 6. From class 4 onwards major (more than 1 dm deep)
spalling has arisen. Class 6 pillars are affected by spalling
at all sides. Class 2 to 6 pillars are considered as failed and
just have some residual strength. Later class 7 was added
for fundamentally destroyed pillars in collapse areas, where
shortening has increased to several decimetres or even more
than one metre, contrary to class 0–6 pillars where short-
ening is limited to a few centimetres. Validation of safety
factors has been carried out often by statistical analyses of
mines that all consist of pillars of the same shape and size
(e.g. van der Merwe and Mathey, 2012). In such an analysis
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Figure 2. Map of the Heidegroeve.

each mine represents one case. Such a study is impossible for
the limestone mines of Limburg where pillars are generally
irregular and vary in shape and size throughout one mine.
Experience with several tens of mined areas (e.g. Bekendam,
2000) shows that a total safety factor of two or more ensures
sufficient large-scale pillar stability. A value of less than 1.5
proved to be insufficient, and a value between 1.5 and 2 is
dubious. Generally class 0–1 pillars have individual safety
factors exceeding 1.5, while the safety factors for class 2–3
pillars are less than 2 and those for class 4–6 pillars are less
than 1.5.

3 The collapse of the Heidegroeve

3.1 Geometry, geology and history of the mine

The Heidegroeve is excavated in the lower level of the Lime-
stone of Meerssen (Felder, 1979), which forms part of the
Formation of Maastricht. It is situated on the southwestern
side of the town of Valkenburg below the wooded area of the
Polferbos. The mine extends about 300 m to the southeast
of the entrance under a rising topography, where its depth
reaches a maximum value of almost 50 m. Apart from the
area in the direct vicinity of the entrance, the overburden con-
sists of 17 to 24 m of limestone, covered by mainly clayey
sands and some metres of gravel and loess.

Most pillars are more or less rectangular with horizontal
dimensions of 4 to 12 m. Their height is about 2 m in the ma-
jor part of the mine, but in the central part an additional 2.6 m
of the overlying strata was extracted (Fig. 2). The galleries
are usually 3.5 to 4 m wide. Joints rarely occur.

The excavation of the mine started in the beginning of the
nineteenth century from the entrance galleries of the present
“Katakomben”, mainly to create a depot for gunpowder fab-
ricated in the factory nearby (Habets, 1988). After the closure
of the gunpowder factory mining continued, now mainly for
the purpose of extracting building stone. In 1909 a part of the
mine was separated to create an imitation of the Roman cat-
acombs (Katakomben), which still serve as a tourist attrac-
tion. A new entrance was made to the west of the existing
one for further exploitation of the Heidegroeve. In the 1920’s
the overburden stress in the southern part of the mine proved
to be so high that the rock closed on the steel cutting saws.
The quality of the stone was moderate and in the 1930’s the
limestone exploitation came to an end.

In 1944 the Germans converted the mine into a bombproof
factory for the production of electronic components for aero-
planes (Silvertant, 2004). They made a new mine plan with
an accuracy of ±10 cm. When comparing this plan with the
previous ones it becomes evident that they excavated some
additional galleries, reducing pillar size. Many pillar corners
were rounded off and reinforced with brickwork. In Septem-
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Figure 3. Normal faults on the footpath just north of the restaurant
in the background (Courtesy of David George Price).

ber 1944 the town of Valkenburg was liberated when the fac-
tory was just operating.

After the war the mine was used for mushroom growing
and an attempt was made to breed worms for fishing bait.
At least up to the 1970’s the mine appeared to be stable. It
is not known when exactly the deterioration of the mine set
in, but in the summer of 1987 significant pillar cracking and
spalling, especially in and near the future collapse area, was
reported by the State Inspectorate of Mines, and the mine had
to be abandoned.

3.2 Surface subsidence

In the evening of June 1988 walkers in the Polferbos ob-
served cracks in the footpaths and raised the alarm (Fig. 3).
An examination of the mine showed that 0.4 ha in the south-
eastern part of the mine had collapsed. The collapse was
recorded by seismographs in the region. The shock lasted
less than 45 s with about 10 s of strong motion. The subsi-
dence at the surface and the pillar damage underground are
described by Price (1989).

At the surface an elliptical subsidence area of about 100 m
by 70 m, bounded by normal faults, had developed (Fig. 2).
A restaurant, just 30 m to the south of the subsidence area,
was fortunately undamaged. The outer normal faults showed
apertures of up to 40 cm and downward displacements of up
to 80 cm towards the subsidence area. These faults were often
accompanied by more or less parallel antithetic faults with
less apertures and downward displacements, resulting in a
graben-like structure. A fence, situated inside the collapse
area, was damaged and underwent horizontal shortening of
about 10 cm. Close to the easternmost shaft a doline of about
1.5 m depth had developed.

3.3 Survey of the collapse geometry

In 1992 a more detailed survey of the pillar damage was car-
ried out and also the boundary of the collapse was investi-

Figure 4. Collapse-induced fault in the rock overburden of the Hei-
degroeve.

gated (Bekendam, 1998). The limestone overburden proved
to be subsided along faults dipping at an angle of 65 to 80◦

towards the not-collapsed part of the mine (Fig. 4). Thus, the
collapse is obviously of Type A. At the basis of the faults of-
ten roof falls had occurred resulting in arches up to 8 m above
the original mine roof. Below the arches debris piles reached
levels mostly exceeding that of the original mine roof. From
the top of the debris piles the faults could be observed up to
more than 10 m above the original roof, and the fault orien-
tation seemed to be unchanged as far as could be seen. There
is no infill of soil, probably to the considerable thickness of
the rock overburden. The fault showed an opening of several
decimetres, which is a logical consequence of the collapse
geometry. A remarkable feature is that an open fault proved
to be present in the mine floor, near the bunker shaft at the
boundary of the collapse.

3.4 Evidence of a lower mine system

In the analysis of 1998 three important findings emerged:

1. The safety factors of the pillars inside the collapse area
are such that this part of the mine should have been sta-
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Figure 5. The collapse area between the Heidegroeve and the Gemeentegroeve.

ble. Moreover, the pillars outside the collapse area show
generally much lower safety factors.

2. Between the Heidegroeve and the northwestern part of
the nearby Gemeentegrot an extensive collapse area ex-
ists, comprising unmapped and inaccessible, more or
less intact workings (Fig. 5). More than 200 borings
for a site investigation for the erection of a new casino
showed both collapsed- and not-collapsed (but possibly
damaged) mine workings in this area. The Gemeente-
grot and the mine workings at its perimeter were exca-
vated in the Limestone of Nekum, which is about 5 m
below the Limestone of Meerssen of the Heidegroeve
(Felder, 1979).

3. The observed open fault in the mine floor could only
have developed if open space was present at a lower
level.

These facts are strong indications that the collapse of the
Heidegroeve was related to an instable mine working under-
neath. However, a final proof was not yet delivered.

3.5 Reanalysis of the pillar stability

In 2010 and 2012 new surveys of the Heidegroeve were car-
ried out (Bekendam, 2012) concerning the safety of tourists
in the Katakomben and bat researchers in the Heidegroeve.
All pillars were classified again, but now in more detail ac-
cording to the system of 7 classes (Fig. 2). In the northwest-
ern part (zones I and II) hardly any pillar damage has devel-
oped, but in zone III, adjacent to the collapse area, the ma-
jority of pillars are affected by serious cracking and spalling
(class 4–6). Often the brick cladding had parted from the pil-
lar walls and fallen on the floor. The pillars in the collapse
area are to be characterized as class 7 by definition, but this
is not indicated in Fig. 2 to keep the map organized.

Also the pillar safety factors were recalculated using
Eq. (1), with a UCS of 2.0 MPa and densities of the lime-
stone and the overlying soil of 1.6×103 and 2.0×103 kg m−3

respectively. In Fig. 6 pillar stress and pillar strength are de-
picted for zones II–III and zone IV separately. For zones II
and III all more or less intact pillars (class 0 and 1) ex-
cept four have safety factors exceeding 1.5. Most pillars with
moderate damage (class 2 and 3) have safety factors of less
than 2 except two cases, and the majority of seriously dam-
aged pillars (class 4–6) have safety factors of less than 1.5,
except for nine cases. So far the relationship between pillar
class and safety factor is as to be expected. However, nearly
all class 7 pillars of the collapse area (zone IV), 26 of the
total 30 pillars in the area, have safety factors of more than
1.5. Just 4 pillars show a safety factor of less than 1.5. These
safety factors are abnormally high for a collapsed area. The
safety factors are indicated in Fig. 2 as well.

Moreover, the total safety factor of the pillars inside the
collapsed area of zone IV proved to be 2.52. A collapse of an
area with such a high safety factor is normally impossible.
The still standing zone III shows a much lower total safety
factor of just 1.76. This value represents dubious large-scale
pillar stability. The total safety factor of the more or less un-
damaged zone II is 2.92.

3.6 Discovery of open galleries of a lower mine system

In 2012 a descent was ventured into the above-mentioned
fault in the mine floor, near the bunker shaft at the bound-
ary of the collapse. The fault proved to be about one meter
wide and dips at an angle of about 70◦ in the direction of
the not-collapsed part of the mine, more or less in the exten-
sion of the fault in the roof of the Heidegroeve. Due to fallen
rock debris the slope was reduced to about 45◦. Great care
was taken not to dislodge blocks from the hanging- and foot-

proc-iahs.net/382/269/2020/ Proc. IAHS, 382, 269–275, 2020



274 R. F. Bekendam: A reanalysis of the collapse of the Heidegroeve

Figure 6. Pillar stress and pillar strength for pillars of different pillar classes in zones II–III and zone IV.

wall of the fault. At about 3.5 m below the floor of the Hei-
degroeve two small chambers were discovered (Fig. 7). In-
deed, the presence of a lower mine system was now proven!
The southwestern chamber is just 2 by 4 m, and is bounded
in the east by the debris-covered fault and at the other three
sides by more or less intact walls. The larger northeastern one
measures about 12 m2. The walls of this chamber are largely
fractured and spalled (class 5–7). The northeastern chamber
is not only limited by debris in the south, near the fault, but
also at it northeastern side. Both chambers are about 2 m high
and contain saw- and chisel marks from exploitation, which
dates from the 17th or 18th century (Wiel Felder, personal
communication, 2012). The debris blocks off any passage to
possible openings further inside the collapse area at the lower
mine level.

3.7 Exploration of the collapse area of the Heidegroeve

In 2018 the collapse area at the level of the Heidegroeve
was explored twice. The only access into the collapse was
near the bunker shaft. The remainder of the collapse bound-
ary was blocked off by roof debris. As in several other col-
lapse areas, openings existed between the debris fragments.
However, due to roof collapses up to more than 8 m above
the original roof level and the bulking effect of the resulting
debris, sometimes just a few decimetres remained for pas-
sage. Apart from the local roof collapses above galleries, the
rock overburden has collapsed as one rock mass, albeit in-
tersected by faults locally. Therefore over several galleries
the roof was observed to be more or less intact. The pillars
of originally 2 m height were mostly strongly fractured and
spalled (class 6–7) but not shortened more than a few decime-
tres. Locally the concrete mine floor, made by the Germans,
was tilted at an angle of up to 45◦ resulting in height dif-

Figure 7. Collapsed pillar in the northeastern chamber of the lower
mine system. The debris slope to the left gives access to this mine
level.

ferences of about one metre (Fig. 8). This interesting phe-
nomenon was most probably brought about by punching of
pillars of the lower mine.

4 Conclusions

Near the boundary of the collapse area of the Heidegroeve,
chambers were discovered at the lower mining level of the
nearby Gemeentegroeve. The significant shortening of the
pillars (mainly class 7) and the debris piles blocking off the
chambers show that the lower mine has collapsed as well.
This is also confirmed by the collapse-induced fault from the
Heidegroeve down to the remnants of the lower mine work-
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Figure 8. The strongly tilted mine floor in the collapse area of the
Heidegroeve.

ing. This fault was not present in the mine floor of the Heide-
groeve before the collapse of 1988. This means that the lower
mine working collapsed together with the Heidegroeve. The
strongly tilted parts of the mine floor inside the collapse area
of the Heidegroeve show that pillars of the lower mine sys-
tem had punched through the about 3.5 m thick interlayers.
On the other hand, pillars of the Heidegroeve have probably
punched through the interlayers inside galleries below. It is
unavoidable that pillars of the Heidegroeve have been created
above galleries of the lower mine and vice versa. The pillar
deterioration in zone III preceding the collapse is probably
due to an increase in pressure due to the abutment pressure
of the lower working (Bekendam, 1998). Such a feature was
also described by Kratsch (1997). About 50 years elapsed
since the end of the exploitation of the Heidegroeve until
creep deformation reached an accelerating stage giving rise
to the collapse.
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Abstract. In this work, an innovative methodology to generate the automatic ground motion areas mapping is
presented. The methodology is based on the analysis of the Synthetic Aperture Radar (SAR)-based displacement
time series. The procedure includes two modules developed using the ModelBuilder tool (ArcGis). These mod-
ules allow to identify the ground motion areas (GMA) using only one dataset and the persistent GMA (PGMA)
considering the different monitored periods and datasets. These areas represent clusters of targets characterized
by the same displacement time series trend. The procedure was tested using different sensors such as ERS-
1/2, ENVISAT, COSMO-SkyMed and Sentinel-1 covering the periods, 1992–2000, 2003–2010, 2012–2016 and
2014–2017, respectively, over an area of about 500 km2 in the Venetian-Friulian coastal Plain (NE Italy). The
resulting mapping allows to detect priority areas where to address further in situ investigations such as to verify
the presence of localized buried landforms.

1 Introduction

Different geohazard-mapping methodologies have been pre-
viously developed to exploit Advanced-Differential Interfer-
ometric Synthetic Aperture Radar (A-DInSAR) (Meisina et
al., 2008; Lu et al., 2012; Di Martire et al., 2016; Barra et
al., 2017). In many cases, to produce these maps the anal-
ysis is mainly based in the use of average LOS velocity and
stability velocity thresholds. However, considering the recent
improvements in the displacement time series, especially the
reduced revisit time of recent satellites (e.g. 6–12 d for the
Sentinel data), we propose a novel methodology for the au-
tomatic mapping of ground motion areas implemented using
the ModelBuilder tool (ArcGis) and tested using ERS-1/2,
ENVISAT, COSMO-SkyMed and Sentinel-1 covering the
periods, 1992–2000, 2003–2010, 2012–2016 and 2014–2017
acquired over the Venetian-Friulian coastal Plain (NE Italy).
The test area is a representative site characterized by a gen-
eral long-term subsidence (average rate 0.4–0.5 mm yr−1),

mainly related to crustal flexuring and sediment compaction
including much stronger values recently measured in specific
areas with peculiar subsoil conditions, such as a buried in-
cised river valley filled with softer sediments (e.g. Fontana et
al., 2010; Floris et al., 2019). The obtained results are helpful
for scientists and authorities in charge of land use planning
in order to detect different geohazards on the base of the dis-
placement time series trend using big data.

2 Study area

The study area covers about 500 km2 in the Venetian-Friulian
coastal Plain (NE Italy) (Fig. 1). This plain represents the
eastern sector of the Po Plain and is composed by deposits of
the Alpine rivers (Castiglioni, 1999). The area is character-
ized by Late-Quaternary deposits composed by alluvial and
coastal sediments. In particular, the northern part of the study
area is characterized by a buried fluvial incision eroded by

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Geographical location.

the Tagliamento River during the Late Glacial that has been
occupied by the Lemene river since Middle Age (Fontana
et al., 2008). South of Portogruaro the buried incised valley
has been filled during the Holocene by fluvial and lagoon
deposits consisting of softer sediments and peat layers, sus-
ceptible to land subsidence.

3 Materials and methods

3.1 Multi-Temporal A-DInSAR data

Available Synthetic Aperture Radar (SAR) data consists of
ERS-1/2, ENVISAT and COSMO-SkyMed and Sentinel-1
scenes acquired in descending mode allowing to cover a sig-
nificant time span of analysis of about 25 years over the study
area. ERS-1/2 and ENVISAT data covers the time interval
from June 1992 to December 2000 and from April 2003 to
July 2010. COSMO-SkyMed (CSK) data covers the time in-
terval from February 2012 to January 2016. Sentinel-1 data
covering the time interval from December 2014 to July 2017
are also considered.

Interferometric data derived by PS-InSAR™ (Ferretti et
al., 2001; Costantini et al., 2017) processing of ERS-1/2
and ENVISAT SAR images, were provided by the Italian
Ministry of Environment in the framework of a “Not Or-
dinary Plan of Remote Sensing” project (http://www.pcn.
minambiente.it/mattm/en/, last access: 2 March 2020). CSK
and Sentinel-1 data were processed using the PS-InSAR
(PSI) module implemented in SARscape software developed
by sarmap SA. The resulting PS velocity maps obtained from
the processing are shown in Fig. 2.

3.2 Ground motion areas (GMA) and persistent ground
motion areas (PGMA) detection

In the current study, a novel automatized approach is devel-
oped using ModelBuilder™ in ArcGIS 10.4.1 (ESRI soft-
ware), in order to delineate the preliminary GMA using the
methodology proposed by Bonì et al. (2016) and the Persis-
tent GMA (PGMA), representing the areas characterized by
continuous movement using multi-temporal A-DInSAR data
such as ERS-1/2, ENVISAT, Cosmo-SkyMED (CSK) and
Sentinel-1 data. In particular, GMA represent clusters of a
minimum 3 of measuring points, with a maximum distance
of 25–50 m, including the same trends such as linear, non-
linear and seasonal, identified using the principal component
analysis (PCA). PGMA are moving areas identified using all
the available SAR datasets, that can be characterized by de-
celeration and are not necessarily characterized by constant
trends in time.

The developed geoprocessing workflow is composed by
two modules and it was built using a Visual programming
language (Allen, 2011). The benefit of these geoprocessing
models is the automatic and standardized identification of
preliminary GMA and PGMA. The architecture of the au-
tomatized approach consists of two models (Fig. 3).

The ArcGIS (ESRI) ModelBuilder™ runs the models with
different datasets. In particular, the first model is named
GMA-D (ground motion areas detection) and it is developed
for the identification of the preliminary GMA. The input data
is the dataset of the principal score (PC) filtered using a
threshold for the significant PC score selection (Bonì et al.,
2016). The PC score is an output of the PCA, obtained for
each target and useful to evaluate the correlations with the
principal components in the whole dataset (Bonì et al., 2018);
the higher values correspond to higher correlations with the
analyzed PC (Jolliffe and Cadima, 2016).

The PC score dataset of different components of ground
motion (e.g. first, second and third ones) can be used as input
in the model. The first part of the GMA-D model is the cre-
ation of buffer zones around the selected measuring points
(PC score buffer) and then, clusters are delineated using the
dissolve (PC score cluster) and multi-part to single part (PC
score clusters) geoprocessing tools of ArGIS (Fig. 3a). Fi-
nally, a spatial join is performed to count the number of PC
score points located within each preliminary GMA in order
to use filters to select only the significant GMA.

The second model is named PGMA-D (persistent ground
motion area detection) and it is aimed to detect the GMA
that are persistent using A-DInSAR data including different
monitored periods and sensors. In particular, the model pre-
sented in Fig. 3b is based on the analysis of ERS-1/2, EN-
VISAT, Cosmo-SkyMED (CSK) and Sentinel-1 data but it
can be used to run on any dataset. In the second model, the
input data are GMA detected using the different sensors (e.g
GMA ERS, GMA ENV, GMA CSK and GMA Sentinel). The
model is based on the intersection between the GMA previ-
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Figure 2. PS velocity maps (mm yr−1) derived by PSI processing of ERS-1/2 (1992–2000), ENVISAT (2003–2010) and COSMO-SkyMed
(2014–2016) and Sentinel (2014–2017) SAR data. The black box represents the study area.

ously identified and the model output is the delineation of the
areas of intersection between the different input GMA data.

4 Results

4.1 Ground motion areas (GMA) detection

GMA delineation was performed using ERS-1/2, ENVISAT,
Cosmo-SkyMED (CSK) and Sentinel-1 data by applying the
GMA-D model. For each dataset a different number of GMA
were recognized using the retrieved principal component of
ground motion.

PCA analysis of ERS-1/2 displacement time series al-
lowed to detect three principal components (Fig. 4). The first
represents a linear land subsidence trend, meanwhile the sec-
ond and third show non-linear trends highlighting an uplift

and a cyclic trend, respectively. Even in the case of EN-
VISAT data, three components of the ground motion were
obtained. In this case, the first and second are characterized
by a linear land subsidence trend with a different velocity, the
third component is characterized by an evident cyclic com-
ponent. By using the COSMO-SkyMed data, three principal
components were detected showing land subsidence, noisily
uplift and cyclic trend, respectively. Finally, by applying the
same methodology on the Sentinel data, three principal com-
ponents of the ground motion were detected: the first shows
a linear land subsidence, the second and third are noisily and
are characterized by an uplift and a cyclic trend, respectively.

The obtained PC score filters were used to delineate the
GMA using the GMA-D model, then the GMA were used to
identify the persistent GMA in the monitored period (1992–
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Figure 3. Geoprocessing workflow of the GMA-D and PGMA-D
models which allow to create preliminary GMA (a) and persistent
GMA (b), respectively.

2017) using the PGMA model as described in Sect. 3.2. The
analysis of the ERS-1/2 data gives insight about GMA de-
tected using only the first component and these areas are
mainly localized in the northern sector and in the south-west
part of the study area (Fig. 5). GMA detected using the EN-
VISAT data belong to the PC1, PC2 and PC3. PC1 ground
motion areas are mainly localized in Portogruaro, meanwhile
the PC2 ground motion areas are along the coastline. The
PC3 ground motion areas are not very well diffused and they
are mainly localized in the coastal area (Fig. 5). By analysing
CSK data, the GMA detected belong to the first and third
component. In this case, GMA show a greater extension with
respect to the ones detected in the previous periods (Fig. 5).
By analysing the Sentinel-1 data, GMA detected using the
PC2 are not evident, meanwhile PC1 and PC3 are observed
in Portogruaro and along the coastline, respectively (Fig. 5).

4.2 Persistent Ground motion areas (PGMA) detection

In order to detect the significant GMA moving during the en-
tire monitored period (1992–2017) and corresponding to land
subsidence processes, the second model PGMA-D described
in Sect. 3.2 was applied. Therefore, the intersection areas
(persistent GMA) of the GMA detected using the first princi-
pal component of the ERS-1/2, ENVISAT, Cosmo-SkyMED
(CSK) and Sentinel-1 data were identified. The results give

insight in 13 persistent GMA (PGMA) continuously mov-
ing in the monitored time (Fig. 6). From these PGMA, seven
areas are located in Portogruaro within the buried incision
of the Tagliamento river (from PGMA1 to PGMA7). The
PGMA8 is located in San Stino di Livenza within a buried
paleochannel of the Livenza river (Floris et al., 2019). The
PGMA9 is located in Stretti locality. The PGMA10 is placed
near Ponte Crepaldo, in correspondence of a fluvial ridge,
meanwhile PGMA11 and PGMA12 are localized in Eraclea
and in the industrial zone of Eraclea in correspondence of
a fluvial ridge and in the alluvial plain of the Piave river.
Finally, the PGMA13 is placed in the area of La Salute di
Livenza insisting on a fluvial ridge of the Livenza river.

Figure 6 shows the average displacement time series trend
of each PGMA. The cumulated displacement in the detected
PGMA reaches values of about 60–80 mm in the period from
1992–2016.

5 Discussions

The results give insight about the capability of the method-
ology to detect ground motion areas from 1992–2017 char-
acterized by linear and non-linear deformation patterns, in-
duced by natural and man-induced processes such as sedi-
ment compaction, land subsidence due to load of new build-
ings, and seasonal ground motion due to groundwater level
variations.

6 Conclusions

An automatic mapping of the ground motion processes in the
coastal Plain of NE Italy, based on the methodology proposed
by Bonì et al. (2016), was implemented for the identification
of GMA and PGMA using multi-temporal A-DInSAR data.
The resulting mapping allows to generate a mapping of pri-
ority areas for engineering geological studies and where to
address further in situ investigations.
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Figure 4. Principal component score maps and GMA mapping obtained using ERS-1/2 data for the period 1992–2000. Eigenvectors of the
principal components (PC) and the percentage of the explained variance are also reported.
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Figure 5. GMA detected in the different monitored periods.
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Figure 6. Persistent GMA detected using ERS-1/2, ENVISAT, Cosmo-SkyMED (CSK) and Sentinel-1 data in the period from 1992–2017.
The LOS displacement time for each persistent GMA are also reported.
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Abstract. Understanding the causes and mechanisms of land subsidence is crucial, especially in densely popu-
lated coastal plains. In this work, we calculated subsidence rates (SR) in the Po coastal plain, averaged over the
last 5.6 and 120 kyr, providing information about land movements on intermediate (103–105 years) time scales.
The calculation of SR relied upon core-based correlation of two lagoon horizons over tens of km. Subsidence in
the last 120 kyr appears to be controlled mainly by the location of buried tectonic structures, which in turn con-
trolled sedimentation rates and location of highly compressible depositional facies. Numerical modelling shows
that subsidence in the last 5.6 kyr is mainly due to compaction of the Late Pleistocene and Holocene deposits
(uppermost 30 m).

1 Introduction

The effects of land subsidence could be devastating on heav-
ily settled, low-gradient, coastal plains, in a scenario of 0.9 m
of relative sea-level rise by 2100 (Rohling et al., 2013). In-
creasingly high costs are expected to protect coastal cities
and touristic hotspots and to keep drained reclaimed lands
(Syvitski et al., 2009; Erkens et al., 2016).

In the Po coastal plain, extending more than 100 km south
of the Venice lagoon, decadal to centennial land movements
in the order of several cm yr−1 (Teatini et al., 2011; Cenni et
al., 2013), were strongly driven by human activities (mostly
water and gas withdrawal, Teatini et al., 2006). To separate
anthropogenic from natural subsidence, understanding the
role of subsidence through time before human intervention is
required. Long-term (106 years) natural subsidence has been
calculated based on deep seismic analysis (Carminati and di
Donato, 1999). On the contrary, spatial distribution of SR on
intermediate (103–105 years) time scales is poorly known.

In this work, we measured SR in the last 120 kyr along a
40 km-long transect in the Po coastal plain. We used as refer-

ence marker beds two lagoon horizons identified in sediment
cores, from the Last and Present Interglacials. To discuss the
relations between subsidence and structural setting, we re-
constructed stratal architecture down to 3 km through seis-
mic analysis. We focused on the stratigraphic significance of
marker beds and on their use for SR calculation. The con-
tribution of sediment compaction to land subsidence was
assessed through geotechnical analysis and decompaction
modelling.

2 Geological setting

The Po Plain is a ∼ 40 000 km2-wide alluvial plain bounded
by the Alps to the north and by the Apennines to the
south. Frontal thrusts of both chains are sealed beneath
the Po Plain (Amadori et al., 2019). The Apennine thrusts
are north-verging and exhibit arcuate shapes. Thrusts SE of
Ferrara (Fig. 1) were active since the Early Pliocene. The
Po Basin fill shows a shallowing-upward trend from deep-
marine turbidites to coastal and continental units (Ghielmi et
al., 2013). The rhythmical alternation of Middle-Late Pleis-
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Figure 1. Study area with location of cores, exploration wells and
cross sections of Figs. 2 and 3. The projection of north-verging
buried thrusts is depicted.

tocene coastal and alluvial deposits reflects glacio-eustatic
fluctuations at the Milankovitch scale (Amorosi et al., 2004).
Two transgressive-regressive coastal wedges in the upper-
most 130 m were assigned to the Last (MIS 5e) and to the
Present (MIS 1) Interglacials based on pollen data, 14C dates
and electron-spin-resonance age determinations (Ferranti et
al., 2006). Landwards, the maximum marine ingression is
marked by a thin brackish-lagoon horizon, sandwiched be-
tween inner estuary (below) and upper delta plain freshwater
deposits. Laterally extensive brackish water bodies settled in
the Po coastal Plain around 7–5 cal kyr BP, after sea-level sta-
bilization (Vacchi et al., 2016), in areas sheltered by fluvial
sedimentary input (Amorosi et al., 2017).

3 Methods

3.1 Stratigraphy

Calculation of Late Pleistocene and Holocene SR relies on
the elevation (meters above modern sea level – m a.m.s.l.) of
two stratigraphic markers. The lower one is a lagoon hori-
zon marking the top of the MIS 5e coastal wedge. The upper
one is a thin lagoon horizon, dated to 5.6± 0.5 cal kyr BP,
encountered at depths < 20 m. Chronological constraints for
core correlation are provided by 76 14C ages (see Supple-
ment).

In order to assess the impact of buried faults and folds on
lateral changes in SR, correlations were carried out perpen-

dicular to these structures. A similarly oriented seismic pro-
file was interpreted and time-depth converted through cal-
ibration with exploration-well logs (depth of 300–5000 m).
Seismic interpretation relied on the identification and track-
ing of the main discontinuities (i.e. reverse faults) and uncon-
formities.

3.2 Subsidence rates calculation

The calculation of SR for a selected time interval (1t) be-
tween the time of deposition (td) and the Present (t0 = 0) was
based on Eq. (1).

SR(1t)=
Ztd−Zt0

1t
, (1)

where Ztd is the elevation of the stratigraphic marker at
the time of deposition and Zt0 is the present elevation. An
error of 0.15 m associated to Zt0 due to core stretchen-
ing/shortening was included in the calculation (Hijma et al.,
2015). Sedimentological data (Amorosi et al., 2017) indicate
that the 5.6 kyr BP lagoon horizon accumulated in a lower
delta plain environment (∼ 0 m above coeval sea level). Es-
timation of sea level at 5.6 cal kyr BP was based on the pre-
diction curve of Vacchi et al. (2016). As sediment deposition
presumably took place in a water body < 1 m deep, an error
of ±0.5 m was taken into account in SR calculation.

The MIS 5e lagoon horizon likely accumulated in wa-
ter depths < 2 m (associated error of ±1 m; Amorosi et al.,
2004). An additional error of±1 m was added to compensate
possible inaccuracy in correlation due to low chronologic
resolution. The lagoon horizon was generically assigned to
the MIS 5e highstand (120–116 cal kyr BP, Rovere et al.,
2016), 7± 2 m a.m.s.l.

Subsidence rates between 120–116 and 5.6–0 cal kyr BP
were compared with SR averaged over the last 1.5 Myr. The
1.5 Myr unconformity (Amadori et al., 2019) is marked in
exploration-well logs by the first occurrence of Hyalinea
Baltica (Carminati and di Donato, 1999).

3.3 Sediment compaction

In order to assess the contribution of sediment compaction
to natural subsidence, a finite-element 1-D decompaction
model (Gambolati et al., 1998; Zoccarato and Teatini, 2017)
was applied to core B4 (see Supplement). The mechani-
cal characterization of the main lithofacies associations was
based on oedometer tests, bulk-density and loss on ignition
tests (van Asselen et al., 2009).

4 Results and discussion

4.1 Deep stratal architecture

The subsurface of the study area, down to 3 km depth, con-
sists of imbricated thrusts, locally associated with back-
thrusts (Fig. 2). Two major unconformities, dated to 5.5 and
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Figure 2. Interpreted seismic profile (see Fig. 1 for location) perpendicular to the main buried tectonic structures.

1.5 Myr (Ghielmi et al., 2013), respectively, allow identifica-
tion of three tectono-stratigraphic units (Fig. 2): (i) an in-
tensely deformed and faulted pre-tectonic unit; (ii) a syn-
tectonic wedge, made up of marine turbidites (Ghielmi et al.,
2013); and (iii) a nearly undeformed, post-tectonic unit, seal-
ing the main structures.

The 1.5 Myr unconformity depicts a major fold, with a
wavelength of∼ 30 km resulting from faults propagation and
imbrication. Lower-rank folds (wavelength of ∼ 3–5 km) are
associated with single-fault propagation. The thickness of the
post-tectonic unit ranges between 300 m at the culmination of
the main anticline and 2000 in the backlimb and forelimb de-
pocentres. Post-1.5 Myr turbidites accumulated in synclinal
areas (Ghielmi et al., 2013), whereas truncation of Pliocene
strata is observed above the anticline. Deformation of Pleis-
tocene strata was observed close to the anticline culmination,
suggesting local post-1.5 Myr tectonic activity.

4.2 Shallow stratigraphy

The stratigraphy of the uppermost 140 m is depicted in the
correlation panel of Fig. 3 (see Supplement for facies de-
scription). The MIS 5e sediment wedge, at 60–100 m depth,
consists of coastal sands, replaced by lagoon deposits at in-
land locations (core 204S4). A thin (0.5–3 m) lagoon hori-
zon drapes the coastal sands and is overlain by a shallowing
upward succession of coastal plain and alluvial deposits, 35–
65 m thick, deposited between ∼ 110 and 10 kyr BP. Delta
plain estuarine and swamp deposits, pinch out toward the
anticline culmination. Fluvial-channel deposits are abundant
around MIS 4 and MIS 2, whereas closely spaced paleosols
mark MIS 3 floodplain deposits. A prominent paleosol marks
the Late Pleistocene-Holocene boundary and is overlain by
estuarine deposits (Bruno et al., 2017). A thin lagoon hori-

zon, mostly sandwiched between freshwater deposits and
dated to ∼ 5.6 cal kyr BP, is clearly recognizable along the
whole cross-section.

4.3 Factors controlling subsidence rates

Subsidence rates in the Po coastal plain appear to be strongly
influenced by the buried tectonic structures. Particularly,
SR averaged over the last 5.6 (SR5.6), 120 (SR120), and
1500 (SR1500) kyr decrease towards the anticline culmina-
tion (Fig. 3). In syncline areas, subsidence may have been
enhanced by high sedimentation rates and by the preferen-
tial accumulation of highly compressible prodelta, delta plain
and swamp muds (Fig. 3).

Subsidence rates in the last 5.6 kyr are in the range of
0.8–2.0 mm yr−1, about twice the values measured for the
last 120 kyr (0.4–0.8 mm yr−1). Superimposed to the struc-
turally controlled trend, Holocene stratigraphic architecture
influenced lateral changes in SR5.6. For example, SR5.6 are
higher in EM1, where the 5.6 kyr BP horizon overlies soft es-
tuarine muds, and lower in EM8, where the same marker bed
lies onto the less compressible, 7 m-thick coastal sand body.
The 5.6 kyr lagoon horizon, encountered at ∼−9 m a.m.s.l.
in core B4, was placed at −3.5 m after decompaction, ∼ 1 m
below sea-level predictions (Vacchi et al., 2016). Therefore,
subsidence at this location is almost entirely accommodated
by the compaction of the uppermost 30 m-thick sediment
package. Particularly, the Late Pleistocene succession did
not act as an “incompressible substratum” but compacted of
∼ 23 % (see Supplement), likely due to soft swamp peaty
clays.

proc-iahs.net/382/285/2020/ Proc. IAHS, 382, 285–290, 2020
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Figure 3. (a) Subsidence rates averaged over the last 5.6, 120 and 1500 kyr; (b) core correlation of Late Pleistocene-Holocene deposits (see
Fig. 1 for core location); (c) elevation of the 1.5 Myr BP unconformity.

4.4 Conclusion

Subsidence rates for the last 5.6 and 120 kyr were assessed
in the Po coastal plain within a chronologically constrained
stratigraphic framework. Two laterally extensive lagoon hori-
zons were used as reference marker beds.

Subsidence rates in the last 120 kyr appear to be mainly
controlled by the location of buried Apennines thrust-related
folds, which in turn influenced sedimentation rates and dis-
tribution of highly compressible depositional facies. Com-
paction of Late Pleistocene and Holocene sediments strongly
impacted SR in the last 5.6 kyr.

Data availability. Exploration-well logs used in this work
are available at https://www.videpi.com/videpi/pozzi/pozzi.asp
(Ministry for Economic Development DGRME – Italian Ge-
ological Society – Assomineraria, 2019). Oedometer tests
were downloaded from the database of the Geological Seis-
mic and Soil Survey of Regione Emilia Romagna (https:
//ambiente.regione.emilia-romagna.it/en/geologia/cartografia/
webgis-banchedati/webgis-e-banche-dati?set_language=en, Ge-
ological, seismic and soil survey, Regione Emilia Romagna,
2019).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/piahs-382-285-2020-supplement.
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Abstract. Land subsidence, as a surface response to the development, utilization and evolution of underground
space, has become a global and multidisciplinary complex geological environment problem. Since the 1960s,
land subsidence has been developing rapidly in the Beijing Plain area. Against the backdrop of the integration of
Beijing, Tianjin and Hebei in addition to “southern water” (South-to-North Water Diversion Project, SNWDP)
entering Beijing, the systematic study of the evolution mechanism of land subsidence is of great significance for
the sustainable development of the regional economy. Firstly, this study used ENVISAT ASAR and RADARSAT-
2 data to obtain surface deformation information for the Beijing Plain area from 2004 to 2015 and then verified
the results. Secondly, the study area was divided into units using a 960m×960m grid, and the ground settlement
rate of each grid unit from 2004 to 2015 was obtained. Finally, the Mann–Kendall test was performed on the
grid to obtain the mutation information for each grid unit. Combined with hydrogeology and basic geological
conditions, we have attempted to analyze the causes of the mutations in the grid. The results show that 2347 grid
cells were mutated in a single year, with most of these distributed across the Yongding River alluvial fan and
the middle and lower parts of the Chaobai River alluvial fan. A total of 1128 grid cells were mutated in multiple
years, with the majority of these cells mainly distributed across the upper-middle area of the alluvial fan, near
the emergency water source and at the edge of the groundwater funnel. This study aims to provide favorable
technical support and a scientific basis for urban construction in Beijing.

1 Introduction

At present, more than 150 countries and regions have suf-
fered land subsidence, which has caused huge security risks
and economic losses (Gong et al., 2018). Land subsidence
in China mainly occurs in the North China Plain (Gao et al.,
2018), the Yangtze River Delta (Yin et al., 2016), the Fen-
wei Basin (Xue et al., 2005) and the Pearl River Delta (Ye
et al., 2015), and it presents significant regional differences.
Among these differences, the continuous land subsidence in
the North China Plain continues to increase (Zhang et al.,
2016), the Yangtze River Delta region’s subsidence has been
effectively controlled and the Fenwei Basin region’s subsi-
dence is still developing rapidly.

From the perspective of land subsidence monitoring tech-
nology, interferometric synthetic aperture radar (InSAR) has
become a new ground observation technique over the past
20 years (Ferretti et al., 2000). Compared with traditional
technology, InSAR has the advantages of a wide moni-
toring range and high monitoring accuracy and has been
widely used in ground subsidence monitoring research by
experts and scholars (Castellazzi et al., 2016; Albano et al.,
2016; Amighpey et al., 2016; Dehghani et al., 2013; Ge
et al., 2014; Da Lio and Tosi, 2018?). In 2002 and 2004,
Berardino and Lanaride et al. proposed the small baseline
set interferometry–interferometric synthetic aperture radar
(SBAS-InSAR) technique, which is more suitable for long
time, slow deformation surface monitoring (Berardino et al.,
2002; Lanari et al., 2004). Subsequently, experts and schol-
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Figure 1. Geographical location of the study area.

ars have used this technology to select multisource SAR data,
such as ENVISAT ASAR and COSMO-SkyMed, and have
used these data to monitor the surface deformation of the
Gulf of Naples (Solari et al., 2018), Los Angeles (Chilingar
and Endres, 2005), Central Mexico and other areas (Castel-
lazzi et al., 2016). From the perspective of the evolution
mechanism of ground subsidence, the causes of the occur-
rence and evolution of ground subsidence include both nat-
ural and anthropogenic factors. For a long time, experts and
scholars have focused more on ground subsidence caused by
human factors, including groundwater exploitation, mining,
dynamic load and so on (Zhu et al., 2015). Against the back-
drop of strong manual intervention in regional water circula-
tion, the identification of land subsidence changes in Beijing
can provide technical support for the rational allocation of
water resources.

2 Materials and methods

2.1 Study area

Beijing, as the capital of China, is the center of national pol-
itics, economy and culture and is an international metropo-
lis with a population of nearly 20 million people (Zhou et
al., 2017). In general, the surface elevation in Beijing is be-
tween 8 and 2303 m, and it is higher in the northwest and
lower in the southeast (Zhou et al., 2017) (Fig. 1). The lo-
cations and the hydrogeological conditions of the study re-
gion are described in detail in a previous study (Guo et al.,

2019). The ground subsidence in Beijing began in 1935,
and the main subsidence regions were located in Xidan and
Dongdan. Since the 1970s, land subsidence rates on the Bei-
jing Plain have significantly increased due to the pumping
of underground water. In general, the subsidence area is di-
vided into two major areas – “North” and “South” – as well
as seven subsidence centers. The North area is located in
the east and north of Beijing and includes the Chaoyang,
Tongzhou, Changping, Haidian and Shunyi districts. Among
them, the Chaoyang and Tongzhou subsidence areas in the
east of the plain are contiguous and are Beijing’s fastest (with
respect to change) and largest subsidence regions. The subsi-
dence rates of the four subsidence centers in the urban ar-
eas of Chaoyang (Jinzhan, Heizhuanghu and Sanjianfang)
and Tongzhou have exceeded 100 mm yr−1 for many years.
The subsidence center in the north of the plain comprises
the Changping Baxianzhuang and Haidian Xi Xiaoying ar-
eas. In the South area, which is mainly located in Daxing,
the primary subsidence center is Lixian. On the whole, the
land subsidence rates in the east of the plain are highest, fol-
lowed by the northern region. Subsidence in the South area
mainly occurs in the vicinity of Hebei.

2.2 Processing of SBAS-InSAR and PS-InSAR data
from the Beijing Plain from 2004 to 2015

This study used 47 ENVISAT ASAR data from June 2003
to October 2010 and 48 RADARSAT-2 data from Novem-
ber 2010 to December 2015. The Doris-StaMPS algorithm
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Figure 2. Panel (a) shows the small baseline segment from 2003 to 2010 obtained using SBAS-InSAR. Panel (b) shows the small baseline
set from 2010 to 2015 obtained using Quisin-PSInSAR.

Figure 3. The average land subsidence rate map of the Beijing Plain from 2004 to 2015. Panel (a) is the average rate from 2004 to 2010, and
panel (b) is the average rate from 2010 to 2015.

and commercial SARPROZ software were used to analyze
the SAR data. The small baseline segments are shown in
Fig. 2.

3 Results and discussion

3.1 Acquisition of the land displacement information for
the Beijing Plain from 2004 to 2015

Based on the surface deformation monitored by SBAS-
InSAR and Quisin-PSInSAR, and using the ArcGIS spa-
tial analysis platform, the displacement rate map of the
Beijing Plain area was obtained (Fig. 3). From 2004 to
2010, the average deformation rate ranged from −114.4 to
+18.17 mm yr−1. The area where the subsidence rate ex-
ceeded 25 mm yr−1 reached 1078.5 km2, which accounted

for 17.2 % of the total area of the Beijing Plain. From 2011
to 2015, the average deformation rate ranged from −133.57
to 18.44 mm yr−1.

3.2 InSAR validation

The benchmarks from 2003 to 2013 were selected for val-
idation (Fig. 4). The benchmarks were taken as the origi-
nal point, and all of the monitoring points within a radius
of 150 m were extracted. As can be seen from Fig. 4, the
correlation coefficient for the InSAR monitoring results and
the level monitoring results from 2003 to 2010 is 0.95. From
2011 to 2013, the correlation coefficient for the InSAR mon-
itoring results and the level monitoring results is 0.99.

proc-iahs.net/382/291/2020/ Proc. IAHS, 382, 291–296, 2020



294 L. Guo et al.: Analysis of land subsidence changes on the Beijing Plain

Figure 4. The validation map between InSAR and benchmarks from 2003 to 2013.

Figure 5. Land subsidence changes (land subsidence rate) results
for the Beijing Plain from 2004 to 2015.

3.3 The Mann–Kendall test for land subsidence on the
Beijing Plain

In this research, the Mann–Kendall test was used to detect the
trend change in land subsidence on the Beijing Plain. Firstly,
the research area was divided into a 960 m×960 m grid us-
ing the Create Fishnet tool in ArcGIS. Secondly, according
to the information from the persistent scatterer (PS) points
from 2004 to 2015 that were acquired using InSAR technol-
ogy, the displacement information from each grid was ob-
tained by utilizing the Spatial Join function in ArcGIS. Fi-
nally, the Mann–Kendall test was performed on each grid us-
ing Python, and the changes in land subsidence on the Bei-
jing Plain were obtained (Fig. 5).

3.4 Discussion

Figure 5 shows that the grid with single-year mutation is
mostly distributed in the middle and the lower part of the
Chaobai River alluvial–diluvial fan and the Yongding River
alluvial–diluvial fan, and that the grid with multiple-year mu-
tations is mostly distributed at the top of the alluvial–diluvial
fan. The reason for this may be that the main factor caus-
ing land subsidence on the Beijing Plain is drastic drops in
the groundwater level of the Quaternary system, which result
in a decrease in the pore water pressure in the overburden
layer and a loss of water in the soil layer due to the pump-
ing of underground water. However, in the middle and upper
part of the alluvial fan, the deposits have a good permeabil-
ity, and the groundwater level fluctuates greatly due to the
influence of precipitation. The rainfall in different years and
the rainfall intensity during the flood season have some dif-
ferent characteristics that may cause the groundwater level in
the middle and upper part of the alluvial fan to significantly
fluctuate; therefore, the grid with sudden ground subsidence
may be more variable. On the other hand, the four emergency
water sources are all located in the middle and upper part of
the alluvial fan. Affected by the exploitation, the groundwa-
ter level changes markedly, resulting in greater fluctuations
in land subsidence. Furthermore, at the edge of the Quater-
nary groundwater drop funnel, the grid with mutation in the
land subsidence rate is very variable. This shows that the
boundary of the groundwater funnel is the place where the
groundwater level changes most, and the land subsidence is
relatively fragile and unstable.

Proc. IAHS, 382, 291–296, 2020 proc-iahs.net/382/291/2020/



L. Guo et al.: Analysis of land subsidence changes on the Beijing Plain 295

4 Conclusions

The main conclusions of this study are as follows:

1. From 2004 to 2015, the maximum land subsidence rate
was −141 mm yr−1.

2. The single-year mutation cells were mainly distributed
in the middle and lower parts of the alluvial–diluvial
fans of the Yongding and Chaobai rivers. The multiple-
year grid mutations were mainly distributed in the mid-
dle and upper parts of the alluvial fan, near the emer-
gency water source and at the edge of the underground
water funnel.
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Abstract. The assessment of the impact of mining-induced seismicity on the natural environment and infras-
tructure is often limited to the analysis of terrain surface vibrations. However, similar seismic phenomena, like
earthquakes, may also imply dislocations and deformations of the rock mass. Such ground movements may oc-
cur in areas which are not directly under the influence of the mining. The study of the displacement field caused
by mining-induced seismicity is usually carried out with the use of geodetic methods. Classical geodetic mea-
surements provide discrete information about observed ground movements. As a result, they generally do not
provide spatially and temporally relevant estimates of the total range and values of ground movements for spe-
cific periods of interest. Moreover, mining-induced seismicity causes a severe threat to buildings. That is why,
regarding the complexity of the mechanism of occurrence of mining-induced seismicity and their impact on
ground movements, this problem remains a substantial research issue. The presented research aimed to analyse
the ground movements caused by mining-induced seismicity. The ground displacements were established based
on data from Sentinel-1 satellites applying differential interferometric synthetic aperture radar (DInSAR). The
results of the investigation in the copper mining area of the Lower Silesia region of Poland revealed that the
observed subsidence caused by mining-induced seismicity usually has a shape of a regular ellipse. The radius
of these ground movements does not exceed approximately 2–3 km from the mining-induced tremor’s epicen-
ter, and the total subsidence reaches ca. 10–20 cm. More than 50 % of the total subsidence is observed on the
surface within a few days after the mining tremor occurrence. Furthermore, the deformations of the surface oc-
cur when the energy of mining-induced tremor reaches values of the order of 105 J or higher. The presented
research can contribute to better identification and evaluation of the mechanism of the rock mass deformation
process caused by mining-induced seismicity. In addition, the use of satellite radar interferometry improves the
quality of monitoring of these dynamic phenomena significantly. The data retrieved using this method allow for
quasi-continuous monitoring of the local subsidence bowls caused by mining-induced seismicity.

1 Introduction

Several dozens of mining-induced earthquakes occur in
Poland every year. A few of them exceed the magnitude
Mw = 3.5. These earthquakes are related to changes in stress
in the earth’s crust as a result of mining. They are charac-
terized by high seismic energy, low frequencies of the main
phase of vibrations and high intensity of vibrations in a
larger area. Impact of mining-induced earthquakes is usually

a significant inconvenience for people living in areas at risk.
Earthquakes of this type may even cause structural damage
to infrastructure.

The seismic intensity assessment is currently based on spe-
cialized empirical scales. One such scale is GSI-2004, which
was developed for the local conditions of Legnica-Glogow
Copper Ore District (LGCD), Poland (Fig. 1).

Degrees of seismic intensity are determined based on the
horizontal amplitudes of earth vibration speed PGV and the

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Table 1. Sentinel-1 images used in the research (Witkowski, 2019).

No. Master Slave Track Orbit Perpendicular No.
interferogram image image baseline [m] interferogram

1. 20 Nov 2017 26 Nov 2017 22 Descending 84 1.
2. 23 Nov 2017 29 Nov 2017 73 Ascending 40 2.
3. 26 Nov 2017 2 Dec 2017 22 Descending 62 3.
4. 29 Nov 2017 5 Dec 2017 73 Ascending 108 4.
5. 2 Dec 2017 8 Dec 2017 22 Descending 45 5.
6. 5 Dec 2017 11 Dec 2017 73 Ascending 137 6.
7. 8 Dec 2017 14 Dec 2017 22 Descending 89 7.
8. 11 Dec 2017 17 Dec 2017 73 Ascending 143 8.

Figure 1. GSI-2004 seismic intensity scale. Degrees of seismic in-
tensity (Level 0-III) are shown as a function of the earth vibration
speed (PGV) and the duration of the main vibration phase (TV) (af-
ter Wodyński and Lasocki, 2004).

duration of the main vibration phase. Each degree of inten-
sity has been assigned specific effects in the construction
works (Wodyński and Lasocki, 2004; Szczerbowski and Jura,
2015; Zembaty et al., 2015; Chen et al., 2007; El Gharbawi
and Tamura, 2015; Malinowska et al., 2018). Therefore, the
assessment of potential damage in surface development and
technical infrastructure is mainly related to determining the
map of the PGV ground vibration distribution. However, the
occurrence of high-energy earthquakes may also imply sub-
sidence trough.

This aspect is not considered when assessing the effects of
the occurrence of these phenomena.

The objective of the proposed research was to determine
the total area, which was under the influence of negative
impacts caused by the occurrence of a high-energy mining-
induced earthquake. These works were carried out based on
the determination of the seismic intensity map, coupled with
the determination of land subsidence.

2 Study area

The study area is located in the Lower Silesia region (a part
of the Fore-Sudetic Monocline, Fig. 2). The Fore-Sudetic

Block is composed of metamorphic rocks and volcanogenic-
sedimentary beds (Central Geological Database, 2019). In
that area, a copper deposit is located at the base of Zechstein
formations. The thickness of ore layers varies from 0.1 to
15.0 m. Polish copper ore mines belonging to the interna-
tional copper mining-metallurgic company KGHM have op-
erated copper ore seam mining since 1968. Tectonic recogni-
tion of faults of a large stratigraphic throw in the area of the
KGHM mines reveals that the majority of faults are NW–SE
oriented with an NWW–SEE and NNW–SSE deviation (Sal-
ski, 1996; Butra and Kudełko, 2011). The dominant system
of faults in the mining area coincides with the fault zone of
Ruda Glowna and Glowny Lubin.

3 Research methodology

The ground movements were investigated with the use of
Sentinel-1 synthetic aperture radar data. These acquisitions
were obtained from descending and ascending orbits (Ta-
ble 1). The ground surface subsidence was determined us-
ing DInSAR. Terrain surface movements were analysed for
more than four weeks. In total, eight 6 d interferograms
were generated, from which it was possible to study line-of-
sight (LOS) movements. The vertical component of surface
movement (subsidence) was computed from the LOS move-
ments based on the look angles of the Sentinel-1A, 1-B satel-
lite data acquisitions.

Determination of the amplitude distribution of vibration
velocity was based on empirical formulas. The influence of
seismic energy, hypocentral distance, and amplitude of 15
vibration on amplitude values of PGV was considered. The
input data for the calculations were obtained from the IS-
EPOS system (Table 2). The map of seismic intensity on the
surface environment according to the GSI-2004 scale was de-
termined. Finally, the maps of total subsidence and seismic
intensity zones were obtained by interpolating the values of
vertical movements of the terrain surface and the values of
ground vibration speed PGV (Fig. 3).
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Figure 2. Study area (© OpenStreetMap contributors 2020. Distributed under a Creative Commons BY-SA License).

Figure 3. Map of land subsidence and seismic intensity zones resulted from mining-induced tremor occurring at 7 December 2017 (© Open-
StreetMap contributors 2020. Distributed under a Creative Commons BY-SA License).

4 Results discussion

Maximal vertical displacements generated through the in-
terpolation reached −84 mm. The total area of subsidence
caused by the earthquake reached about 2 km2 with a subsi-
dence volume of approximately 38 000 m3, and a spatial di-
mension of ca. 1.2–2.0 km (Fig. 3).

The analysed mining-induced earthquake caused ground
surface vibrations with values as much as 0.07 cm s−1. These
values are within the range of three seismic-intensity-zones:
I–III, where the isoline defining the lower boundary of zone I
is characterized by a radius of approximately 1.5 km from
the epicenter of the earthquake. Although the most extensive
area is occupied by zone I, in which vibrations are strongly
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Table 2. IS-EPOS data on analyzed seismic constraints. Seismic intensity is defined based on peak ground acceleration (PGA), duration of
peak ground acceleration (tPGA), peak ground velocity (PGV) and duration of peak ground velocity (tPGV) (Guzy, 2019).

Seismic Lat Lon Elevation Epicenter PGA tPGA PGV tPGV GSI
station [

◦
] [

◦
] [m] distance [m s−2

] [s] [cm s−1
] [s] scale

[m]

Dąbrowa 51.500 16.140 145 20 624 0.203 0.64 0.989 0.69 0/I
Guzice 51.531 16.103 124 3353 0.403 0.88 0.781 0.87 0
Kazimierzów 51.539 16.054 136 5757 0.098 1.54 0.568 1.45 0
Komorniki 51.527 16.145 136 3822 0.110 1.11 0.810 1.18 0
Krzydłowice 51.545 16.233 95 10 001 0.023 5.69 0.177 5.61 0
Obiszów 51.577 16.116 118 8576 0.042 3.28 0.357 3.23 0
Pieszkowice 51.481 16.138 194 3006 0.196 2.57 0.907 2.59 0
Trzebcz 51.516 16.108 143 1774 0.430 0.78 1.853 0.78 I

felt by people inside buildings, vibrations with such values
do not cause substantial damage to the surface infrastructure.
Intensification of existing cracks in infrastructure facilities or
damage to finishing elements can be noted only in the second
and third zones, the total area of which is approx. 1.8 km2.
Zone III, where single damage to structural elements may
occur, includes a small area with a radius of approximately
100 m from the epicenter of the mining-induced earthquake.
The area encompassed both by the seismic-intensity-zones
and subsidence was about 4.7 km2.

5 Conclusions

Coupled InSAR and IS-EPOS data substantially help to de-
tect ground surface movements caused by mining-induced
earthquakes. The area of impact of mining-induced earth-
quake includes not only the regions where the vibration val-
ues of the terrain surface are determined (the procedure used
presently to determine the area of impact) but also the area
affected by land subsidence. As seen in Fig. 3, the spatial dis-
tribution of these regions may not show an exact correlation.
For example, in the case of subsidence reaching several cm
occurred beyond the boundary of zone I (Fig. 3). Consider-
ing the millimetre accuracy of the measured land subsidence
and the lower accuracy of the earthquake epicenter determi-
nation, the actual area of impact of earthquake perhaps could
include the area of observed land subsidence.

Data availability. All data used in this research are freely and fully
accessible to all users via the Copernicus Programme and the Euro-
pean Plate Observing System services. Detailed guidelines on data
availability are accessible on the following websites: http://www.
esa.int/ (Witkowski, 2019) and https://www.epos-ip.org/ (Guzy,
2019).
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Abstract. Our association plans to construct in situ formation deformation monitoring wells for shallow for-
mation. In the pilot test, production and injection will be conducted to make the formation deform. Based on
the result of the pilot test, we will investigate whether the compaction behavior was perfectly elastic or not. In
addition, we plan to conduct coring and core tests to obtain rock properties.

In the future, we would like to select the suitable constitutive equation for this gas field based on the obtained
data and construct a prediction methodology to control subsidence. Once the land subsidence control technology
is established in this study, it is expected that reservoir management for production will be performed.

1 Introduction

The Southern Kanto gas field, which contains natural gas
dissolved in water, is located in the Boso Peninsula close
to Tokyo (Fig. 1). The eight operation companies produce
460 million m3 yr−1 of natural gas in this field. It is a ma-
ture field that has been operated for 90 years. In the Southern
Kanto gas field, the Kazusa Group is a reservoir. It consists
of mostly semi-consolidated sand intercalated with mudstone
and some good correlative tephra beds. The bed thicknesses
are the range from several centimeters to the order of meters.

To produce natural gas, lots of brine must be pumped up
(withdrawn) from the subsurface reservoir, and it is consid-
ered to be one of the causes of the land subsidence problem.
As a result, the amount of brine produced is regulated in the
present. Therefore, it is necessary to resolve this problem to
maintain and expand the industry.

Natural gas developing companies in this area are making
efforts to address environmental problems. The companies
think there is a possibility that “injection water into shallow
and soft formation” is one of the solutions to mitigate and
control this problem. It was decided that a pilot test would
be conducted in the project and that produced brine would be
used as injection water. The reasons are below.

1. The large amount of brine is still pumped from the sub-
surface for production of natural gas.

2. There is the brine in the formation of the pilot test field
in this project.

3. The mudstone that constitutes the Southern Kanto gas
field contains clay minerals. In general, clay minerals
have the property of swelling.

The geological characterization and the well completion
of this test are shown in Fig. 2.

2 Purpose and methods

In the past study, it was confirmed that there is a tendency for
Young’s modulus of Kazusa Group mudstone to depend on
depth (Fig. 3). It is expected that the shallow formation will
largely deform in comparison to the deep formation if the
effective stress change is the same. Theoretically it is true,
but we have no practical experience of it, and additionally
we do not have enough data of the shallow formation; thus,
it is difficult to estimate the effect quantitatively.

Takeuchi et al. (2001) investigated the deformation be-
havior of the mudstone of the Kazusa Group through the

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. The Southern Kanto gas field (modified Ikeda et al., 2015, based on AIST, 2015).

Figure 2. Geological characterization and the well completion of the pilot test.
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Figure 3. Correlation of Young’s modulus and depth (Nakagawa and Sekine, 2018).

laboratory study and found that the reservoir mudstone ex-
hibits hysteresis in the stress–strain relationship. Once the
core sample was compressed with pore pressure decrease,
the strain was not completely recovered when the pore pres-
sure was returned to the initial value even though the sam-
ples are not yet reached to the consolidation yield stress. It
is suggested that residual strain will occur after loading and
unloading of stress.

In the present, a simulation model, which is used by the
eight operation companies, is assumed an elastic model for
predicting land subsidence. However, there is the difference
between core results (Takeuchi et al., 2001) and the simula-
tion model. Therefore, it is necessary to select the suitable
constitutive equation of considering the hysteresis for pre-
dicting land subsidence.

Though our target shallow formation is over 100 m deeper
than the formation used for daily life, a water and imperme-
able layer exists between them, from the environmental point
of view, we are going to confirm that the injected brine does
not affect it.

In this study, we are going to conduct a pilot test and build
a geomechanical reservoir simulation model to estimate and
evaluate the effect of this project. Some of the works are sum-
marized below.

– Data acquisition for formation evaluation. Determin-
ing the geomechanical properties of shallow formation
is necessary to estimate the land subsidence mitigation.
Therefore, we have performed coring and logging on
the shallow formation. The main formation properties
are density, permeability, porosity, Poisson’s ratio, hys-
teresis of deformation behavior, and so on.

– Environmental impact assessment. Before the start of
the pilot test, electrical resistivity surveys were con-
ducted to get the baseline data. We will conduct it also
after the brine injection and, comparing its results with
the baseline data, we plan to evaluate the permeation of
injected brine to the aquifer.

3 Previous study

To evaluate the effect on land subsidence mitigation by injec-
tion into shallow formations in the future, the pore pressure
changes and deformation of a shallow formation associated
with the injection are needed for investigation through the
field pilot test.

A simulation model, which covers the whole pilot test
field, was created by STARS to decide the placements of
wells and the basic plan of the test (Fig. 4). STARS is a 3-
D reservoir simulator using FDM in flow analysis and FEM
in stress–strain analysis, provided by Computer Modelling
Group Ltd. (CMG). The input parameters in the simulation
model are based on Adachi et al. (2015) and private docu-
ments the Environmental Technology Research Association
for Natural Gas Dissolved in Water has.

4 Conclusions and future work

Brine injection into the shallow formation is expected to be
an effective method for land subsidence control in the South-
ern Kanto gas field. However, we consider we do not obtain
enough data to estimate the effect of the brine injection into
the shallow formation. We plan to get the data from the core
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Figure 4. Simulation model.

tests and field pilot test and select the suitable constitutive
equation for predicting land subsidence. In the future, we
plan to construct a prediction methodology to control land
subsidence. Once the land subsidence control technology is
established in this study, it is expected that reservoir manage-
ment for production will be performed.

Data availability. For more information about the used data,
please contact the corresponding author Kenjiro Kawano
(k.kawano@k-and-o-energy.co.jp).
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Abstract. It is of great significance to reveal the mechanism of land subsidence to further find out the mech-
anism of leakage flow in multi-layer aquifer systems and the water-release compression of weak aquifers. In
this paper, conditions of groundwater leakage flow are expounded, and the initial hydraulic gradient calculation
formula in the aquitards are deduced. The data of Tianzhu Land Subsidence Monitoring Station are selected
to preliminarily discuss the leakage flow mechanism of the multi-layer groundwater system and water-release
compression of weak aquifers. The results show that, firstly the weak aquifer layers in the shallow strata above
91.32 m in Tianzhu Land Subsidence Station are all in the state of unidirectional drainage consolidation, and the
water heads in the upper strata are higher than those in the lower strata. However, the hydraulic gradient between
the two adjacent aquifers is smaller than the initial hydraulic gradient in the weak aquifer layer, so no leakage
recharge effect is generated. Secondly, the water level of the two adjacent aquifers in the deep formation below
91.32 m shows a continuous downward trend, among which the weak aquifer is drained and consolidated on
both sides, and the pore water head in the middle of the weak aquifer is the lowest. Although the strata has a
large amount of compression, no leakage recharge phenomenon occurs. Thirdly, in a multi-layer aquifer system,
when the head difference between adjacent aquifers is small and there is a thick viscous layer between them, it
is difficult for the upper aquifer to overcome the shear strength of the bound water in the weak aquifer below,
leaking recharge barely occurs.

1 Introduction

Leakage refers to the seepage flow from one aquifer (sys-
tem) through the weak permeable layer/aquitard to another
aquifer (system). It is generally believed that when there is a
head difference between adjacent aquifers in a multi-aquifer
system, leaking recharge will occur as water in the high-head
aquifer seeps through the weak aquifer (viscous layer) to the
low-head aquifer. However, even in the case of water head
difference caused by changes in aquifer head, as the weak
aquifer (viscous layer) between adjacent aquifers is in a sat-
urated state, the pores are filled by bound water with poor
permeability, thus the pore water release or enter process is
very slow, resulting in sluggish water head changes accompa-

nied by processes of releasing or absorbing water in viscous
layers.

Many experts and scholars have studied the leakage mech-
anism and/or the water-release compression in viscous lay-
ers. A series of tests were carried out by Cao et al. (2006)
on the response relationship between water-release com-
pression, water absorption and the occurrence of leakage
recharge in undisturbed clay samples with different litholo-
gies using laboratory test methods. The results indicated that
the fluctuation of water level in the aquifers causes the re-
bound of water absorption or dense pressure release of the
adjacent viscous soil layer, and only after then does the stage
of water absorption in the viscous layer or occurs concur-
rently with water release. But the occurrence of leakage ob-

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



310 K. Lei et al.: Leaking recharge mechanism in the multi-layer aquifer system

viously lags behind the changes of water head between ad-
jacent aquifers. Niu (1987) discussed the three necessary
conditions for the leakage flow between aquifers and cal-
culated the leakage flow by using the long-term water level
and settlement observation data. Zhang (1980), Zhu (1991),
Sun (1992), Guo et al. (1995), Wu et al. (2006), and Zhang
et al. (2009) have discussed the leakage recharge of ground-
water and the consolidation process of viscous soil layers in
multi-layer aquifer systems.

Based on previous studies, the conditions of groundwa-
ter leakage are analyzed and the formula of initial hydraulic
gradient existing in weak aquifers are deduced in this paper.
Taking Tianzhu Land Subsidence Monitoring Station in the
Beijing plain district as an example, a preliminary study on
the leakage recharge mechanism of a multi-layer groundwa-
ter system in a typical land subsidence area and the water-
release compression of a weak aquifer is carried out. It pro-
vides a theoretical basis for further revealing the mechanism
of land subsidence in the alluvial-diluvial plain of Beijing,
clarifying the composition of groundwater exploitation and
evaluating the stratified groundwater resources.

2 Geology survey

Beijing is located in the northwest edge of the North China
Plain. The terrain is generally high in the northwest and low
in the southeast. The southeast of Beijing is a plain area. The
Quaternary strata in the area are composed of alluvial fans
and sedimentary depressions formed by five water systems,
with typical characteristics of alluvial proluvial plain (Cai et
al., 2009).

The aquifer system in the Beijing plain area gradually tran-
sits from a single aquifer to a multi-layer aquifer system from
northwest to southeast, and can be vertically divided into
three main aquifer groups. The first aquifer (The phreatic
and shallow confined aquifer) comprises the Holocene (Q4)
and upper Pleistocene (Q3) alluvial and diluvial deposits The
second aquifer (middle and deep confined aquifer) is a mid-
dle Pleistocene (Q2) formation, it has a multi-layer structure
with medium coarse sand as the main lithology with some of
it containing gravel, and the deepest layeris buried at a depth
of around 300 m. The third aquifer (deep confined aquifer) is
a lower Pleistocene (Q1) formation with a multi-layer struc-
ture, mainly composed of medium coarse sand and gravel,
and the bottom boundary is a Quaternary basement (Zhang
et al., 2008).

The occurrence and development of land subsidence are
closely related to the compressibility of soil. According to
the physical and mechanical properties and burial depth con-
ditions of soil, it can be divided into three main compression
layer groups in the Beijing plain area. The first compression
layer group (Q4+Q3), widely distributed in Beijing plain
area, is the Quaternary upper Pleistocene alluvial facies, al-
luvial lacustrine facies silt, cohesive soil layer, and the bot-

Figure 1. Hydrogeological cross-section A–A′ (the location is in-
dicated in the lower left-hand corner).

tom buried depth is less than 100 m. The second compres-
sion layer group (Q2), mainly distributed in the middle and
lower part of the plain. It is the silt, silty clay and clay layer
of the Middle Pleistocene alluvial proluvial, with the buried
depth of the floor less than 300 m. The third compression
layer group (Q1), mainly distributed in the sedimentary de-
pression area. It is the Quaternary lower Pleistocene silty clay
and clay layer, with the upper plate buried depth more than
300 m (Fig. 1). There is an obvious correspondence between
the division of the compression formations and the Quater-
nary aquifer formation in the Beijing plain area (Jia et al.,
2007).

3 Initial hydraulic gradient in clayey soil

The occurrence of leaking requires not only a certain head
difference between adjacent aquifers (i.e. a certain hydraulic
gradient), but also the effective overcoming of the resistance
of the weak aquifer (i.e. the shear strength of the bound water
in the aquifer).

The smaller the permeability of the weak aquifer layer, the
greater the seepage resistance to pore water. Even if there
is a certain head difference between aquifers, there may be
no obvious leak recharge reflection during limited pumping
time. Therefore, only when the head difference of aquifers
(hydraulic gradient) can overcome the shear strength of the
bound water in the weak permeable layers/aquitards, and
produce unidirectional flow in the vertical direction, the phe-
nomenon of leaking recharge may occur (Zhang, 1980; Niu,
1987).

As a consequence, the occurrence of leaking recharge
must meet the following three conditions: Firstly, there
must be a certain head difference between adjacent aquifers
(groups) on both sides of the weak aquifer layer, that is, a
certain hydraulic gradient I . Secondly, the above hydraulic
gradient I must be greater than the initial hydraulic gradient
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Table 1. Main physical and mechanical indexes of compressible strata in The Beijing plain.

Compression layer Bottom physical and mechanical indexes

group boundary W ρ (g cm−3) e WL WP IP IL a Es Cc Cs
depth (m) (%) (%) (%) (MPa−1) (MPa)

I Upper segment 20–40 25.89 2.00 0.733 31.49 18.82 12.65 0.57 0.17 12.97 0.19 0.035
Lower segment 80–100 26.59 1.98 0.723 34.70 20.78 15.03 0.38 0.077 24.00 0.295 0.054

II Upper segment 200 25.91 1.99 0.720 36.72 20.84 15.88 0.27 0.048 36.69 0.371 0.056
Lower segment 280–300 22.74 2.06 – 33.36 20.31 13.06 – 0.030 61.07 0.468 0.049

III > 300 20.88 2.06 – 35.27 20.66 14.61 – 0.018 95.76 0.480 0.06

Notes: W – water content; ρ – density; e – pore ratio; WL – liquid limit; WP – plastic limit; IP – plasticity index; IL – liquid index; a – compressibility/compression coefficient;
Es – compression modulus; Cc – compression index; Cs – rebound/swelling index.

I0 of the weak aquifer layer (clayey soil). And thirdly, the
seepage direction of groundwater in the weak aquifer must
be unidirectional flow. Many experts and scholars believe
that initial hydraulic gradient I0 exists in clayey soil. The so-
called initial hydraulic gradient I0 of clayey soil is the shear
strength that can effectively overcome the binding water in
the weak aquifer layer, and the hydraulic slope that make wa-
ter flow in it. The Law of infiltration can be expressed in the
following formula:

V =K(I − I0) or Q= FK(I − I0)

Where, V is seepage velocity; K is permeability coefficient
of the weak aquifer layer; I is head gradient between two ad-
jacent aquifers; I0 is initial hydraulic gradient; Q is leaking
recharge amount.

Experts and scholars have also made special studies on
the calculation methods of initial hydraulic gradient in co-
hesive soils (Zhu, 1991; Sun, 1992), which mainly include
two methods: the field measurement method and the use of
long-term groundwater level observation data to determine
I0. In this paper, we use the field measurement method to
determine I0.

When drilling wells in viscous soil, the stable water level
will increase correspondingly with the increasing depth of
the drilling (hole) (Fig. 2). According to previous experience,
the relationship between water level rise and well depth in-
crease is as follows:

1H1

L1
=
1H2

L2
=
1H3

L3
=
1H1+1H2

L1+L2

= . . .= constant. . . (1)

As the seepage line in homogeneous cohesive/viscous soil is
in the vertical direction, as four points d , c, b and a shown
in Fig. 2, so the hydraulic gradient I between any two points
can be calculated.

For example, the hydraulic gradient between two points d
and c is Idc =

H−(h2+L3)
L3

, if L is the distance higher than the
aquifer upper plate at any point, h is the pressure measure-
ment height at this point and H is the pressure measurement
height at the aquifer upper plate then the general formula can

Figure 2. Schematic diagram of overflowing replenishment to solve
I0 for a confined aquifer.

be obtained:

I0 =
H − (h+L)

L
.. . (2)

When the water level in each well (hole) is stable, if min-
imal evaporation is ignored, then there is no drainage path,
and no water from the lower confined aquifer seeps into the
well (hole), thus V =K(I − I0)= 0. Since K can’t be zero,
therefore I = I0.

According to the stable water level measured in wells
(holes) of different depths in clayey soil, Eq. (2) can be used
to calculate the initial hydraulic gradient when a confined
aquifer is replenished by overtopping flow or groundwater
infiltration.

4 Example analysis

Long-term water level and settlement observation data from
2006 to 2017 of the Tianzhu Land Subsidence Monitoring
Station located in Shunyi District, Beijing are selected for
analysis in this paper. The Tianzhu Land Subsidence Mon-
itoring Station was built in 2004, and it is located in the
Houshayu Quaternary sedimentary depression, with a thick-
ness of more than 800 m.
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Figure 3. Layout of monitoring facilities above 120 m at the
Tianzhu Land Subsidence Monitoring Station.

Over these years, along with the excessive exploitation of
groundwater in this region, land subsidence continuously de-
velops, with a cumulative settlement of 468.474 mm by the
end of 2017.

There are multi-class settlement monitoring facilities built
in this monitoring station, including one bedrock marker
(burial depth of the bottom 833.02 m), 10 layered markers
(burial depth of the bottom 2.40, 35.43, 48.50, 64.50, 82.30,
102.00, 117.00, 148.49, 218.89, and 238.10 m respectively),
6 dynamic underground water level observation holes (loca-
tion of water filter pipes at 27.50–31.00, 59.30–63.40, 85.70–
91.30, 120.00–146.80, 208.30–217.60, and 298.80–308.00 m
respectively), and 3 pore water pressure observation holes
(7 monitoring layers at 22.00, 39.50, 71.00, 78.50, 96.50,
106.00, and 112.50 m respectively).

Since the pore water pressure probes buried in weak
aquifer layers in the Monitoring Station were only placed in
a shallow position (120 m), this study mainly used various
monitoring facilities up to 120 m depth to conduct a compre-
hensive study, aiming to further clarify the leaking recharge
mechanism in multi-layers groundwater aquifer system and
the problem of pressure release in the weak aquifer layers
(Fig. 3).

4.1 Leaking recharge problem in the formation of
section 27.48–63.44 m

The stratum in this section consists of two aquifers (D3–6
and D3–5) and one aquitard (clayey soil layer II). The water
level of aquifer D3–6 has been relatively stable since 2005–
2017, showing obvious seasonal fluctuation characteristics.
This is mainly due to the shallow buried depth of the aquifer,
which is easy to be supplied by the outside world, and the
exploitation amount of the aquifer is very small, which has
remained relatively stable for many years, the maximum wa-
ter level elevation is 8.33 m, and the multi-year water level
variation is only 0.06 m.

Since 2006, the water head of Aquifer D3–5 shows a con-
tinuous downward trend, with the maximum water level ele-
vation of−4.37 m and the minimum−8.89 m, thus the water
level decreases by 4.52 m. According to years of observation
data, the hydraulic gradient I between two adjacent aquifers
(D3–6 and D3–5) is calculated to be 0.70–1.16. Because
there is only one pore water pressure gauge buried at 39.5 m
in the aquitard (II) between two adjacent aquifers, in calcula-
tion of the aquitard (II) initial hydraulic gradient I0, the lower
aquifer of upper plate (burial depth 50.37 m) is taken as a ref-
erence point in the calculation process, and then the aquitard
(II) initial hydraulic gradient is calculated. Through calcula-
tion, the initial hydraulic gradient of the aquitard (II) is 1.70–
2.47 m. Therefore, although there is a certain water head dif-
ference between two adjacent aquifers D3–5–6 and D3, the
hydraulic gradient between them is less than the initial hy-
draulic gradient of the aquitard, which means that it cannot
overcome the shear strength of bound water in it. Thus it does
not meet the conditions of leaking recharge. In this formation
no leaking recharge occurs.

This conclusion can be proved by the pore water and strat-
ified settlement beacons long-term observation data buried
in the aquitards (Fig. 4). Among them, the bench mark F3–9
ranges from 35.4 m depth to 48.5 m depth, and the cumula-
tive compression amount is 12.42 mm since 2006. Although
the monitoring layers show continuous compression, the pore
water head at 39.5 m depth has been in a relatively stable state
from 2006 to 2015, with an insignificant downward trend
year by year with only seasonal changes, and until 2016 it de-
clined significantly. This implies that before 2016, the pore
water in the aquitard continues to discharge, causing com-
pression deformation of the soil mass.

However, the reduction of pore water head in the aquitard
has not been affected to the point of 39.5 m. Since 2016, the
water head has only begun to decline, but it has not reached
the top of the aquitard. Therefore, the above observation re-
sults indicate that the decrease of D3–5 water head in the
underlying aquifer only affects the lower part of the aquitard
(below 39.5 m), but not the upper part. No leaking recharge
from aquifer D3–6 to D3–5 is possible by this time.
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Figure 4. Comparison of accumulative settlement and pore head
39.5 m change of step bench mark F3–9.

4.2 Leaking recharge problem in the formation of
section 50.37–91.32 m

The formation also contains two aquifers (D3–5 and D3–4)
and one aquitard (cohesive layer III). And the variation char-
acteristics of water head of aquifer D3–5 have been described
previously. Since 2006, the water head of the aquifer D3–4
has shown a continuous downward trend, and in 2017 the
water head level dropped to −13.15 m, and the multi-year
water level decreased by 8.37 m. According to years of ob-
servation data, the hydraulic gradient I between two adja-
cent aquifers (D3–5 and D3–4) is calculated to be 0.18–0.39.
Since two pore-water pressure gauges are buried at 71.0 m
and 78.5 m depth respectively in aquitard III between two
adjacent aquifers, the initial hydraulic gradient of aquitard
III is calculated by using the pore water head between these
two points. The initial hydraulic gradient of aquitard III is
calculated to be 0.97–1.95. Although there is a certain head
difference between the aquifer D3–5 and D3–4, and the wa-
ter level elevation also shows the characteristics of unidi-
rectional drainage, as a result of a thick aquitard existing
between two aquifers, and the aquifer hydraulic gradient I
is less than I0 of the aquitard, in this formation no leaking
recharge occurs either.

4.3 Leaking recharge problem in the formation of
section 85.71–133.57 m

The formation is composed of 2 aquifers (D3–4 and D3–3)
and one aquitard (sticky soil layer IV). The water head varia-
tion characteristics of aquifer D3–4 have been described pre-
viously. Water head of aquifer D3–3 has also shown a contin-
uous downward trend since 2006, showing obvious seasonal
fluctuation characteristics. In 2006, the water head elevation
was−6.66 m, and in 2017, it dropped to−18.30 m, resulting
a decrease of 11.64 m.

In aquitard III between the two adjacent aquifers, pore wa-
ter pressure gauges are buried at 96.5, 106.0 and 112.5 m

depth respectively, and the pore water head was −5.23,
−23.69 and −7.90 m respectively in 2017. From the water
head elevations at each point, the pore water head in the
aquitard at 96.5 m is higher than that in the upper aquifer
D3–4, as well the pore water head at 112.5 m in the aquitard
is higher than that in the lower aquifer D3–3. Moreover, the
pore water head at 106.0 m is the lowest, which is located in
the middle of the aquitard, showing the same characteristics
from years of monitoring data.

This shows that the upper part of the aquitard (IV) releases
water to the upper aquifer D3–4, while the lower part of the
aquitard (IV) continues to release water to the underlying
aquifer D3–3, that is to say, the aquitard is in the state of
drainage consolidation on both sides, and the stratum is con-
tinuously compressed.

According to the monitoring results of the bench mark F3–
5, the accumulated compression amount of 102.0–117.0 m
stratum from 2006 to 2017 was 95.447 mm. Therefore,
according to the groundwater leaking conditions, leaking
recharge does not occur in this section either.

4.4 Other Leaking recharge problems between aquifers

According to the Tianzhu Land Subsidence Monitoring Sta-
tion data, strata below 133.57 m mainly include two aquifers
D3–2 and D3–1, as the head differences are about 2–3 m for
many years, and there are dense thick clay/viscous soil be-
tween them, the hydraulic gradient is quite small. Due to the
lack of a corresponding pore water pressure probe in the stra-
tum below 120 m, the initial hydraulic gradient I0 of cohesive
soil cannot be calculated by data. But its engineering geolog-
ical properties are much better known than for the upper stra-
tum and stratum below 200 m. It is in the over-consolidation
state, so its value must be greater than the hydraulic gradi-
ent I of adjacent aquifers. In addition the water levels of the
two aquifers both show trends of continuous decline, within
which the viscous soil is drained and consolidated on both
sides. Therefore, it does not meet the three conditions of leak-
ing, thus it is impossible for the formation below 133.57 m to
produce leaking recharge or backwater recharge.

5 Conclusions and outlook

5.1 Conclusion

In this paper, three conditions of groundwater leaking
recharge are expounded systematically, and the aquifer ini-
tial hydraulic gradient I0 calculation formula is deduced.
By using multi-layer groundwater system on-site data in the
Tianzhu Land Substance Monitoring Station in Shunyi Dis-
trict of Beijing, questions on the leaking recharge mechanism
and the aquitard water-release compression have been pre-
liminary discussed, our study finds that:

Aquitards shallower than 91.32 m in the Tianzhu Land
Subsidence Station are all in unidirectional drainage and con-
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solidation state, and the water head in the upper strata is
higher than in the lower strata. However, the hydraulic gradi-
ent I between the two adjacent aquifers is smaller than I0 in
the aquitard, there is no leaking recharge effect.

For strata deeper than 91.32 m, the water level of two
adjacent aquifers shows a continuous downward trend, the
aquitard is drained and consolidated on both sides. Though
the pore water head in the middle of the aquitard is the lowest
and the formation compression is larger, no leaking recharge
occurs.

In a multi-layer aquifer system, when the water head dif-
ference between adjacent aquifers is small and there is a thick
viscous soil layer between them, it is difficult for the upper
aquifer to overcome the shear strength of the bound water in
the aquitard below it, leaking recharge barely occurs.

Thirdly, In a multi-layer aquifer system, when the head
difference between adjacent aquifers is small and there is a
thick viscous layer between them, it is difficult for the upper
aquifer to overcome the shear strength of the bound water in
the weak aquifer below.

5.2 Outlook

It is of great significance to reveal the mechanism of land
subsidence to further find out the mechanism of leakage
recharge in multi-layer aquifer system and the water-release
compression of weak aquifers, and to clarify the composition
of groundwater resources exploitation and the evaluation of
stratified groundwater resources.

However, due to the complexity of the stratigraphic sed-
imentary environment in the Beijing plain area, relevant re-
search data should be further supplemented in the follow-
up work, long-term observation data in multiple land sub-
sidence monitoring stations should be used to find out the
replenishment and leakage status of groundwater in differ-
ent geological units, the lag time and effect of cohesive soil
consolidation drainage in strata with different lithology and
thickness should be clarified step by step, and to explore the
composition of exploitation of deep groundwater resources
and the migration rules of groundwater pollution sources in
the multi-layer aquifer system, all these scientific problems
are the future research directions for authors to be further
studied.
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Abstract. The combination of groundwater withdrawal, hydrocarbon extraction, salt-dome movement and
faulting have caused widespread subsidence in the Houston-Galveston region (HGR). Subsidence results from
primary consolidation consisting of inelastic (nonrecoverable) and elastic (recoverable) compaction caused by
subsurface fluid withdrawal and secondary consolidation (creep) over time caused by overburden pressure. Sub-
sidence in the HGR is monitored using borehole extensometers that were installed at 13 locations across Harris
and Galveston counties between 1962 and 1980. By 1977, withdrawals from the Chicot and Evangeline aquifers
resulted in groundwater-level declines of about 114 and 115 m relative to predevelopment water levels, respec-
tively in parts of Harris County. By 1979, as much as 3 m of land subsidence was estimated to have occurred
in localized areas of the HGR. Land subsidence can be hazardous in populated areas because it exacerbates the
effects of storm surge and impedes storm-water runoff by decreasing land-surface elevations in areas where wa-
ter accumulates. To assess aquifer compaction in response to changes in groundwater levels, a bulk land-surface
subsidence rate is assumed to be the sum of the primary consolidation rate and the negligibly variable compo-
nent of overburden pressure referred to as the “pseudo-constant secondary consolidation rate.” From 1931 to
1976, groundwater levels decreased as groundwater withdrawal rates increased from 0.57 to 4.3 million m3 d−1,
causing pressure heads in aquitards the Chicot and Evangeline aquifers to continually decline. In response to
reductions in groundwater withdrawal rates from 4.3 to 3.0 million m3 d−1 between 1976 and 2001, groundwa-
ter levels rebounded, decreasing inelastic compaction rates in some parts of the HGR from as much as about
40 mm yr−1 in the early 1980s to negligible amounts by 2000. Inelastic consolidation from about 1937 to 2000
contributed to land-surface subsidence and its associated effects. Land-surfaces have rebounded in localized
areas of the HGR where groundwater levels rebounded significantly. Pseudo-constant secondary consolidation
rates were computed at each of the 13 extensometers and ranged from 0.48 to 8.49 mm yr−1 in areas where
groundwater levels in the two aquifers were stabilizing. This secondary consolidation subsidence is beyond the
control of any groundwater-level management schemes because it is caused by geohistorical overburden pressure
on the two aquifers.
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1 Introduction

Land subsidence (LS) can be a gradual settling or sudden
sinking of the Earth’s surface owing to subsurface move-
ment of earth materials (Galloway et al., 1999). LS is a
global problem that has geohazardous impacts on infrastruc-
ture and the environment. In the United States, more than
44 030 km2 in 45 states have been directly affected by LS
(Galloway et al., 1999). More than 80 % of the subsidence
in the nation has been identified as a consequence of human
impact on subsurface water (Galloway et al., 1999). LS is
of particular concern in low-lying coastal areas such as the
HGR. In the early 1900s, the Houston area began to show
the first signs of human-induced LS, which were initially
attributed exclusively to extraction of oil and gas, but have
since been demonstrated to be caused by the combined ef-
fects of groundwater withdrawals, hydrocarbon extraction,
salt dome movement, and faulting (Qu et al., 2015). By 1977,
the withdrawals from the Chicot and Evangeline aquifers
had resulted in groundwater level declines of about 114 and
115 m relative to predevelopment water levels, respectively,
in southern and eastern Harris County. Correspondingly, by
1979, as much as 3 m of LS had occurred in localized ar-
eas (Galloway et al., 1999). Approximately, 8288 km2 has
demonstrated subsidence in excess of 30.5 cm in this region,
which has shifted the position of the coastline and altered the
distribution of wetlands and aquatic vegetation. USGS mea-
sures groundwater levels in over 650 wells in an 11-county
area annually in the HGR in order to develop a regional de-
piction of groundwater elevations. Since 1973, cumulative
compaction in the Chicot and Evangeline aquifer systems
have been continuously recorded at 13 borehole extensome-
ter stations at 11 locations around the Houston-Galveston
region. Aquifer system compaction due to subsurface-fluid
withdrawal was recognized in the Houston region in the
early 1920’s. The theory of aquifer system compaction due
to subsurface-fluid withdrawal along with the more than
40 years of recorded compaction in the Houston region can
be employed to analyze secondary consolidation due to geo-
historical overburden pressure. It is assumed in this paper that
a bulk land subsidence rate from aquifer-system compaction
is the sum of inelastic and elastic compaction rates due to
groundwater withdrawal as well as secondary consolidation
rate due to geohistorical overburden pressure.

2 Compressible Aquifer Systems in HGR

From northwest to southeast, the HGR includes Grimes
County (with a high elevation of close to 122 m a.m.s.l.),
Montgomery County, Waller County, Harris County, and
Galveston County (with a low elevation of 0 m along the
coast of the Gulf of Mexico). The Gulf Coast aquifer sys-
tem consists of three Quaternary and Tertiary aquifers and
two Tertiary confining units composed of laterally discontin-
uous deposits of gravel, sand, silt, and clay. The aquifer units

in the HGR are the Chicot, Evangeline, and Jasper aquifers
(Kasmarek, 2013). The youngest and uppermost Quater-
nary aquifer, the Chicot aquifer, consists of Holocene- and
Pleistocene-age sediments; the underlying Tertiary Evan-
geline aquifer consists of Pliocene- and Miocene-age sed-
iments; and the oldest and most deeply buried Tertiary
aquifer, the Jasper aquifer, consists of Miocene-age sedi-
ments. Stratigraphically positioned between the Evangeline
and Japer aquifers is the Tertiary Burkeville confining unit
of Miocene age sediments, which restricts groundwater flow
between the Evangeline and Jasper aquifers. The lowermost
unit of the Gulf Coast Tertiary aquifer system is the Miocene-
age Catahoula confining system, which includes the Cata-
houla Sandstone. The Catahoula confining system consists
of sands in the upper section and clay and tuff interbedded
with sand in the lower section.

The Gulf Coast aquifer system consists of hydrogeologic
units that dip and thicken from northwest to southeast; the
geologic units thus crop out in bands inland from and ap-
proximately parallel to the coast and become progressively
more deeply buried and confined toward the coast (Kas-
marek, 2013). There is no confining unit between the Chicot
and Evangeline aquifers; therefore, the aquifers are hydrauli-
cally connected, which allows groundwater flow between the
aquifers. Because of this hydraulic connection, water-level
changes that occur in one aquifer can affect water levels
in the adjoining aquifer (Kasmarek et al., 2015). Support-
ing evidence of the interaction of groundwater flow between
the Chicot and Evangeline aquifers is demonstrated by com-
paring the two long-term (1977–2015) water-level-change
maps, which indicate that the areas where water levels have
risen or declined are approximately spatially coincident (Carr
et al., 1985). Hydraulic properties of the Chicot aquifer do
not differ appreciably from the hydrogeologically similar
Evangeline aquifer, but can be differentiated on the basis
of hydraulic conductivity. The transmissivity of the Chicot
aquifer ranges from 915 to 7625 m2 d−1 and the transmissiv-
ity of the Evangeline aquifer ranges from 915 to 4575 m2 d−1

(Meyer and Carr, 1979). The geologic units that make up the
Chicot aquifer outcrop and extend inland from the Gulf of
Mexico and terminates at the most northern updip limit of
these units. The recharge rate across the outcrop area ranged
from 6.35 to 177.8 mm yr−1 (Noble et al., 1996). Proceeding
updip and inland of the Chicot aquifer, the older hydrogeo-
logic units of the Evangeline aquifer, the Burkeville confin-
ing unit, and the Jasper aquifer sequentially outcrop. In the
outcrop and updip areas of the Jasper aquifer, the aquifer can
be differentiated from the Evangeline aquifer on the basis
of the depths to water below land-surface datum, which are
shallower (closer to land surface) in the Jasper aquifer com-
pared to those in the Evangeline aquifer. Additionally, in the
downdip parts of the aquifer system, the Jasper aquifer can
be differentiated from the Evangeline aquifer on the basis
of stratigraphic position relative to the Burkeville confining
unit.
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3 Methodology

Almost all the permanent subsidence of a compress-
ible aquifer system occurs due to the irreversible (or
inelastic/nonrecoverable) compression or consolidation of
aquitards through a slow (delayed) process of aquitard
drainage. This concept, which was labeled “the aquitard
drainage model” by Helm (Helm, 1984), has formed the the-
oretical basis of many successful subsidence investigations
(Riley, 1969). The relation between changes in groundwa-
ter levels and compression of the aquifer system is based
on the principle of effective stress first proposed by Terzaghi
(1925). By this principle, when groundwater levels decrease
due to discharges from an aquifer system, under a constant
total load the support previously provided by the pore-fluid
pressure will be transferred to the skeleton of the aquitard.
Namely, the change in pore fluid pressure will be converted
to effective stress on the skeleton of aquitards, which in turn
causes the aquifer system’s compaction. If the current effec-
tive stress is larger than the preconsolidation stress, the com-
paction is nonrecoverable (inelastic). In contrast, if effective
stress is less than the preconsolidation stress, the compaction
is recoverable (elastic). Conversely, when groundwater lev-
els increase due to recharge to the aquifer system, the sup-
port previously provided by the skeleton is reduced and the
change in effective stress is shifted onto the pore fluid, which
results in the aquifer system’s elastic expansion (Galloway et
al., 1999). Therefore, in a general case the primary consol-
idation or compaction (sp) can consist of two components:
inelastic compaction (sp−v) related to nonrecoverable spe-
cific skeletal storage (Sskv) of the aquitard(s) or confining
unit(s) and elastic compaction (sp−e) associated with recov-
erable specific skeletal storage (Sske) of aquitard(s) or con-
fining unit(s) and sand layers in one aquifer system. There-
fore, we have the following equation sp = sp−v+sp−e, which
yields the primary compaction rate as defined by Eq. (1)

ṡ(t) = ṡp(t)+ ṡs(t) (1)

where ṡs(t) denotes rate of secondary consolidation.
The Sskv values are 2 to 3 orders of magnitude larger than

the values of (Sske). This leads to inelastic compaction domi-
nating land subsidence when it happens. Based on Terzaghi’s
consolidation theory, both ṡp−v and ṡp−e can be considered
to be approximately zero when their consolidation degrees
reach 99.4 % where the time factor, Tv (=1t/τ ′0, where 1t
is real time (T ) and τ ′0 is Terzaghi’s time constant), equals
2.

Because of the weight of the overburden and the inelastic
compaction characteristics of the clay layers, about 90 % of
the compaction is permanent (Gabrysch and Bonnett, 1975).
Three main sedimentation stages are defined with respect
to the degree of self-weight consolidation as: the clarifica-
tion regime, zone-settling regime, and compression regime
(Fitch, 1983). The above Quaternary and Tertiary aquifer
systems are still in the third compression stage. This com-

pression was referred to as secondary consolidation (creep)
by Taylor (1942) or as “self-weight consolidation” by Been
and Sills (1981). Therefore, it is assumed that secondary con-
solidation (creep) exists in the upper unconsolidated aquifer
systems due to geohistorical overburden pressure. For an un-
consolidated sediment layer with an initial thickness of H
(L), the secondary consolidation ss(t) can be approximated
by Eq. (2)

ss(t) = CαH log
(
t

t1

)
(2)

where Cα is the dimensionless coefficient of secondary com-
pression of the sediment layer, t1 is an initial reference time
for secondary compression, t is time larger than or equal to
t1. Equation (2) yields ṡs(t) = (CαH/ ln10) 1

t
by taking the

derivative with respect to time t for subsidence rate. The per-
centage decrease (DS) of ṡs(t) from t to t+1t can be derived
as

Ds(t) = (1−
t

t +1t
)100 (3)

with DS = 100
[
ṡs(t)− ṡs(t+1t)

]
/ṡs(t) as Ds approaches zero

when t �1t , which implies that ṡs ≈ a constant. In other
words, the changing value of ṡs over the 1t period is neg-
ligible and can be ignored. This negligibly variable rate is
called a pseudo-constant rate of secondary consolidation (Liu
et al., 2019). For example, if a period (1t) is considered to be
10 years, 990, 1990, and 9990 years are needed for specified
subsidence rate decrease percentages of 1.0 %, 0.5 %, and
0.1 %, respectively. The secondary consolidation rate ṡs is a
pseudo-constant if 1.0 %, 0.5 %, and 0.1 % subsidence rate
changes are considered as negligible. The secondary consol-
idation for the Quaternary and Tertiary sediments can be con-
sidered to have been more than 1000 years since the youngest
and uppermost sediments of the Holocene Chicot aquifer
were formed in the Greenlandian Age (4200 to 8200 years
ago) and the Northgrippian Age (8200 to 11 700 years ago).

Therefore a bulk subsidence rate ṡ(t) from aquifer-system
compaction can be the sum of primary inelastic compaction
rate ṡp−v(t), primary elastic compaction rate ṡp−e(t) and sec-
ondary compaction rate ṡs(t), i.e.,

ṡ(t) = ṡp−v(t)+ ṡp−e(t)+ ṡs(t) (4)

Equation (4) (Liu et al., 2019) is employed to analyze
extensometer-measured compaction rate for the three com-
ponents in response to groundwater level changes in aquifers.
Three distinct compaction characteristics for the three com-
ponents must be correctly applied in this analysis: inelastic
compaction rate ṡp−v(t) is 10 to over 100 times larger than
elastic compaction rate ṡp−e(t) when groundwater levels are
lower than preconsolidation pressure head (Epstein, 1987;
Hanson, 1989; Helm, 1978; Liu and Helm, 2008; Sneed and
Galloway, 2000); elastic compaction rate ṡp−e(t) can be nega-
tive (land rebounding) while inelastic compaction rate ṡp−v(t)
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Figure 1. Groundwater levels in Chicot and Evangeline aquifers and land subsidence at extensometer site Southwest in the Houston-
Galveston region. (Modified from Liu et al., 2019).

decreases rapidly but is never negative when groundwater
is recovering; and secondary compaction rate ṡs(t) does not
change in response to changes in groundwater levels.

4 Results

From 1931 to 1976, groundwater levels decreased as
groundwater withdrawal rates increased from 0.57 to
4.3 million m3 d−1, causing pressure heads in aquitards of
the Chicot and Evangeline aquifers to continually decline
(Kasmarek, 2013). In response to reductions in groundwa-
ter withdrawal rates from 4.3 to 3.0 million m3 d−1 between
1976 and 2001 groundwater-levels rebounded and have sta-
bilized since then. Only the Chicot aquifer and Evangeline
aquifers are involved with the 11 extensometers except North
East and Southwest. Of the 13 extensometers in operation
in the HGR, six measure subsidence in the Chicot aquifer
and the other seven measure subsidence in both the Chicot
and Evangeline aquifers at their respective locations. A to-
tal of 19 groundwater level wells in the two aquifers at or
near the 11 extensometer station locations were employed
to provide supporting evidence to be used in conjunction
with the extensometer data in order to analyze changes in
inelastic and elastic compaction and secondary consolida-
tion in response to trends in groundwater-level fluctuations
based on the methodology (Eq. 4). As one example, Fig. 1
shows the results based on analysis of observed land sub-
sidence at borehole extensometer Southwest, which mea-
sures compaction in both the Chicot and Evangeline aquifers
from 17 June 1980 to 28 December 2017 and groundwa-
ter levels at monitoring piezometers LJ-65-21-229 (com-
pleted in the Chicot aquifer) and LJ-65-21-227 (completed
in the Evangeline aquifer) from 4 April 1980 to 1 Octo-
ber 2018. The preconsolidation hydraulic head was set to
be −21.35 m in HAGM model (Kasmarek, 2013) for the
aquitards within the two aquifers. Six periods were divided

based on variable rate characteristics of elastic, inelastic,
and creep compaction corresponding to groundwater level
change. From Fig. 1 during Period I (4 April 1980–16 Au-
gust 1990), groundwater levels in the Chicot and Evange-
line aquifers ranged from −65 to −85 m and from −92 to
−121 m, respectively. During period I, both wells exhibited
water-levels much lower than the required −21.35 m of the
initial uniform preconsolidation pressure head, thus initiating
inelastic compaction which continued due to delay even af-
ter historical lowest water levels were recorded in this period.
Thus, the inelastic compaction from the aquitards dominated
the subsidence at this location: ṡ(t) was 46.92 mm yr−1 from
1980 to 1987 then decreased to 31.46 mm yr−1 from 1988 to
1990. The subsidence characteristics during Period I would
be ṡp−v� ṡp−e+ ṡs > 0. During Period II (16 August 1990
to 25 March 1993), groundwater levels in the Chicot and
Evangeline aquifers increased from −83 to −60 m and from
−110 to −82 m, respectively. The 23 and 28 m groundwa-
ter level rise caused a land rebounding rate of 14.9 mm yr−1.
Thus, elastic rebounding of the two aquifers dominated the
deformation at this location. The subsidence characteris-
tics during Period II would be ṡp−e < 0, ṡp−v+ ṡs > 0 and
ṡ = ṡp−v+ ṡp−e+ ṡs < 0. During Period III (25 March 1993
to 22 January 1998), groundwater levels in the Chicot and
Evangeline aquifers were further raised about 11 m to reach
−49 m and about 9 to −72 m, respectively. The additional
9 to 11 m in groundwater level recovery did not cause
land surface to rebound further, although the elastic com-
paction rate ṡp−e was less than zero. The trend in the sub-
sidence rate approached approximately zero, which implies
ṡp−v+ ṡs > 0 and ṡp−v+ ṡs ≈−ṡp−e from Eq. (4). Thus, the
elastic rebounding of the two aquifers approximately off-
set the combination of inelastic compaction and secondary
consolidation at this location. The subsidence characteris-
tics during Period III would be ṡp−e < 0, ṡp−v+ ṡs > 0 and
ṡ = ṡp−v+ ṡp−e+ ṡs ≈ 0. During Period IV (22 January 1998
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to 20 September 2000), groundwater levels in the Chicot
and Evangeline aquifers were lowered about 17 to −65 m
and about 13 to −82 m, respectively. The 13 to 17 m max-
imum groundwater level lowering caused land subsidence
in trend and the elastic compaction rate ṡp−e is larger than
zero. The inelastic consolidation from aquitards within the
two aquifers continued for more than about 21 years with
a decreasing rate which approached zero during this period,
since the lowest historical regional groundwater levels oc-
curred in response to the period of maximum groundwater
withdrawals from 1977 to 1984. The subsidence characteris-
tics in Period IV would be ṡp−e > 0, ṡp−v→ (approaches) 0
and ṡ = ṡp−v+ ṡp−e+ ṡs > 0. During Period V (20 Septem-
ber 2000 to 18 September 2003), groundwater levels in
the Chicot and Evangeline aquifers rose an additional 5 to
−50 m and about 10 to −70 m, respectively. The 5 to 10 m
groundwater level rise caused neither further land rebound-
ing nor significant subsidence. This happened only when in-
elastic compaction ceased (ṡp−v ≈ 0) and when elastic re-
bounding offset the secondary consolidation (ṡs ≈−ṡp−e).
Thus, it would appear that the delay in compaction from
inelastic specific skeletal storage of aquitards (Helm, 1984)
within the Chicot and Evangeline aquifers at extensometer
site Southwest ceased during or before 2000. The subsidence
characteristics in Period V would be ṡp−e < 0, ṡp−v ≈ 0 and
ṡ = ṡp−e+ ṡs ≈ 0. During the last Period VI (18 Septem-
ber 2003 to 28 December 2017), groundwater levels in the
Chicot and Evangeline aquifers exhibited an almost stable
trend of 1.13×10−4 m d−1 (Fig. 1) (0.03 m yr−1) and 4.59×
10−4 m d−1 (Fig. 1) (0.14 m yr−1), respectively. This leads
to the conclusion that the trend in elastic compaction can
be considered negligible (ṡp−e ≈ 0). Only secondary consol-
idation emerged (ṡs > 0) since both ṡp−e ≈ 0 and ṡp−v ≈ 0.
Thus the subsidence characteristics in Period VI would be
ṡp−e ≈ 0, ṡp−v ≈ 0, therefore ṡ = ṡp−v+ṡp−e+ṡs ≈ ṡs, which
equals 0.0106 mm d−1 (3.87 mm yr−1) (Fig. 1).

The secondary consolidation rate value range of 0.08 to
8.49 mm yr−1 was found by applying the above analysis to
10 other extensometer sites: Texas City, Seabrook, Johnson
Space Center and Clear Lake (which shares two groundwater
wells), Baytown, Addicks, East End, Northeast, Pasadena,
and Lake Houston, each of which has monitored ground-
water level data from wells at or near the sites. The tem-
poral variation of the pseudo-constant secondary consolida-
tion could not be easily identified from the current com-
paction observations in the HGR because its emerging pe-
riod is still relatively short at just 2 to 15 years. However, the
spatial variation of secondary consolidation rate depends on
the extensometer location. The reason for this spatial vari-
ation would include total thickness of compressible aquifer
systems, clay cumulative thickness percentage, individual
aquitard/confining unit thickness, and overburden pressure
history.

5 Conclusions

A pseudo-constant secondary consolidation rate of 0.08 to
8.49 mm yr−1 was calculated for the Quaternary and Tertiary
aquifer systems in the Houston-Galveston region from field
borehole extensometer compaction data. This secondary con-
solidation emerged following groundwater level stabilization
in the Chicot and Evangeline aquifers after 2000 following
cessation of inelastic compaction. The secondary consolida-
tion disregards any current groundwater level change man-
agement schemes because it is caused by geohistorical over-
burden pressure upon and within the compressible aquifer
systems.

Data availability. The compaction data and groundwater data
are accessible on https://txpub.usgs.gov/houston_subsidence/home/
(USGS, 2020, last access: 22 March 2020).
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Abstract. Land subsidence caused by overexploitation of aquifers manifests with an increasing frequency in
several regions of Greece. The first signs of land subsidence have been identified since 1965 at the west side of
Thessaloniki (broader Kalochori village region), in the form of a progressive marine invasion. Since then several
areas have been investigated and proved to be affected mainly by the overexploitation of the aquifers. The Multi-
disciplinary nature of the subsidence mechanism combining the geological, hydrogeological and morphological
setting of the areas with the human activities and the land use data makes their study complicated and require
the intervention of multiple scientific specialties. Furthermore, at several sites, beside ground truth data, the land
subsidence trends and extends have been also identified via multi-temporal InSAR techniques, such as PSI and
SBAS techniques. Among the sites to be presented in the current paper is the wider area of Kalochori village in
the eastern part of Thessaloniki plain, the east and west Thessaly plain in central Greece and the region extending
to the west–southwest of the Amyntaio opencast coalmine in West Macedonia.

1 Introduction

Several sites in Greece are affected by the manifestation
of land subsidence phenomena triggered by various mech-
anisms. For example the oxidation of organic soils trig-
gers land subsidence at the Xiniada plain, Central Greece
as well as at the Filippoi shoal extending at East Macedo-
nia and Thrace prefectures. The natural compaction of under-
consolidated soil formations triggers deformations at the Gi-
anitsa plain, extending at the West of Thessaloniki. The col-
lapse of old mining tunnels threatens a wide area of the An-
thoupoli municipality at the city of Athens and the collapse
of karstic cavities is responsible for the occurrence of several
sinkholes at the Ionian Islands and in several other areas in
Greece.

Among the land subsidence mechanisms, the one affect-
ing the most extended areas and is clearly triggered by hu-
man activities is the one related to the overexploitation of
the aquifers. Unlikely most of the large plain areas of Greece
are affected by those phenomena. As presented in the loca-

tion map of Fig. 1, the major plain areas affected are: (1) the
wider Kalochori – Sindos plain area at the west of Thessa-
loniki, (2) the Anthemountas basin at the east of Thesaloniki,
(3) The Amyntaio basin hosting the homonymous open pit
coal mine, Florina prefecture, (4, 5) the West and East Thes-
saly plain, central Greece and (6) the Messara basin, Crete
Island. Beside them, there are several other smaller plain ar-
eas filled with normally consolidated or even slightly over-
consolidated soil formations effected by over-pumping.

An intriguing output of the studies conducted at the above
mentioned sites is the uplift – rebound motion trend identi-
fied at the Kalochori site after the recovery of the aquifers.
The aquifers recovered after the pause of the industrial activ-
ities due to the financial crisis in Greece.

The extensive depression cone at the perimeter of the
Anargiroi opencast coalmine and its relation with the mani-
festation of intensive land subsidence phenomena, damaging
at list two densely populated villages, is also an intriguing
case study.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Location map of the major plain areas affected by the
overexploitation of the aquifers. (1) Wider Kalochori – Sindos plain
area, (2) Anthemountas basin, (3) Amyntaio basin, (4, 5) West
and East Thessaly plain and (6) Messara basin. Base map from ©
Google Earth.

Aiming to provide an overview of the land subsidence phe-
nomena occurring in Greece due to the overexploitation of
the aquifers, the most characteristic case studies and the most
intriguing results will be briefly presented at the current pa-
per.

2 Characteristic case studies

2.1 Wider Kalochori-Sindos plain area at the west of
Thessaloniki

Land subsidence in the broader Kalochori-Sindos region has
been recorded since 1964 in the form of seawater invasion
(Stiros, 2001; Loupasakis and Rozos, 2009). In 1965 an in-
tensive rainfall took place, causing seawater inundation to
threaten the houses of Kalochori. As a countermeasure, in
1969 the government built the first embankment to pro-
tect the area from the sea. Now, the maximum land subsi-
dence values can be identified along the embankments where
clearly the sea level is over the inland surface for more than
3 to 4 m (Fig. 2).

The wider area is founded over Quaternary deposits (Ro-
zos and Hatzinakos, 1993) and despite the intensity of the
land subsidence phenomena no differential displacements or
surface ruptures have been reported. This phenomenon is
unique, at least in Greece, and it can only be attributed to the
absence of faults intersecting the top layers and the bedrock
within the narrow limits of the study area. It is a fact that the
faults’ offset creates intensive variations at the thickness of

Figure 2. Field evidences of subsidence: (a) top view of the em-
bankment proving that the sea level (right) is higher than the inland
surface (left); (b) pipe’s extraction in a deep well North of Kalochori
and (c) submerged electricity network SW of Kalochori.

the compressible formations leading to the manifestation of
differential displacements in case of ground water drawdown
(Loupasakis et al., 2014).

Persistent Scatterer Interferometry (PSI) (Ferretti et al.,
2000, 2001) and Small Baseline Subset (SBAS) multi-
temporal Interferometric approach (Berardino et al., 2002)
have been applied for the analysis of 20 years ERS 1/2 and
ENVISAT datasets. The velocities estimated for the ERS
datasets present subsidence, for the narrow area of Kalochori,
with magnitude up to 35 mm yr−1 (Raspini et al., 2014), fit-
ting perfectly with the ground-truth data. Also, according to
the interferometric data the phenomena extend to the north
affecting Sindos. At this point it should be noted that the fact
that the phenomena also affect Sindos was first recognised
after the evaluation of the first Interferometric data. The uni-
form subsidence of the site and its great distance from the
coastline did not provided any indications to suspect the oc-
currence of such phenomena so far north in the mainland.

Nevertheless, the intriguing output was provided by the
ENVISAT data archive covering the period 2003–2010,
showing that there was a change in motion trend, from sub-
sidence to uplift (Fig. 3) (Svigkas et al., 2016). The uplift-
ing trend of the second decade is well correlated with hydro-
geological data following a synchronous rise of the aquifer
water level, but with an offset of 1.5 years. Furthermore, by
examining the graph of Fig. 4, it is clear that the synchroniza-
tion is so perfect that since 2007 the uplifting signal becomes
smoother, following the smoother recovery of the aquifers.

2.2 East and west Thessaly plain in central Greece

The Thessaly plain, located in central Greece, is a large plain
further divided, by hills, into two parts the East and the
west plain. At the east Thessaly plain, the land subsidence
phenomena have been observed since 1986 when numerous
ground raptures appeared causing extensive damages to lin-
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Figure 3. The groundwater recharge (contour shading in m) between June 2000 and June 2015 correlated with the displacements along LOS
in mm yr−1 from 2003 to 2010 (SAR data – dots). The aquifers recharge triggers the uplift of the study area (Svigkas et al., 2016).

Figure 4. Graph comparing the ground water level variations at Drills 1 with the surface deformation time series at nearby data points
produced by the SAR analysis (Svigkas et al., 2016).

ear infrastructure and settlements (Fig. 5). The fact that the
surface raptures are parallel to the Quaternary faults crossing
the plain led some scientists to correlate the differential de-
formations with a so called “aseismic tectonic creep” along
the faults (Kontogianni et al., 2007). A careful study of the
kinematics of the ground fissures, and a correlation of the
deformations with the ground water depression piezometric
surface revealed that they are related to the over-pumping

of the aquifers. As indicated by piezometric level measure-
ments, since the early 80’s (1982–1983), the aquifer sys-
tems of the study area have been subject to excessive over-
exploitation.

At the west Thessaly plain, the land subsidence phe-
nomena have been intensified since 2002. In the Quater-
nary deposits of the plain, constituting of Pleistocene sand
and gravel horizons with brown and grey clayey silt to

proc-iahs.net/382/321/2020/ Proc. IAHS, 382, 321–326, 2020
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Figure 5. Intensive surface deformations occurring at the Niki Vil-
lage, at the East Thessaly Plain.

silty clay intercalations, highly productive aquifers are de-
veloped. These alternations of permeable coarse-grained de-
posits (aquifers) with impermeable to low permeability strata
(aquitards) create shallow unconfined aquifers and a number
of successive semi-confined to confined aquifers, sometimes
artesian (Ilia et al., 2018). A great number of wells exploit
the unconfined aquifers for irrigation purposes triggering the
land subsidence phenomena. Concerning the reported dam-
ages due to land subsidence, the majority of them have af-
fected roads and private buildings in the town of Farsala and
the villages of Agios Georgios, Stavros and Anochori. Simi-
lar to the East Thessaly plain, the surface raptures are parallel
to the Quaternary faults crossing the plain. Figure 6 presents
the spatial distribution of the surface raptures following the
tectonic lines as well as the distribution of the deformations
at the town of Farasla. It is clear that the deformations affect
only parts of the town that are founded on the Quaternary
formations, while the parts located over the limestone of the
bedrock remain, as expected, stable.

2.3 The perimeter of the Anargiroi opencast coalmine,
Florina Prefecture, West Macedonia

The land subsidence phenomena caused by the dewatering of
the mines are listed among the mining-induced catastrophic
geohazards slowly affecting extensive areas around the open-
casts, causing irreversible damages.

The site under investigation is the area extending west–
northwest of the Amyntaio opencast coal mine, located at
the homonymous basin at Florina Prefecture. This mine will
be active for several more years, and currently a second mine
(Filotas mine) is excavated within the limits of the basin, as
a replacement source of coal.

According to recent measurements, the ground water-table
drawdown close to the mine is more than 70 m (Tzampoglou
and Loupasakis, 2017, 2018). Actually; the overall excava-

tion including the surrounding draining wells acts as an in-
finitely operating deep well with a diameter of approximately
4km, draining most of the basin. At this point, it should be
noted that besides the mining activities, the overexploitation
of the aquifers in the wider basin is also amplified by an in-
creasing number of farmers’ irrigation wells. But from the
form of the overall depression cone is clear that the domi-
nant braining activity is the mining. The overexploitation of
the aquifers has triggered, since 2005, extensive land subsi-
dence phenomena. These phenomena extend 2–3 km around
the mine causing damages to three villages so far: Anargiroi,
Valtonera and secondarily Fanos. The surface raptures were
initially reported at 2001 in the urban area of the Anargiri
village and by 2006 the damages affected the entire plain; in-
cluding the distant village of Fanos, located 4 km away from
the mine.

The orientation of the surface raptures is clearly related to
the orientation of the main tectonic lines forming the plain
(Fig. 7). The differential vertical displacements across the
fractures are inversely proportional to the distance from the
mine. The maximum values are recorded right next to the
mine’s crest, reaching up to offset values of 0.5–1 m, while
the fractures gradually faint moving away from the mine
(Loupasakis et al., 2014).

At the Valtonera village, a single fracture intersects the
entire village causing differential vertical displacements up
to 30 cm (Fig. 8). On the contrary, at the Anargiri village,
which is much closer to the mine, the deformations distribu-
tion is more complicated. Multiple fractures‘ directions are
recorded following both the tectonic lines directions as well
as the ground water depression cone contour lines.

A farther investigation of the phenomenon was conducted
by applying numerical simulations (Loupasakis et al., 2014;
Tzampoglou and Loupasakis, 2018). The simulations were
aiming to the study of the phenomenon at the most heavily
damaged area of the villages and to the parametric simulation
of the influence of the geological profile’s geometry on the
surface deformations.

The parametric simulations proved that the faults’ offset is
the main parameter affecting the differential displacements
of the surface and the occurrence of the surface raptures.
Also, the common result of the simulations was that the
ground water drawdown affects intensively the surface rap-
tures offset. So as verified by the ground truth data the sim-
ulations also proved that the vertical displacements decrease
moving away from the crest of the mine.

3 Discussion

Land Subsidence triggered by the overexploitation of the
aquifers is a quiet natural hazard, evolving very slowly, and
sometimes taking place for decades before it gets noticed. As
an example, the deformations at the narrow area of Sindos,
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Figure 6. The spatial distribution of the surface raptures and PSI data (modified from Ilia et al., 2018).

Figure 7. Intensive Distribution of the surface ruptures at the Amyntaio basin. A. Anargiroi, B. Valtonera and C. Fanos villages (Tzampoglou
and Loupasakis, 2017).

due to the lack of deferential deformations, were first realised
around 2010, more than 50 years after they were triggered.

Reviewing all above case studies, it is clear that besides
the ground water drawdown, the factor affecting the most
the occurrence of differential deformations is the existence
of tectonic faults at the base rock formations of the plain.

The alterations on the thickness of the compressible soil lay-
ers, imposed by the faults‘ offset, allows the manifestation of
differential displacements along the projection of the fault on
the surface of the plain.

At all above described case studies, differential deforma-
tions, and as a result surface raptures, were recorded only at
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Figure 8. Building damaged by the surface deformations occurring
at the Valtonera Village, at the West of the Amyntaio Open Pit Coal
Mine, West Macedonia.

the plain areas where the base rock formations were inter-
sected by tectonic lines.

To the direction of the mining risk management, is clear
that the intensity as well as the extent of the land subsi-
dence can be predicted using hydrogeological and geotech-
nical studies to determine mechanisms of the phenomena by
combining ground truth data and modeling procedures. So,
mining project managers can make proper decisions to pro-
tect natural and urban environments by reducing impacts of
the mining hazard.

An also interesting conclusion is that due to the grate ex-
tend of the phenomena and their low deformation rates the
Interferometric techniques has be proved to be a valuable tool
for their study.
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Abstract. Total subsidence in deltaic areas is the cumulative effect of a range of driving mechanisms, both
natural and anthropogenic. The populous and low-lying Vietnamese Mekong delta is facing accelerating sub-
sidence rates and effective mitigation strategies are urgently needed to save-guard the future sustainability of
the delta. This paper gathers results from existing measurements and estimates of subsidence in the Mekong
delta and presents new, delta-wide datasets of PSI observations of vertical velocity from 2014–2019. We de-
scribe the practical application of this new data in ongoing projects in Vietnam and outline a planned approach
to determine depth-dependent subsidence rates, using this new dataset in combination with field surveys and
physics-based numerical models, to advance towards improved quantitation of the contributions of individual
subsidence mechanisms.

1 Introduction

1.1 Causes of land subsidence in deltas

Land subsidence in deltas can be caused by a range of drivers
and processes. The actual subsidence that occurs and con-
tributed to surface elevation change over time, is the sum
of all processes. Land subsidence in deltas occurs because
of natural processes, like the compaction of soft, unconsol-
idated sediments over time and with increased overburden
load (e.g. new sediments or seasonal flooding), oxidation of
organics, but also as a result of tectonic movements. Human
activities can enhance the natural subsidence or trigger new
processes, for example, by extracting fluids (decreasing pore-
pressure), lowering of the surface water table or by adding
weight to the surface by buildings or infrastructure. All these
mechanisms act on different temporal and spatial scales, cre-
ating a complex subsidence response of an entire delta. To
develop detailed adaptation and mitigation strategies for sub-

siding deltas subsidence measurements need to be untangled
into different processes and drivers to gain understanding
on where, how much and why individual subsidence drivers
cause subsidence locally.

The populous Vietnamese Mekong delta, like many other
deltas worldwide, is facing increased rates of subsidence dur-
ing the past decades. Dedicated research focused on quanti-
fying rates, drivers and processes have greatly increased in-
sights and the availability of subsidence data in recent years.
The Mekong delta is experiencing relatively high rates of
natural compaction of its young, Holocene sediments (Zoc-
carato et al., 2018). On top of this, human activities and
economic development during the past decades have led to
intensification of agricultural practices and urbanization of
the delta. Intensification of land use change from a natural
to more human dominated land-use correlated to increasing
rates of observed land subsidence (Minderhoud et al., 2018)
as anthropogenic drivers, enhancing and triggering subsi-
dence processes increased. One of the large drivers of the
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subsidence rates presently experienced, was the steady in-
crease in groundwater extraction since the 90’s from its thick,
locally over 500 m, multi-aquifer system (Minderhoud et al.,
2017). As new elevation data revealed that the deltas eleva-
tion relative to local sea level is even lower than previously
assumed (on average the delta plain is elevated only ∼ 80 cm
above local sea level) (Minderhoud et al., 2019), the accel-
erating subsidence rates strongly increase the vulnerability
to sea-level rise-induced flooding, salinization (Eslami et al.,
2019), coastal erosion and, ultimately, threaten the livelihood
of 18 million delta inhabitants with permanent inundation
(Minderhoud et al., 2020).

Quantifications of land subsidence are scarce in the
Mekong delta and generally do not cover long measurement
periods. In recent years, several direct and indirect measure-
ments and derived quantifications on surface level lowering,
the result of land subsidence, became available both from
remote sensing sources (sensors on satellites) and (in)direct
ground-based measurements (Table 1).

In this paper, we present new Persistent Scatterer Inter-
ferometry (PSI) data for the Mekong delta created by Gisat,
through an EU’s Copernicus Emergency Management Ser-
vice – Risk & Recovery Mapping activation by the German
International Cooperation Agency (GIZ) and Geological Sur-
vey (BGR). We explain the methodology, present the result-
ing InSAR-based subsidence estimates and discuss an exam-
ple of practical application of the data in DEM projections as
done in ongoing development projects. Finally we discuss the
proposed approach to move forward towards interpreting the
new PSI estimates to arrive at depth-dependent subsidence
rates, which is the next step towards unraveling specific sub-
sidence processes and mechanisms.

2 New subsidence estimates for the Mekong delta
based on PS InSAR

Recently, new datasets of PSI-based subsidence estimates for
the Mekong delta became available. This InSAR-based sub-
sidence monitoring was carried out under the framework of
Copernicus Emergency Management Service (© 2018, 2019
European Union), EMSN057: “Ground subsidence Analy-
ses, Mekong Delta, Vietnam”, and EMSN062: “Assessing
changes in ground subsidence rates, Mekong Delta, Viet-
nam”. EMSN057 focused on mapping areas of three cities
in the Delta in high detail, i.e. density of detected persis-
tent scatterer (PS) points: Ca Mau, Long Xuyen and Rach
Gia (approximately 20 × 20 km large rectangles centered in
the cities), while EMSN062 aimed at mapping of the whole
Delta (more than 40 000 km2) at lower detail.

2.1 Methodology

Land subsidence was mapped using time series of Sentinel-
1 SLC images from descending track 18. Time series cov-
ered period from October 2014 to January 2019 or Septem-

ber 2018 in case of EMSN057 respectively. In total more
than 180 images were acquired, stacked and analyzed by PS
InSAR (Persistent Scatterer Interferometry) technique. Im-
ages were first co-registered to optimal master image using
TanDEM-X DEM and precise orbital information to achieve
sub-pixel accuracy. In the next step atmospheric delay was
estimated as the low-pass component of the phase residuals
from displacement estimations on set of points with the low-
est amplitude dispersion. In case of EMSN057, every city
was processed separately and reference points were selected
individually for each processed area. Therefore, their stabil-
ity and comparability of absolute figures of estimated subsi-
dence rates between areas and with EMSN062 could not be
guaranteed. In EMSN062, the reference point was selected
in the hilly area at the border with Cambodia, whose rock
outcrops are supposed to be stable in contrast to the most
of the Delta. In this case, each data swath was originally
processed separately but due to deteriorating PS’s quality
at the swath edges each swath was divided into two sub-
areas. Therefore, six sub-areas were processed independently
and results were merged at the end of processing assuring
each sub-area was referenced to the common stable refer-
ence point. Due to size of the Delta, density of resulting PS
points could not be as high as for 3 cities and their number
was reduced by application of thresholding considering am-
plitude stability and coherence. Standard PS InSAR (Ferretti
et al., 2001) algorithm implemented in the SARProZ© was
applied on each point in order to estimate the displacement
rate (average annual velocity), its standard deviation, dis-
placement time series and other attributes. The rate was es-
timated using linear displacement model assuming that char-
acters of displacement trends are mostly linear in time and
that their magnitude is significantly smaller than 2.8 cm per
acquisition frequency, i.e. half of SAR sensor’s wavelength
per 12 d until September 2016 and per 6 d afterwards. Dis-
placements were measured in satellite’s line of sight (LOS),
which ranged from 30–45◦ from the vertical direction. Sub-
sidence rate was recalculated from LOS to vertical plane di-
rection under assumption that most of PS points in the Delta
should be subject to subsidence while not possessing signif-
icant displacement component in horizontal direction. Each
point was accompanied by attributes associated to quality of
detected variables and showing the trend of detected ground
displacement in time. As there had been many construction
activities in the Delta during 2014–2019 period, each point
was supplied with additional information about the start and
the end date of the reflector estimated using evolution of de-
tected radar intensity signal.

2.2 PSI-estimates of subsidence rates

The detected movement of the persistent scatterers was used
to estimate vertical velocity of the objects (Fig. 1). Generally,
there is higher PS point density in urbanized area, while con-
siderably lower density in rural or natural landscapes. Initial
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Table 1. Overview of the existing subsidence observations in the Mekong delta.

Subsidence
observations

Description Reported subsidence
rates

Institutions Reference

Satellite-based
estimates

InSAR-based estimates for large
parts of the Mekong delta (moni-
tored period: 2006–2010)

10–40 mm yr−1 Stanford University, USA Erban et al.
(2013, 2014)

PS InSAR-based estimates for parts
and large part of the Mekong delta
(monitored period: 2014–2019)

20–50 mm yr−1

(Build-up areas)
0–20 mm yr−1

(Agricultural areas)

Gisat, Czech Republic. In Frame-
work of Copernicus Emergency
Management Service – Risk & Re-
covery Mapping

ESMN-057 (2018)
ESMN-062 (2019)

Direct in-situ
measurements

Relative Surface Elevation Table
(RSET) founded at −20 m at Ca
Mau cape and the Bessac river
mouth in mangrove forests

13.4–46.2 mm yr−1

from 2010–2014 for
the first 20 m.

Brisbane University, Australia Lovelock et al. (2015)

Additional Surface Elevation tables
with foundation at 40 m depths

No data Ho Chi Minh University of Tech-
nology (HCMUT) and other Uni-
versities

Results are not yet
published

Subsidence monitoring stations (3)
in Ca Mau founded at 100 m depth
(installed in 2017)

24 and 31 mm yr−1

from 2017–2019 for
the first 100 m. (Third
station malfunctions)

Norwegian Geotechnical Institute
(NGI) with Vietnam Institute
of Geosciences and Mineral
Resources (VIGMR)

Karlsrud et al. (2017),
Karlsrud (2019),
Karslrud and Vangel-
sten (2017)

Survey of National benchmarks
(2005–2014/2015/2017)

Up to > 50 mm yr−1 Department of Survey and Mapping Published in internal
MONRE report

Geological survey of unfounded
surface benchmarks

Up to several cm yr−1 South Division of Mineral
Resources and Geology (DSMG),
Ho Chi Minh City

Do et al. (2015)
(in Vietnamese)

Indirect in-situ
measurements

River stage measurements (1993–
2014) and derived subsidence

17.1 mm yr−1 (Average
subsidence)

Tokio Institute of Technology,
Japan

Fujihara et al. (2015)
Takagi et al. (2016)

general findings are in line with patterns and outcomes iden-
tified by previous studies (Erban et al., 2014; Minderhoud
et al., 2018) though quantitative assessment still needs to be
conducted: subsidence hot spots are located mostly in built-
up areas with average annual subsidence rates ranging from
20–50 mm yr−1 and agriculture areas are being affected to
lesser extent with rates amounting to 0–20 mm yr−1.

The results of the two datasets each serve their own pur-
pose in application. The EMSN062 results facilitate compar-
ative assessment of subsidence patterns at regional level with
high reliability. They reveal areas more prone to subsidence
and may be assessed in conjunction with built-up, land use
or groundwater extraction information for the whole Delta.
However, point density is insufficient for analysis at local
level, e.g. for individual city. As demonstrated for 3 cities this
gap is bridged by results from localized and detailed analysis
from EMSN057. As shown in Fig. 2, some small and many
medium-size buildings were covered by one more multiple
detected PS points. High variability of subsidence rates was
detected at very local (building-to-building) level in all an-
alyzed areas. Such micro-level variability are likely caused
by subsoil compaction due to different load contributions of
infrastructure and buildings depending on their size, built-up
material, foundations and also the object’s age.

2.3 Vertical velocity of individual buildings or
infrastructure

The high spatial resolution provided by the Sentinel-1 de-
rived InSAR data allows the identification of vertical motion
rates of objects on the ground. Horizontal inaccuracies in the
dataset make it difficult to attribute specific PSI points to
individual houses in dense urban settlements. It is however
possible to correlate specific PSI point to larger buildings
or free standing objects, like high-voltage power pylons in
a rice paddy. Data from the EMSN057 dataset is especially
suitable to identify individual objects because of the higher
PSI density and provides, for the first time in the Mekong
delta, to compare velocity difference between different, ad-
jacent objects which provides relevant information on depth-
dependent subsidence (Fig. 3). The relation between objects
acting as PSI points and actual subsidence of the surround-
ing delta surface does not correlate one-on-one as objects
may sink faster or slower, depending on structural weight and
foundation depth.

Preliminary, qualitative in-situ field observations show that
roads, parking spaces and similar infrastructure have the
same subsidence rates as nearby ground. Small buildings
with few floors show mostly similar rates of sinking as roads
while most bigger, taller buildings tend to have significantly

proc-iahs.net/382/327/2020/ Proc. IAHS, 382, 327–332, 2020
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Figure 1. PSI-estimated average subsidence velocity in the Mekong
Delta between 2014 and 2019. Based on Copernicus Emer-
gency Management Service product (© 2019 European Union),
[EMSN062] Mekong Delta, Vietnam: Average Subsidence Veloc-
ity map.

Figure 2. Estimated average subsidence velocity rate of move-
ment in the area of Long Xuyen hospital. Subsidence rates are
assigned to individual buildings. Outcomes of PS InSAR analysis
were confirmed by field validation. Based on products of Coper-
nicus Emergency Management Service (© 2018 European Union),
[EMSN057] Long Xuyen, Vietnam: Average Subsidence Velocity
map. © Google Maps.

Figure 3. Differential subsidence of individual objects and their
relation between foundation depth and weight. Combining this re-
lation with the PSI-estimated subsidence rates can be used to inves-
tigate and quantify depth-dependent subsidence rates.

Figure 4. PSI-estimated average subsidence velocity of An Giang
University buildings in Long Xuyen. Subsidence rates are assigned
to individual buildings. The founded buildings (green outline) sub-
side at a speed of ∼ 0.5 mm yr−1 while the surrounding area sub-
sides at a rate of ∼ 20 mm yr−1, resulting in about 150–200 mm
in ten years since construction (inset photo). Outcomes of PS In-
SAR analysis were confirmed by field validation. Based on products
of Copernicus Emergency Management Service (© 2018 European
Union), [EMSN057] Long Xuyen, Vietnam: Average Subsidence
Velocity map.

Proc. IAHS, 382, 327–332, 2020 proc-iahs.net/382/327/2020/
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Figure 5. Elevation map of Long Xuyen city in An Giang province
in 2018, based on leveling survey in 2010, corrected to 2018 us-
ing additional survey data and new PSI estimates. And elevation
projected for 2050, following substraction of interpolated PSI-
estimated subsidence rates. The projected DEM is used to evaluate
future urban flood resilience and drainage capacity of the city.

lower subsidence rates, likely related to a deeper foundation
depth. The University of An Giang in the city of Long Xuyen,
constructed ten years ago, is an example of a building com-
plex with significantly lower subsidence rates compared to
nearby roads and open spaces. The university buildings move
downward with ∼ 0.5 mm yr−1 while the roads subside with
∼ 20 mm yr−1 (Fig. 4).

2.4 Practical application of new PSI data to create
elevation projections for urban flood analysis

The PSI data is used within the framework of the ongoing
GIZ project: “Mekong Urban Flood Resilience and Drainage
Programme” to create projections of elevation in three cities
of the Mekong delta (Rach Gia, Long Xuyen, Ca Mau) to
investigate the effect of subsidence on future urban flooding
and drainage. The PSI-based subsidence estimates were pro-
jected, assuming a gradual reduction in rates of 1 % yr−1 (as-
suming settlement decreases over time with increasing com-
paction) and subtracting from the Digital Elevation Model
(DEM) of the cities. Although interpolation of PSI points es-
timate leads to uncertainties, as individual points do not nec-
essarily represent subsidence rates of its surrounding area,
this approach does provide a reasonably well first estimate of
future elevation.

GIZ used projected DEMs for the layout of the drainage
systems for Ca Mau, Long Xuyen and Rach Gia with the aim
of facilitating smooth operations at least until the middle of
the century. For the city of Ca Mau it appears unlikely that
purely gravity driven drainage systems will be viable. Within
the next two decades relative sea-level rise will necessitate

the protection of the city with a ring of dykes and the use of
pumps.

3 Approach towards unravelling the contribution of
individual subsidence drivers in the Mekong delta

The new PSI-based estimates of subsidence of individual
objects in the Mekong delta enable a detailed and, liter-
ately, in-depth analysis aimed to quantify depth-dependent
subsidence rates, which is the next step towards quantita-
tive unraveling measured subsidence rate for different driv-
ing mechanisms. Planned activities consist of measuring
height differences in-situ during field (validation of PSI
data) and correlating the results with the building’s age,
foundation depth, estimated load, surrounding land use,
(ground) water dynamics and geological setting. Through
this depth-dependant subsidence rates can be correlated to
(hydro)geological and lithological record and potentially up-
scaled to the entire delta. These results will also provide valu-
able new insights to improve numerical models and therefore
our predictive capabilities of process-based subsidence.
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copernicus.eu/mapping/list-of-components/EMSN057, ESMN-
057, 2018) and EMSN062 (https://emergency.copernicus.eu/
mapping/list-of-components/EMSN062, EMSN062, 2019).

Author contributions. ON activated the Copernicus EMSN ac-
tions. IH and JK performed the InSAR analyses. All authors dis-
cussed the results. PSJM and ON jointly conceived the paper.
PSJM drafted the paper and all authors contributed and edited the
manuscript.

Competing interests. The authors declare that they have no con-
flict of interest.

Special issue statement. This article is part of the special issue
“TISOLS: the Tenth International Symposium On Land Subsidence
– living with subsidence”. It is a result of the Tenth International
Symposium on Land Subsidence, Delft, the Netherlands, 17–21
May 2021.

Acknowledgements. We would like to acknowledge Andreas
Renck (German Institute for Geosciences and Natural Resources)
and Fabian Löw for their role in the Copernicus Emergency Man-
agement Service – Risk & Recovery Mapping activation. And On-
drej Nalevka of Gisat for his contributions to the PSI analyses.

proc-iahs.net/382/327/2020/ Proc. IAHS, 382, 327–332, 2020

https://emergency.copernicus.eu/mapping/list-of-components/EMSN057
https://emergency.copernicus.eu/mapping/list-of-components/EMSN057
https://emergency.copernicus.eu/mapping/list-of-components/EMSN062
https://emergency.copernicus.eu/mapping/list-of-components/EMSN062


332 P. S. J. Minderhoud et al.: Towards unraveling total subsidence of a mega-delta

Financial support. Philip S. J. Minderhoud was supported by the
Urbanizing Deltas of the World (UDW): “Rise and Fall” research
project (grant: W07.69.105) funded by the Dutch scientific organi-
zation (NWO-WOTRO), Deltares Research Institute and TNO Geo-
logical Survey of the Netherlands. Olaf Neussner was supported by
the “Mekong Urban Flood Resilience and Drainage Programme”
funded by the Swiss State Secretariat for Economic Affairs (SECO)
and the German Ministry for Economic Cooperation and Develop-
ment (BMZ). Ivana Hlavacova and Jan Kolomaznik were supported
through the Copernicus EMSN057 and EMSN062 activations.

References

Do, V. L., Nguyen, D. V., Tran, V. T., Tran, V. N., Trinh, M. P., and
Ma, C. C.: The primary results of monitoring of present aggrada-
tion and degradation in Song Cuu Long plain during 2013–2014
stage, Tap Chi Dia Chat – Loat A, 7–12, 83–94, 2015 (in Viet-
namese, English summary).

Erban, L. E., Gorelick, S. M., Zebker, H., and Fendorf, S.:
Release of arsenic to deep groundwater in the Mekong
Delta, Vietnam, linked to pumping-induced land sub-
sidence, P. Natl. Acad. Sci. USA, 110, 13751–13756,
https://doi.org/10.1073/pnas.1300503110, 2013.

Erban, L. E., Gorelick, S. M., and Zebker, H. A.: Ground-
water extraction, land subsidence, and sea-level rise in the
Mekong Delta, Vietnam, Environ. Res. Lett., 9, 091002,
https://doi.org/10.1088/1748-9326/9/8/084010, 2014.

Eslami, S., Hoekstra, P., Nguyen Trung, N., Ahmed Kantoush,
S., Van Binh, D., Duc Dung, D., and van der Vegt, M.: Tidal
amplification and salt intrusion in the Mekong Delta driven
by anthropogenic sediment starvation, Sci. Rep., 9, 18746,
https://doi.org/10.1038/s41598-019-55018-9, 2019.

ESMN-057: Copernicus Emergency Management Service –
Risk & Recovery Mapping (ESMN) activation 057: Ground
subsidence analyses, Mekong Delta, Vietnam, available at:
https://emergency.copernicus.eu/mapping/list-of-components/
EMSN057 (last access: 25 March 2020), 2018.

ESMN-062: Copernicus Emergency Management Service – Risk
& Recovery Mapping (ESMN) activation 062: Assessing
changes in ground subsidence rates, Mekong Delta, Viet-
nam, available at: https://emergency.copernicus.eu/mapping/
list-of-components/EMSN062 (last access: 25 March 2020),
2019.

Ferretti, A., Prati, C., and Rocca, F.: Permanent Scatterers in
SAR Interferometry, IEEE T. Geosci. Remote, 39, 8–20,
https://doi.org/10.1109/36.898661, 2001.

Fujihara, Y., Hoshikawa, K., Fujii, H., Kotera, A., Nagano, T., and
Yokoyama, S. Analysis and attribution of trends in water levels
in the Vietnamese Mekong Delta, Hydrol. Process., 30, 835–845,
https://doi.org/10.1002/hyp.10642, 2015.

Karlsrud, K.: Preliminary results of land subsidence monitoring in
the Ca Mau province, Vietnam International Water Week (VACI),
Conference Proceedings VACI 2019, 4, 2019.

Karlsrud, K. and Vangelsten, B. V.: Subsidence and land loss in the
Ca Mau province – Vietnam, Causes, concequences and mitigra-
tion options, Geotechnical Engineering Journal of the SEAGS &
AGSSEA Vol. 48, ISSN 0046-5828, 2017.

Karlsrud, K., Tunbridge, L., and Nguyen, Q.: Land subsidence in Ca
Mau province, Vietnam. Results from phase 2 – pilot monitoring
project, Norwegian Geotechnical Institute (NGI), Document no:
20120075-02-R, 2017.

Lovelock, C. E., Cahoon, D. R., Friess, D. A., Guntenspergen, G.
R., Krauss, K. W., Reef, R., Rogers, K., Saunders, M. L., Sidik,
F., Swales, A., Saintilan, N., Thuyen, L. X., and Triet, T. The vul-
nerability of Indo-Pacific mangrove forests to sea-level rise, Na-
ture 526, 559–563, https://doi.org/10.1038/nature15538, 2015.

Minderhoud, P. S. J., Erkens, G., Pham Van, H., Bui Tran, V., Er-
ban, L.E., Kooi, H., and Stouthamer, E.: Impacts of 25 years of
groundwater extraction on subsidence in the Mekong delta, Viet-
nam, Environ. Res. Lett., 12, 6, https://doi.org/10.1088/1748-
9326/aa7146, 2017.

Minderhoud, P. S. J., Coumou, L., Erban, L. E., Mid-
delkoop, H., Stouthamer, E., and Addink, E. A. The
relation between land use and subsidence in the Viet-
namese Mekong delta, Sci. Total Environ., 634, 715–726,
https://doi.org/10.1016/j.scitotenv.2018.03.372, 2018.

Minderhoud, P. S. J., Coumou, L., Erkens, G., Middelkoop, H., and
Stouthamer, E. Mekong delta much lower than previously as-
sumed in sea-level rise impact assessments, Nat. Commun., 10,
3847, https://doi.org/10.1038/s41467-019-11602-1, 2019.

Minderhoud, P. S. J, Middelkoop, H., Erkens, G., and Stouthamer,
E.: Groundwater extraction may drown mega-delta: projections
of extraction-induced subsidence and elevation of the Mekong
delta for the 21th century, Environmental Research Communica-
tions, https://doi.org/10.1088/2515-7620/ab5e21, 2020.

Takagi, H., Thao, N. D., and Anh, L. T. Sea-level rise and land
subsidence: Impacts on flood projections for the Mekong Delta’s
largest city, Sustain. 8, 1–15, https://doi.org/10.3390/su8090959,
2016.

Zoccarato, C., Minderhoud, P. S. J., and Teatini, P.: The role of sedi-
mentation and natural compaction in a prograding delta: insights
from the mega Mekong delta, Vietnam, Sci. Rep., 8, 11437,
https://doi.org/10.1038/s41598-018-29734-7, 2018.

Proc. IAHS, 382, 327–332, 2020 proc-iahs.net/382/327/2020/

https://doi.org/10.1073/pnas.1300503110
https://doi.org/10.1088/1748-9326/9/8/084010
https://doi.org/10.1038/s41598-019-55018-9
https://emergency.copernicus.eu/mapping/list-of-components/EMSN057
https://emergency.copernicus.eu/mapping/list-of-components/EMSN057
https://emergency.copernicus.eu/mapping/list-of-components/EMSN062
https://emergency.copernicus.eu/mapping/list-of-components/EMSN062
https://doi.org/10.1109/36.898661
https://doi.org/10.1002/hyp.10642
https://doi.org/10.1038/nature15538
https://doi.org/10.1088/1748-9326/aa7146
https://doi.org/10.1088/1748-9326/aa7146
https://doi.org/10.1016/j.scitotenv.2018.03.372
https://doi.org/10.1038/s41467-019-11602-1
https://doi.org/10.1088/2515-7620/ab5e21
https://doi.org/10.3390/su8090959
https://doi.org/10.1038/s41598-018-29734-7


Proc. IAHS, 382, 333–337, 2020
https://doi.org/10.5194/piahs-382-333-2020
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

Open Access

Tenth
InternationalS

ym
posium

on
Land

S
ubsidence

(TIS
O

LS
)

Altered surface hydrology as a potential mechanism
for subsidence in coastal Louisiana

Jaap H. Nienhuis1, Torbjörn E. Törnqvist2, and Gilles Erkens1,3

1Department of Physical Geography, Utrecht University, Utrecht, the Netherlands
2Department of Earth and Environment Sciences, Tulane University, New Orleans, LA, USA

3Department of Subsurface and Groundwater Systems, Deltares, Utrecht, the Netherlands

Correspondence: Jaap H. Nienhuis (j.h.nienhuis@uu.nl)

Published: 22 April 2020

Abstract. The natural wetlands of coastal Louisiana are experiencing rapid subsidence rates averaging 9±
1 mm yr−1. Recent measurements based on GPS data and CRMS surface elevation tables (SETs) have shown
that most of the subsidence is shallow and occurs in the uppermost 5 meters. Sources of subsidence and the
origin of their spatial variability are strongly debated. Here we use CRMS SETs together with historic maps
of coastal Louisiana to explore two hypotheses: (i) shallow subsidence is a result of accommodation created
by (long-term) deep subsidence processes and self-weight consolidation, and (ii) changes in marsh hydrology
(groundwater and surface water flows) have led to a recent increase in shallow subsidence.

First, we find that, although self-weight consolidation would result in generally high observed shallow sub-
sidence rates, it does not explain the rates nor the spatial variability of the CRMS SET data. Second, based on
historic maps, we find that shallow subsidence rates are significantly higher for CRMS sites where shipping
canals have reduced their distance to the marsh edge. This is potentially a result from increased sediment depo-
sition, but CRMS data also show altered groundwater levels near the marsh edge. We find some indication that
prolonged periods of low water could have led to increases in effective stresses that explain some of the rapid
rates of shallow subsidence observed along Louisiana’s coastline.

1 Introduction

Many low-lying coastal areas including coastal Louisiana
experience elevated rates of relative sea-level rise because
of subsidence (Jankowski et al., 2017; Minderhoud et al.,
2018; Nienhuis et al., 2017; Teatini et al., 2011). Recent data
collection through the Coastal Reference Monitoring Sys-
tem (Steyer et al., 2003; https://lacoast.gov/crms/, last ac-
cess: 1 August 2019) (Fig. 1a) has allowed for unprecedented
analyses of subsidence rates and patterns in coastal Louisiana
(e.g., Jankowski et al., 2017; Nienhuis et al., 2017; Sanks et
al., 2019), but subsidence mechanisms are still poorly under-
stood. Subsidence at depth is likely a combination of isostasy
and fault movement (Frederick et al., 2019), but tends to be
much slower compared to subsidence observed at the surface
(Frederick et al., 2019; Wolstencroft et al., 2014). For shal-
low subsidence, several mechanisms have been proposed,
including shallow hydrological modifications such as weirs

and impoundments (Turner, 2004), soil consolidation result-
ing from sediment deposition (Törnqvist et al., 2008), with
(Meckel et al., 2006) or without (Jankowski et al., 2017) a
relation to Holocene sediment thickness.

Here we analyze the CRMS dataset (Fig. 1) to better un-
derstand shallow subsidence. CRMS subsidence measure-
ments are obtained based on surface elevation change and
vertical accretion data of surface elevation tables (SET’s)
(Fig. 1b). Jankowski et al. (2017) compiled these data and
included deep subsidence from GPS measurements (Karegar
et al., 2015) to investigate decadal-timescale subsidence. We
use the data of Jankowski et al. (2017), together with CRMS
water level and soil property data (Steyer et al., 2003). We
use digitized land loss maps of Penland et al. (2000) instead
of more recent land loss maps (e.g., Couvillion et al., 2017)
because it is vectorized and because it includes a description
of the type of wetland loss (e.g. interior canals vs. shoreline
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Figure 1. (a) Location of CRMS stations used to determine sub-
sidence rates, at 274 sites along the Louisiana coast, based on
data collected through the Coastwide Reference Monitoring System
(CRMS) program. (b) Schematic of a CRMS-SET, including indi-
cated range of deep subsidence (DS) and shallow subsidence (SS),
reproduced from Jankowski et al. (2017).

erosion). We investigate two hypotheses: (1) shallow subsi-
dence is caused by self-weight consolidation, and (2) shallow
subsidence is caused by surficial hydrological change.

2 Self-weight consolidation

Self-weight (primary) consolidation implies that the weight
of accreted sediment expels pore-water fluid from underlying
layers, forcing their consolidation. Self-weight consolidation
can potentially create high surface subsidence rate (Teatini et
al., 2011; Törnqvist et al., 2008; Tovey and Paul, 2002; Zoc-
carato et al., 2018). However, accommodation space must be
created by deep subsidence processes for these rates to be
sustained on long timescales.

Here we perform a simple analysis to investigate the po-
tential rate of self-weight-consolidation-driven subsidence.
We solve the following implicit function (Tovey and Paul,

Figure 2. Equilibrium depth dependence of the (a) void ratio, as-
suming sediment deposition with a void ratio of 3.5, and (b) subsi-
dence rate (SS+DS), assuming mass-balance and a DS (deep sub-
sidence) rate of 3 mm yr−1 at a depth of 10 m. CRMS data show the
average void ratio across all CRMS sites.

2002), which describes the void ratio e as a function of depth
z (m),

e (z)= e0− cclog10
(
σ0+ σ

′(z)
)
, (1)

with the added weight of overlying sediments (kN m−2),

σ ′ (z)= γw

z∫
0

Gs+ e (z)
1+ e (z)

dz, (2)

where e0 is the void ratio of the deposited sediment at z= 0,
γw is the specific weight of water (∼ 9.8 kN m−3), Gs is the
specific gravity of the sediments (∼ 2.6), cc is a consolidation
coefficient (here ∼ 1), and σ0 is a reference weight (here ∼
0.1 kN m−2).

Based on CRMS soil data of the upper 0.24 m of the marsh
surface and a void ratio of the deposited sediment of e0 of 3.5,
we obtain an approximate equilibrium void ratio distribution
(Fig. 2a). The void ratio distribution also determines the equi-
librium shallow subsidence rate (SS, mm yr−1) at depth (z)
via mass-balance and the creation of accommodation. The
void ratio distribution implies a linear relationship between
deep (DS) and shallow (SS) subsidence rates,

SS(z)= DS
(
e (z)+ 1
eDS+ 1

− 1
)
, (3)

where eDS is the void ratio at depth (Fig. 2b).
We apply Eq. (2) and estimate shallow subsidence rates

for every CRMS site based on local deep subsidence rates,
depth of the deep subsidence measurement, and local surface
void ratio (Fig. 3). We find that Eq. (2) underpredicts sub-
sidence rates and also does not explain the variability in the
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Figure 3. Estimated vs. predicted shallow subsidence based on
Eq. (2). Histograms show distribution of predicted and observed
rates, including their mean.

observed shallow subsidence rates. We do not find a corre-
lation between the deep subsidence and shallow subsidence
rates.

3 Altered surface hydrology

We explore the hypothesis that changes in horizontal sur-
face hydrology affect shallow subsidence rates in coastal
Louisiana. This hypothesis was raised by Turner (2004), who
suggested that prolonged wet and dry periods in marshes af-
ter the creation of canals and adjacent spoil banks through
marshes could lead to increased subsidence. Studies of other
marshes have also found that changing surface water (and
adjacent ground water) affects subsidence rates, even for
cases where surface water changes occur over relatively
short periods of weeks/months (Deverel and Leighton, 2010)
or days (Chai et al., 2017). Note that marsh groundwater
changes strongly depend on the distance to the marsh edge.
Eco-hydrological models of salt marshes generally find that
groundwater change is limited to places near edges (Mon-
talto et al., 2007; Ursino et al., 2004) but that the length scale
depends on the period of water level fluctuations (Moffett
et al., 2012). Interiors are determined by vertical processes,
or horizontal processes driven by differences in vegetation,
transpiration in the case of non-flooding tides (Moffett et al.,
2012).

3.1 Distance from CRMS sites to marsh edge

To explore our hypothesis, we first investigate hydrological
changes to Louisiana marshes. We do not use a hydrological

Figure 4. MRD land area map for 1932 and 1990, based on Pen-
land et al. (2000), including CRMS stations, and average distance
of CRMS stations to the marsh edge.

model, rather we investigate land loss maps and assume that
the distance to the nearest open water can serve as a proxy for
marsh hydrology. Based on digitized land loss maps between
1932 and 1990 (Penland et al., 2000), we find that the median
distance from CRMS sites to open water has been reduced
considerably (Fig. 5). Of the 168 CRMS sites for which we
have data, 73 have gotten closer to open water because of
the construction of a canal, 21 have gotten closer because of
other types of land loss, and 74 have not seen the distance
to the marsh edge reduced. Note that these distances should
be considered maximum possible distances given the low-
resolution digital maps that tend to miss small water bodies
including narrow canals.

3.2 Effect of canals on shallow subsidence

Using the CRMS data together with land loss maps, we next
investigate the relationship between shallow subsidence and
local hydrology. We do not find a significant relationship be-
tween the distance to the marsh edge and shallow subsidence.
However, we do find statistically significantly higher shal-
low subsidence rates in CRMS sites where the distance to the
marsh edge has decreased between 1932 and 1990 (Fig. 5a).
Mean shallow subsidence in sites with equal distance to open
water is 6±1 mm yr−1 (n= 95), compared to 9±1 mm yr−1

(n= 73) for sites which have gotten closer to open water be-
cause a canal had been constructed.

Next, we explore potential causes for increased shallow
subsidence rates. It is likely that these sites experience in-
creased vertical accretion of sediment because of their prox-
imity to canals or other water bodies that carry suspended
sediment when the marsh floods (Reed et al., 1999). Sedi-
ment accretion would then result in higher soil stresses and
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Figure 5. (a) Distribution of shallow subsidence rates for locations
where a shipping canal has (not) reduced the distance to the marsh
edge. (b) Distribution of minimum water level for sites within and
outside of 100 m from the marsh edge.

associated soil consolidation. Unfortunately, our subsidence
rates are derived based on the difference between vertical ac-
cretion (sedimentation) and surface elevation change. We do
not have independent sedimentation data for these CRMS
sites, making us unable to further explore the relation be-
tween subsidence and sedimentation.

Second, reduced distance to open water could also poten-
tially lower marsh groundwater and result in increased effec-
tive stress and soil consolidation. Regular (micro-tidal) sur-
face water changes only affect water tables for a very lim-
ited distance into the marsh (Montalto et al., 2007). How-
ever, we find that surface and groundwater data for many
CRMS sites (e.g. site 114, Fig. 6) show significant longer
timescale variability. These water table changes are likely to
be driven by precipitation, wind (e.g., Valentine and Mariotti,
2019), or other climatic variability. Ground water table fluc-
tuations appear larger for CRMS sites located closer to the
marsh edge (Fig. 5b). However, we are not able to directly
relate ground water fluctuations to subsidence data because
only a few CRMS sites have ground water table data. More
data is needed to quantify the potential effect of ground water
lowering on shallow subsidence.

Note that canals have been constructed since the 1950s and
that CRMS subsidence rates can be considered modern. Any
relation between canal construction and subsidence therefore
would imply long timescale subsidence.

4 Conclusions

We have investigated potential mechanisms for shallow sub-
sidence in coastal Louisiana based on the CRMS data. We
find that rapid shallow subsidence is unlikely to be driven
by self-weight consolidation in equilibrium with accommo-
dation created from deep subsidence processes. Comparison
of patterns of shallow subsidence rates to land loss maps
shows that the creation of shipping canals could have in-

Figure 6. Ground water and surface water levels for CRMS
site 114, located 37 m from the marsh edge from February–
September 2013.

creased shallow subsidence in coastal Louisiana, potentially
through a combination of increased vertical accretion of sed-
iment and prolonged periods of lowered groundwater tables.
Future studies should aim to quantify these trends.

Data availability. All data to reproduce these findings are avail-
able online. The subsidence map can be found at: https://osf.io/
m83z4/ (last access: 1 August 2019; Nienhuis et al., 2017). CRMS
measurement station data of coastal Louisiana wetland hydrology
and soils can be retrieved from: https://lacoast.gov/crms/ (last ac-
cess: 1 August 2019; Steyer et al., 2003). Land loss maps can
be found at: https://pubs.usgs.gov/dds/dds79/HTMLDOCS/catalog.
htm (last access: 1 August 2019; Penland et al., 2000).
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Abstract. The fast railway line B is a high-speed railway passenger passageway in Beijing, with a total length
of 40.75 km. In the plain area, the railway passes through the land subsidence area of Beijing from south to north,
which poses a certain threat to the normal operation of a high-speed railway. Using layered monitoring data for
the period 2009–2014 from station A, this paper analyses dynamic changes in the annual subsidence rate and
the rate and percentage of soil deformation at different depths, as well as the compression deformation law of
soil with different lithology and depth with the change of the water level. The results show that (1) since 2012,
the proportion of shallow-layer ( ≤ 82 m) compression and settlement contribution has gradually decreased,
while the proportion of deep-layer (> 82 m) compression has significantly increased; (2) during the deformation
process of layered soil, the amount of compression is closely related to the change of groundwater level; and
(3) the shallow, middle and deep strata show obvious viscoelastic–plastic deformation characteristics on the
whole.

1 Introduction

Beijing is the central and important area for the development
of a high-speed railway. In recent years, due to the rapid de-
velopment of the economy and agricultural construction in
Beijing, the demand for groundwater resources has been in-
creasing. Chinese scholars have proposed that with the in-
crease of groundwater exploitation and uneven spatial distri-
bution in Beijing, Beijing has become a region with some of
the most severe groundwater pumping worldwide and one of
the regions with some of the most severe land subsidence in
China (Zhang et al., 2015). The fast railway line B is a high-
speed railway passenger passageway in Beijing, with a total
length of 40.75 km (see Fig. 1). In a plain area, the railway
passes through the Beijing land subsidence area from south
to north, which is affected by land subsidence to a certain ex-
tent (Li, 2016). Chinese engineers realized that the construc-
tion of the fast railway line B will lead to the surge of water
demand in the areas along the line, and the situation of set-

tlement will be more severe. While the high-speed railway
has higher requirements for the control of land subsidence,
the contradiction between the two is prominent (Wang et al.,
2015). Land subsidence will cause a certain degree of im-
pact and damage to linear engineering such as rail transit and
high-speed railway, mainly manifested as structural damage,
orbital deformation, etc. (Wang et al., 2014).

Therefore, in order to ensure the safe and reliable develop-
ment of fast railway line B project’s property and facilities,
it is necessary to analyse the land subsidence characteristics
of the fast railway line B and study the compression contri-
bution value of different layers to land subsidence and the
deformation characteristics of the layered soil.
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Figure 1. Schematic diagram of the fast railway line B.

2 Basic situation of the land subsidence monitoring
station

The land subsidence monitoring station A (see Fig. 1) is built
along the southwest of the first phase of the fast railway line
B. There are one bedrock mark, seven layerwise marks, five
groundwater long-term observation wells and two pore water
pressure observation wells in the station (Liu et al., 2012).
Since the implementation of monitoring on 27 June 2008,
the monitoring station has collected a large amount of data
about the layered deformation of land subsidence, ground-
water level dynamics and pore water pressure through auto-
mated data collection, according to which the deformation
characteristics of the soil can be analysed. Based on the sta-
tistical analysis of the monitoring data of monitoring station

Figure 2. Annual settlement change of station A (2009–2014).

A, this paper reveals the dynamic characteristics of land sub-
sidence in the plane and vertical direction.

3 Characteristic analysis of land subsidence

3.1 Characteristics of annual settlement

The annual land subsidence of monitoring station A (2009–
2014) is shown in Fig. 2. Combined with the monitoring data
results, it can be seen that the annual settlement variation of
monitoring station A was relatively stable, with an average
annual settlement of 34.25 mm; the fluctuation range was be-
tween 28.08–43.78 mm, with a range value of 15.701, and
the standard deviation was only 5.03 mm. It indicated that
the land subsidence in the area monitored by the monitor-
ing station A was in a relatively stable state. On the whole,
the settlement in the area of station A experienced a fluctua-
tion process of first increasing, then decreasing year by year
and finally increasing. Taking 2010–2013 as an example, the
annual settlement decreased year by year from 43.781 mm in
2010 to 28.08 mm in 2013. The annual settlement in 2014 in-
creased by about 4.2 mm compared with that in 2013, which
may be related to the increase of groundwater mining inten-
sity and depth in this area since 2014.

3.2 Layered compression characteristics

According to the monitoring data of the layered standard
of the ground subsidence monitoring station A from 2009
to 2014, a curve of the annual settlement of each layerwise
mark was made (Figs. 3 and 4) to facilitate the analysis of the
deformation characteristics of different depth soil layers. As
can be seen from the figure:

1. From 2009 to 2013, the annual settlement of F7-5, F7-6
and F7-7 layerwise marks decreased year by year. Al-
though the settlement of these three layerwise marks in-
creased somewhat in 2014, the extent of the increase
was small. Generally speaking, the annual settlement of
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Figure 3. Annual settlement change curve of layerwise marks in
the shallow layer (2009–2014).

these three layerwise marks showed a significant down-
ward trend. The corresponding monitoring layers of F7-
5, F7-6 and F7-7 are 53–82, 27–53 and 2–27 m respec-
tively; they are all shallow strata (depth ≤ 82 m), in-
dicating that the compression contribution of shallow
strata (depth ≤ 82 m) decreased year by year in the 6-
year period.

2. The corresponding monitoring layers of F7-1, F7-2, F7-
3 and F7-4 are 82–116, 116–170, 170–205 and below
205 m respectively. The F7-1 annual settlement had a
large fluctuation within the 6 years, showing a trend
of increasing first, then decreasing and then increas-
ing again, indicating that the compressive deformation
of the stratum was unstable. Compared with F7-1, the
annual settlement trend of F7-2 and F7-4 were sim-
ilar, and the variation of settlement amount was rel-
atively smooth. The settlement monitored by F7-3 in
2014 reached 8.03 mm, an increase of 4.218 mm com-
pared with 2009. Taking the settlement of layerwise
marks in 2014 as an example, under the condition that
the settlement of F7-2 and F7-4 were almost unchanged
compared with 2009, the settlement of F7-1 and F7-3
increased by 10.298 mm in total, while F7-1, F7-2, F7-
3 and F7-4 are all strata with a monitoring depth greater
than 82 m, indicating that the total compression contri-
bution of deep strata increased in 2014.

In order to analyse the variation law of the shallow and
deep compression contribution ratio over the years more in-
tuitively, the proportion of compression contribution of dif-
ferent depth layers to the total amount from 2009 to 2014 was
concluded and summarized. The detailed rules were shown
in Figs. 5 and 6.

From Figs. 5 and 6, it can be seen that before 2012, the
monitoring station A was a “subsidence type of the shallow
layer”. That is to say, the compression deformation mainly

Figure 4. Annual settlement change curve of layerwise marks in
the deep layer (2009–2014).

Figure 5. Histogram of the annual layered compression ratio of
monitoring station A (2009–2014).

occurred in the shallow part (the depth is not more than
82 m). However, in the past 2 years, the compression ratio of
the shallow layer has shown a significant decline. The con-
tribution ratio of shallow-layer compression (depth ≤ 82 m)
has decreased from 67.62 % in 2009 to 25.97 % in 2013, a de-
crease of 41.65 %. This shows that the influence of shallow-
layer compression on the total land subsidence was gradu-
ally weakening, while the compression ratio of deep layers
increased significantly. The compression contribution of a
layer with a depth of more than 82 m was 32.38 % in 2009
and 74.17 % in 2013, an increase of 41.79 %. According to
the 2014 data, although the compression ratio of shallow for-
mations has increased compared to 2013, reaching 31.19 %,
the compression ratio of the deep layer was 68.81 %, which
still occupies a dominant position, indicating that the contri-
bution ratio of deep-layer compression has increased signifi-
cantly in recent years. The deep layers are the main compres-
sion horizon of land subsidence at present.
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Figure 6. Annual total settlement percentage line chart of the shal-
low and deep soil layers (2009–2014).

Figure 7. Comprehensive map of the layered compression quantity
and compression ratio for monitoring station A (2009–2014).

The monitoring data of station A show that the compres-
sion layer of land subsidence was mainly located in the
depth range of 27–53 m and below 205 m from 2009 to 2014
and that the compression amount accounted for 22.32 % and
16.75 % of the total compression amount of all layers in turn.
The compression ratios of the 2–27, 53–82, 82–116, 116–
170 and 170–205 m layers were 15.25 %, 8.07 %, 14.11 %,
14.21 % and 9.29 % respectively, with a small compression
gap among different layers (see Fig. 7).

3.3 Deformation characteristics of layered soil

By using the monitoring data of the layerwise mark and the
corresponding change of the water level to make the stress–
strain curve of soil mass, the deformation characteristics of
the soil at different depths were analysed. The results show
that the soil layers monitored by layerwise marks have a sig-
nificant viscoelastic–plastic deformation feature.

Figure 8. Deformation behaviour of the shallow soil mass in rela-
tion to its corresponding groundwater level at layered mark F7-6.

F7-6 is selected as a typical monitoring point in the shal-
low layer, with a monitoring interval of 27–53 m. F7-3 is se-
lected as a typical monitoring point in the middle layer, with
a monitoring interval of 116–170 m. F7-1 is selected as a typ-
ical monitoring point in the deep layer, and its monitoring
interval is below 205 m. As shown in Figs. 8a, 9a and 10a,
the water level rose and fell periodically. Correspondingly,
the soil also showed repeated effects of loading and unload-
ing. It can be seen from Figs. 8b, 9b and 10b that when the
water level rose, the soil was still compressed, but the de-
formation speed was slowed down, and the rebound amount
is very small. As the water level rose gradually the amount
of compression deformation decreased year by year. Under
the circumstance that the shallow underground water level
rises slightly and the groundwater level in the middle stra-
tum drops, the soil monitored by the F7-6 and F7-3 not only
had plastic deformation with large residual deformation, but
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Figure 9. Deformation behaviour of the middle soil mass in relation
to its corresponding groundwater level at layered mark F7-3.

it also had creep deformation over time, with significant vis-
coelasticity and plasticity. It can be seen from Fig. 10b that
the curve of F7-1 characterizing the relationship between the
water level and deformation shows a hysteresis loop with
no complete closure in the period of 2010–2011, showing
a certain elastic deformation characteristic. However, with
the passage of time and the continuous decline of the wa-
ter level, the rebound phenomenon began to weaken gradu-
ally and showed more and more obvious plastic deformation
characteristics and creep deformation with time, which had
significant viscoelastic plasticity.

4 Conclusions

This paper carries out the analysis of land subsidence char-
acteristics of the fast railway line B. Through the analysis of
the stratified monitoring data of land subsidence monitoring
station A, the following main conclusions are obtained:

Figure 10. Deformation behaviour of the deep soil mass in relation
to its corresponding groundwater level at layered mark F7-1.

1. The stratified compression of land subsidence in the
study area presents three distinct features. Firstly, the
compression contribution of a layer with depth less
than 82 m was larger; secondly, the compression gap
between different depths of the strata was small; and
finally, since 2012, the proportion of shallow forma-
tion compression and compression contribution has de-
creased year by year, and the proportion of deep forma-
tion compression has increased significantly.

2. On the basis of the elevation of the water level in the
shallow strata, there was a slight decrease of the water
level in the middle strata and an obvious decrease of the
water level in the deep strata, and the soils monitored
by the layerwise marks showed significant viscoelastic–
plastic deformation characteristics.
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3. In the process of layered-soil deformation, the compres-
sion amount was closely related to the variation of the
groundwater level.
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Abstract. The fate of coastal marshlands in the near future will strongly depend on their capability to maintain
their elevation above a rising mean sea level. Together with the deposition of inorganic sediments during high
tides, organic soil production by halophytic vegetation, and organic matter decomposition, land subsidence due
to natural soil compression is a major factor controlling the actual elevation of salt-marsh platforms. Due to
their high porosity and compressibility, the marsh sedimentary body undergoes large compression because of the
load of overlying more recent deposits. The characterization of the geotechnical properties of these deposits is
therefore of paramount importance to quantify consolidation versus accretion and relative sea level rise. However,
undisturbed sampling of this loose material is extremely challenging and lab tests on in-situ collected samples are
not properly representative of in-situ conditions due to the scale effects in highly heterogeneous silty soils such as
those of the Venice lagoon. To overcome this limitation, an in-situ loading test was carried out in the Lazzaretto
Nuovo salt-marsh in the Venice Lagoon, Italy. The load is obtained by a number of plastic tanks that are filled
with seawater, reaching a cumulative load of 40 kN applied on a 2.5× 1.8 m2 surface. Specific instrumentations
were deployed before positioning the tanks to measure soil vertical displacement at various depths below the
load (0, 10, and 50 cm) and distances (0, 40, and 80 cm) from the load centre. Moreover, six pressure transducers
were used to record overpressure dissipation over time. The collected datasets will be interpreted through a 3-D
flow-deformation model that, once calibrated, provides reliable estimates of the compressibility values for each
monitored depth interval.

1 Introduction

Characterizing the hydrogeological and geomechanical prop-
erties of recent deposits, i.e. the top soils of prograding
Holocene deltas, estuaries, and lagoon landforms, is very
challenging and, simultaneously, of paramount importance.
The difficulties mainly arise from the high porosity and com-
pressibility of these loose sediments (e.g., Brain et al., 2015)
together with heterogeneous nature of many sedimentary de-

posits such as those investigated in this study (Cola and
Simonini, 2002), that hamper the possibility of collecting
undisturbed samples for laboratory testing. The significance
of the physical characterization of these shallow soils is at
least twofold. From a geological perspective, sediments in
coastal transitional environments are considered (paleo-)sea
level proxies and provide precise and near-continuous recon-
structions of relative sea level over the last millennia (Brain
et al., 2017). However, deriving the past sea level evolution
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from a marsh stratigraphy is challenging. Because of the
large porosity typical of newly formed landforms, shallow
deposits experience a significant compaction (Allen, 1999;
Cahoon et al., 2002; Jankowski et al., 2017; Zoccarato et al.,
2018), with the ongoing consolidation over a certain depth
range depending on the load of the overlying more recent de-
posits (Brain et al., 2015). If auto-compaction is improperly
accounted for or neglected, inaccurate reconstructions of sea
level rise, land subsidence, and sedimentation rates are ob-
tained (Morton et al., 2000; Serandrei-Barbero et al., 2006).

A second key aspect is related to the resilience of transi-
tional coastal ecosystems. In fact, the fate of these landforms
in the next decades will be strictly connected to their capa-
bility to keep their height with respect to a rising mean sea
level. The loss of relative elevation because of land subsi-
dence, erosion, decrease of sedimentation, and/or sea level
rise can cause the loss of large portions of these environments
or the shift of lagoon tidal marshes to a less environmentally
valuable state, e.g. tidal flats. This is ongoing, for example,
in the Mississippi delta, Louisiana (Törnqvist et al., 2008),
and in the Venice Lagoon, Italy (Marani et al., 2010), respec-
tively. Auto-compaction of Holocene deposits occurs on the
top of regional land subsidence due to tectonics, consolida-
tion of deep formations, glacial and sediment isostatic ad-
justment, and fluid withdrawal from the subsurface (Da Lio
et al., 2018). Depending on the hydro-geomechanical proper-
ties of the recent deposits, auto-compaction can significantly
enhance the regional land subsidence (Zoccarato and Tea-
tini, 2017), with a nonlinear feedback between sedimenta-
tion, compaction, and accretion. This is generally neglected
in morphological models developed to investigate the possi-
ble evolution of transitional environments in relation to the
expected climate change or sedimentation scenarios (Lesser
et al., 2004; D’Alpaos and Marani, 2016).

Until now, the properties of these soils have been esti-
mated through empirical relationships and lab tests. Brain et
al. (2015) and van Asselen et al. (2011) linked void ratio at
1 kPa (e0), the compression (Cc), and re-compression (Cr) in-
dices to the percentage of organic matter quantified through
the loss on ignition (LOI). Cola et al. (2008) and Brain et
al. (2017) collected samples at various depths in the upper
1 to 2 m soil range from the San Felice marsh, Venice La-
goon, and the East River Marsh in Connecticut, respectively,
and estimated the main geomechanical parameters (Cc, Cr,
the yield stress σ ′v and the Young modulus E) from one-
dimensional compression tests at a stress level corresponding
to the site overburden stress.

However, the representativeness of these data is question-
able because sampling these loose soils in undisturbed condi-
tions in highly challenging. To avoid problematic generaliza-
tions or challenges related to soil sampling and lab testing at
very small stresses, an original in-situ loading test has been
planned and carried out in July 2019 on a tidal marsh of the
Venice Lagoon, Italy.

Figure 1. Location of the Lazzaretto Nuovo salt-marsh and the site
where the loading test has been carried out.

This contribution mainly reports on the design of the load-
ing experiment and its implementation with the aim that this
approach may be implemented somewhere else. The col-
lected records are finally illustrated.

2 The study area

The study area is a lagoon sector located about 5 km NW of
the Venice historical center and close to the Lido inlet, known
as Lazzaretto Nuovo (Fig. 1). Specifically, the loading exper-
iment was conducted in a portion of the saltmarsh bounded
by lagoon channels and crossed by a branching network of
tidal creeks, which allow the water exchange with the mud-
flats and ponds, thus enhancing the sediment transport and
deposition above the marsh platform (Amos et al., 2010).

Nowadays, the amount of sediments entering the lagoon
from the rivers is negligible. Thus, the main sources of sedi-
ments is erosion at the marsh fronts and on the lagoon bottom
by waves, tides and other hydrodynamic processes, and sed-
iment input through the lagoon inlets (Marani et al., 2011).

The elevation of the Lazzaretto Nuovo marsh, which
is a natural marsh with the margins partially reinforced
by stone-filled rolls to reduce erosion, ranges from 0.3 to
0.5 m a.s.l. (above sea level) on the strip banks of the chan-
nels and creeks. Depending on the surface elevation, differ-
ent halophytic species of vegetation colonized the saltmarsh
(Da Lio et al., 2013). The vegetation plays an important role
in the sedimentation process since it favors the trapping of
the suspended sediment transported on the top of the marshes
during high tide events and contributes to organic soil pro-
duction. This allows the saltmarshes to counteract relative
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Figure 2. Lazzaretto Nuovo salt-marsh: average land displacement
between 2008 and 2013 measured by PSI. Positive values mean up-
lift, negative values land subsidence. The red box shows the location
of the loading experiment (modified after Da Lio et al., 2018).

sea-level rise, i.e. land subsidence combined with sea level
rise due to climate changes (Rizzetto and Tosi, 2011).

An image of the surface movements of Lazzaretto Nuovo
marsh is shown in Fig. 2. The measurements were obtained
by Persistent Scattered Interferometry (PSI) on a stack of
143 TerraSAR-X stripmap images acquired between 2008
and 2013 with a regular 11 d revisiting time. Positive veloci-
ties were interpreted as accretion rates (Da Lio et al., 2018).

In the upper 1 m, the saltmarsh deposit consists of silty
clay and silt alternated with thin peaty layers, and abundant
recent plant remains and root traces at the top. A picture of
sediment cores and the grain size distribution of the silt in
the 20–30 cm depth interval are shown in Fig. 3. Silt is the
prevailing lithology of the salt-mashes located in the north-
ern lagoon basin close to the actual littoral strips (Tonni et
al., 2006; Biscontin et al., 2007; Cola et al., 2008). Mudflat
deposits are composed mainly of clayey silt whereas chan-
nel units are medium to fine sand layers, often with shell
fragments, interbedded by silt laminations. At the Lazzaretto
marsh, the total thickness of the soft Holocene sediments
amounts to 6 to 7 m.

3 Set-up of the loading experiment

An in-situ loading experiment was carried out in July 2019
on the Lazzaretto Nuovo marsh to reliably characterize the
hydro-geomechanical response of the shallow marsh deposits
at low vertical effective stress levels when subjected to small
vertical stress increments.

The execution of such a test has been very challenging
from several points of view. The marsh is difficult to reach,
the material transportation is not easy, the setting up of the

Figure 3. (a) Grain size distribution of a sample collected in the
Lazzaretto Nuovo marsh at about 20 cm depth. (b) Picture of a
50 cm deep core drilled to establish one of the piezometers. The
main lithological units are highlighted.

specific instrumentation required to track the evolution of
the hydro-geomechanical parameters is not straightforward
without disturbing the marsh soil, thus affecting the poten-
tial test results. In addition, the mash is flooded twice a day
during high tides. Safety conditions for the researchers re-
maining on the marsh for a few consecutive days must also
be guaranteed.

The load was represented by eight polyethylene tanks that,
once put in the appropriate location, were filled with seawa-
ter. The tank dimensions are 78× 69× 104 cm3, can contain
500 L, and their empty weigh is approximately 0.1 kN each.

The tanks were arranged in two rows, each constituted by
four tanks (Fig. 4a). This configuration allowed to transfer a
sufficiently high load on a sufficiently large area, thus the as-
sumption of vertical one-dimensional deformation is accept-
able at least below the central portion of the system. A rein-
forced geotextile and four wooden pallets were put between
the marsh surface and the tanks to guarantee a more uniform
load distribution on the marsh platform and eliminate (or at
least reduce) buoyancy forces on the tanks in high tide con-
ditions (Fig. 4b). The tanks were separated by a 10 cm gap to
allow for a correct working of the monitoring instrumenta-
tions. Consequently, the whole loading area is 2.5× 1.8 m2.
The tanks were properly interconnected trough plastic tubes
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Figure 4. (a) Picture of the loading and monitoring equipment and (b) the experimental equipment in high-tide conditions with the marsh
flooded by approximately 0.2 m sea water.

Figure 5. (a) Displacement transducers (C0: central position at the land surface; C10: central position at 10 cm depth; M10: median position
at 10 cm depth; E10: external position at 10 cm depth; C50: central position at 50 cm depth). (b) Displacements recorded during phase 2
unloading and phase 3 loading cycles; negative values mean uplift, positive subsidence.

to guarantee the same water levels during filling, which guar-
antees a uniformly distributed load.

We measured vertical displacements and groundwater
pressure at various depths and locations below the load. A
number of five dial indicators (Borletti SC50, 0.01 mm accu-
racy) were installed to measure the movements of the marsh
surface, at 10 and 50 cm depth in the load center, just outside
the load, and at an intermediate position (Fig. 5a). Each trans-
ducer is attached at one end to a H-shaped steel structure an-
chored on two piles set into the ground to a 6 m depth where
an over-consolidated layer is located. The other end is fixed
to the prescribed soil depth through an ad hoc aluminum an-
chor designed while taking into account the following two
main constraints: (i) minimize the soil disturbance during the
insertion at the reference depth; (ii) guarantee the anchor so-
lidity with the soil at the depth of interest although the loose
nature of the shallow deposits forming the tidal marsh. The

anchor is constituted by a 5 cm radius helicoidal disk with a
0.5 cm diameter, 50 cm long wire in the center and is inserted
into the soil by rotation only.

Before positioning the tanks, six water pressure loggers
(ONSET Hobo U20-001-04-Ti, resolution 0.014 kPa, accu-
racy ±0.3 % FS, 0.43 kPa maximum error) were put into
Casagrande filter units and established at depths ranging
from 20 to 100 cm below the marsh surface. Similar to the
displacement transducers, the pressure measurements were
carried out directly below the load center, at the edge of the
tanks and in intermediate positions (Fig. 6).

The displacements of the reference H-shaped steel struc-
ture and the four external corners of wooden pallets were
checked during the whole test by means of very-high preci-
sion spirit levelling. A reference benchmark was established
50 m far from the load using a steel pole inserted into the
soil at about 6 m depth. The tide was also measured in the
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Figure 6. Sketch of the loading with dimensions and location of the
monitoring instruments.

channel in front of the experimental apparatus. Also the tidal
gauge equipment was connected to the same 6 m deep refer-
ence pole.

The movement of the material and researchers during the
4 d experiment period was also very challenging. This re-
quired the use of three boats. A large one was used to trans-
port the bulky equipment, provide the power supply, and
hosted the people at night and during a couple of severe
thunderstorms that affected the northern Venice Lagoon on
8 and 9 July. A smaller one was used to as a “link” between
the large boat, which cannot dock to the marsh margin for
safety reason, and the marsh. The third one was devoted to
the movements of the researchers that alternating remained
on the marsh to collect the measurements and checked the
ongoing experiment.

A set of wood boards was also placed on the marsh sur-
face and used to reduce the loading disturbance induced by
the people walking on the marsh during the apparatus estab-
lishment and the experimentation.

4 The loading experiment and preliminary results

The experiment was carried out from 8 to 11 July 2019, and
consisted of various phases to characterize the geomechan-
ical properties in virgin loading, unloading, and secondary
compression conditions. The phases can be summarized as
follows (Fig. 7):

1. a load of ∼ 2 kPa (the bottom tanks were filled to the
middle) was applied in half an hour, maintained over
3 h, and then quickly removed;

Figure 7. Time behavior of the applied load, tide level and pressure
at piezometer 25A, which is 20 cm deep and at a distance of 15 cm
from the load center (Fig. 6). The records cover the whole period of
the loading test, i.e. from 8 July at 12:00 LT to 11 July at 14:00 LT.

2. a load of ∼ 4 kPa (the four bottom tanks were com-
pletely filled) was applied in half an hour, maintained
over 20 h, and then quickly removed;

3. a load of ∼ 8 kPa (all the eight tanks were completely
filled) was applied in 1 h, maintained over almost 24 h,
removed in 1 h, and the monitoring prolonged over the
next 3 h.

The load path is schematically depicted with the dashed or-
ange colored line in Fig. 7. Notice that phase 2 was repeated
due to a severe thunderstorm with hail that partially de-
stroyed the equipment. Consequently, we were able to moni-
tor the system evolution only during the phase 2 repetition.

A few preliminary results of the test are provided in
Figs. 5b and 7. Figure 5b shows the displacements recorded
by the various transducers over phase 2 unloading and
phase 3 loading. As expected, the marsh body swelled when
the load was removed and then compressed again when the
eight tanks were filled. Generally, but not strictly, the shal-
lower the reference depth and the closer the location to the
center of the load, the larger is the recorded displacement.

Figure 7 compares the pressure recorded over the whole
experiment by a 20 cm deep pressure transducer with the
tidal fluctuation of the lagoon level and the load applied on
the marsh surface. The groundwater pressure is significantly
affected by the tide, but the effect exerted by the load appli-
cation and removal is also clearly recorded.

5 Conclusion

An in-situ loading test has been carried out in July 2019 on
the Lazzaretto Nuovo tidal marsh, a few km north-east of
Venice. The test was carried out by means of original equip-
ment specifically designed to meet the challenges of working
in a tidal transitional environment. The test was composed of
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three loading and unloading cycles, with a maximum pres-
sure exerted on the marsh surface that amounted to ∼ 8 kPa
over a 4.5 m2 area. A number of sensors recorded the verti-
cal displacement of the marsh deposits and the groundwa-
ter pressure below the load at three depths and three dis-
tances from the central axis of the load. Due to the peculiar-
ity of the environment and the softness of the marsh shallow
deposits, the set-up and management of the experiment re-
quired a large effort.

Despite the adverse meteorological conditions that de-
stroyed part of the instrumentation, the collected dataset
seems valuable. Because of the complex geometry and the
variability of the external conditions, namely a tidal fluctua-
tion in the order of 1 m, the measurement interpretation is not
straightforward. This will be carried out by means of a three-
dimensional visco-elasto-plastic poromechanical model that,
once properly calibrated, will allow characterizing the hy-
drological and geomechanical properties of the tidal marsh
deposits. These properties will be finally used in long-term
biomorpho-geomechanical simulations of tidal marsh evolu-
tion.
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Abstract. Interpretation of land subsidence time-series to understand the evolution of the phenomenon and the
existing relationships between triggers and measured displacements is a great challenge. Continuous wavelet
transform (CWT) is a powerful signal processing method mainly suitable for the analysis of individual nonsta-
tionary time-series. CWT expands time-series into the time-frequency space allowing identification of localized
nonstationary periodicities. Complementarily, Cross Wavelet Transform (XWT) and Wavelet Coherence (WTC)
methods allow the comparison of two time-series that may be expected to be related in order to identify re-
gions in the time-frequency domain that exhibit large common cross-power and wavelet coherence, respectively,
and therefore are evocative of causality. In this work we use CWT, XWT and WTC to analyze piezometric
and InSAR (interferometric synthetic aperture radar) time-series from the Tertiary aquifer of Madrid (Spain) to
illustrate their capabilities for interpreting land subsidence and piezometric time-series information.

1 Introduction

The study of the existing relationships between ground
displacements associated with land subsidence caused by
aquifer-system compaction and the principal driving factor,
groundwater levels, is a key aspect to understand the mech-
anisms driving this type of land subsidence. These relation-
ships are usually studied using the analysis of time series of
displacements and water levels.

These time series typically present marked periodicities
related to seasonal and interannual variations in groundwa-
ter extraction that can be characterized qualitatively or quan-
titatively by evaluating direct correlations between ground-
water levels and ground displacements. Quantitative analy-
sis typically entails evaluating correlations in the frequency
domain, assuming that the underlying processes are station-

ary, i.e. the mean, variance and autocorrelation structure do
not change over time (Grinsted et al., 2004). In these cases,
the analysis of the Fourier-transformed time series allows the
identification of the dominant frequencies for a specified fre-
quency bandwidth, which tends to ignore localized temporal
information. Fourier analysis does not identify when the fre-
quencies develop or whether they are constant in time. Con-
tinuous Wavelet Transform (CWT) is an alternative method
that enables the analysis of time series in the time-frequency
domain allowing the identification of intermittent periodici-
ties (Grinsted et al., 2004). Furthermore, when two time se-
ries are analysed (e.g. ground displacements and groundwa-
ter levels) the Cross Wavelet Transform (XWT) and Wavelet
Transform Coherence (WTC) techniques permit the identifi-
cation of the common cross-wavelet power and wavelet co-
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herence, respectively, and the relative phase or phase shift in
the time-frequency domain, respectively, as well as the eval-
uation of the significant coherence between both signals and
the red-noise based confidence levels (Torrence and Compo,
1998). Therefore, these methods are of great importance to
explore periodicities in land subsidence and to identify their
time delays in relation to variations in groundwater level.

In this work, wavelet methods are briefly introduced and
some synthetic cases and an actual case focusing on paired
time series of ground displacements and water levels for two
wells in the Tertiary aquifer of Madrid (Spain) are presented
to illustrate their usefulness to land subsidence studies.

2 Methodology

CWT is of great interest for the analysis of individual time
series. This analytic method is an alternative to the classical
Fourier analysis, presenting some notable benefits. The CWT
method expands a time series into an image of spectral power
in the time-frequency domain where the wavelet power is a
function time (or date), and the period (or frequency) of the
time series. Therefore, the wavelet power computed from the
CWT can be used to identify dates and corresponding period-
icities exhibiting high wavelet power that indicate the pres-
ence of significant periodicities, enabling their identification
in a highly intuitive way. It should be noted that in this work
the Morlet wavelet has been used since it is a good choice for
feature extraction purposes (Grinsted et al., 2004).

The relationship between two different time series can be
analysed using the XWT and WTC methods. The XWT is
calculated by multiplying the CWT of a time series by the
complex conjugate of the CWT of the second time series.
The XWT computed from two CWTs exposes regions with
high common cross-wavelet power (Grinsted et al., 2004).
Additionally, the phase of XWT (representing the phase shift
between the two time series and corresponding to the angle
1ϕ in radians) indicates the temporal delay or time shift (1t)
between both time series that can be calculated as:

1t =
1φ× T

2π
(1)

where T is the periodicity or wave period of interest.
WTC is defined as the coherence (dimensionless) between

two CWTs measured in the time-frequency (or time-period)
domain. It is calculated using the normalized cross correla-
tion. The WTC wavelet coherence values will be high (close
to 1) in those regions of the time-frequency domain with sim-
ilar wavelet coherence in both CWTs.

In this work, the described wavelet methods are applied to
six synthetic cases as well as to paired ground-displacement
and water-level time series recorded from 19 wells in the Ter-
tiary detritic aquifer of Madrid (TDAM) to illustrate the ca-
pabilities of the proposed approach to investigate seasonal
land subsidence and piezometric time-series information.

3 Results and discussion

3.1 Synthetic cases

Figure 1 shows the CWT power spectra of six different syn-
thetic seasonal patterns. The first and the second time se-
ries (Fig. 1a and b) correspond to sine functions with dif-
ferent frequencies. The CWT power spectrum shows strong
wavelet powers for the whole analyzed time period for the
periods T0 (1 year) and T1 (about one-half a year). The time
series shown in Fig. 1c corresponds to the sum of the previ-
ous functions. The CWT power spectrum of the time series
allows the identification of both time periods (T0 and T1).
Figure 1d shows a time series of a damped sine function with
a period T0, whose amplitude approaches zero as time in-
creases. The CWT power spectrum analysis shows the high-
est wavelet powers for specific dates corresponding to the
period of the time series (T0). Figure 1e shows a time series
with a T0 period during the first one year and a half, a T1 pe-
riod during the next year and T2 (about 90 d) period during
the last year. The wavelet powers computed from the CWT
of this time series enables the identification of the three dif-
ferent periods as well as their time spans. The last analyzed
synthetic time series is a sine function with a linearly variable
period from T0 to T2 (Fig. 1f). The wavelet powers computed
from the CWT clearly show the linear variability of the pe-
riod with time.

Figure 2 shows the results of the XWT power spectra
and WTC coherence of different synthetic groundwater level
stationary sine time series. The first couple of time series
(Fig. 2a) have the same period (T0) but different amplitudes.
The XWT power spectrum and WTC coherence show a high
common cross-wavelet power (red area) and wavelet coher-
ence for the T0 = 1 year period. Additionally, the arrows
show a 0◦ phase (i.e. the arrows point towards the right,
1Ø= 0 rad), which according to Eq. (1) means that both
time series are in phase (i.e. 1t = 0 d). Figures 2b and d
show two 1 year period sine time series shifted by 130◦.
The respective XWT power spectra and WTC show a high
wavelet coherence for the T0 = 1 year period and phase an-
gles of 130◦ (1Ø= 2.27 rad) and 230◦ (1Ø= 4.01 rad) that
corresponds to delays (1t) between both time series of 131.8
and 233.2 d, respectively. Finally, the Fig. 2c shows time
series for two sine functions with the same amplitude and
1 year period but with opposite phase. The XWT cross-power
spectrum and WTC coherence enable the identification of
strong common cross-wavelet power and wavelet coherence
for T0 = 1 year period for the entire time span of the time
series. For this period, the measured phase is 180◦ (i.e. the
arrows are antiphase, 1Ø= π rad) and thus the time delay
between the time series is 182.5 d (half a year).
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Figure 1. Synthetic time series of groundwater level and their respective CWT power spectra: (a) one-year (T0) period sine function;
(b) half-year (T1) period sine function; (c) function resulting from the sum of functions (a) and b); (d) damped T0 period sine function;
(e) variable (T0, T1 and T2) period sine function; (f) linearly variable period (from T0 to T2) sine function (linear chirp function). The colour
bar represents the wavelet power of time series that ranges from blue (low) to red (high). The 5 % significance level against red noise is
shown by the black contour.

3.2 Real case study

The TDAM is a heterogeneous and anisotropic aquifer sys-
tem with accumulated sediment thickness of more than 3000
m and a multilayer structure formed by a series of sand lenses
on the order of a few meters thick, embedded in a low-
permeability clay matrix (Hernández-García and Custodio,
2004; Yélamos and Villarroya, 2007). The wavelet analy-
ses have been carried out using ground-displacement time
series derived from interferometric synthetic aperture radar
(InSAR) and piezometric time series of 19 wells from the

Manzanares-Jarama wellfield covering the time span 2003-
2010. The methodology proposed by Tomás et al. (2016) for
using wavelet methods to analyse seasonal variations from
InSAR time-series data is used. This area was affected by a
seasonal land subsidence previously studied by Ezquerro et
al. (2014) and Béjar-Pizarro et al. (2017). The wavelet anal-
yses for two representative wells, FC-2 and CA-5, over the
time interval spanned by the imaging radar coverage of the
ENVISAT satellite from which the synthetic aperture radar
(SAR) data were acquired, are depicted in Figs. 3 and 4.
Thirty-one ENVISAT ascending satellite SLC SAR images

proc-iahs.net/382/353/2020/ Proc. IAHS, 382, 353–359, 2020
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Figure 2. XWT cross-wavelet power spectra and WTC coherence of two synthetic groundwater level and land subsidence time series com-
puted using one-year (T0) period sine functions with different phases: (a) in phase (1ϕ = 0◦); (b) phase shift1ϕ = 130◦ and corresponding
time lag1t = 131.8 d; (c) antiphase (1ϕ = 180◦) and corresponding time lag1t = 182.5 d; and (d) phase shift1ϕ = 230◦ and correspond-
ing time lag 1t = 233.2 d. The colour bar of XWT represents the common cross-wavelet power of both time series that ranges from blue
(low) to red (high). Coherency ranges from blue (low) to red (high). The 5 % significance level against red noise is shown by the black
contour.

acquired between August 2003 and September 2010 were
processed with the PSP-IFSAR technique (Costantini et al.,
2008) to calculate the radar line-of-sight (LOS) displacement
time series of each persistent scatterer (PS). The CWT power
spectra (Fig. 3) of the InSAR-derived ground displacement
(land subsidence) and piezometric-level time series, show
two regions of relatively higher wavelet power, one at a pe-
riod of 1 year, corresponding to the time interval 2004–2007,
and another at a period of 2 years, corresponding to the time
interval 2004–2008. These regions of high wavelet power
correspond to the more than 100 m decline in water level that
occurred in both wells during the period 2005–2007. Similar
regions of higher wavelet power at periods of 1 and 2 years
are recognized for the other 17 paired time series related to
the other wells analysed.

Figure 4 shows the XWT cross-power spectra and WTC
for the InSAR-derived displacement and water-level time se-

ries at wells FC-2 and CA-5. Regions of high cross-wavelet
spectral power and high coherence are evident at periods
of 1 and 2 years. The phase shifts at periods of 1 and
2 years indicate time lags of 1.0 and 0.2 months for FC-
2 and 0.6 and 0.8 months for CA-5, respectively, between
land subsidence and the forcing groundwater-level declines.
The time-lag results obtained for all wells have a mean
±σ (standard deviation) of 0.9± 0.8 and 1.3± 0.8 months
for the 1 and 2 year periods, respectively. Delays between
ground displacements caused by aquifer-system compaction
and groundwater levels in heterogeneous aquifer systems
comprising layered assemblages of unconsolidated, perme-
able coarse-grained (sands and gravels) and low-permeability
fine-grained (silts and clays) deposits that respectively con-
stitute the aquifers and aquitards in the aquifer system, have
been attributed to delayed fluid-pressure equilibration be-
tween the aquifers and aquitards (Galloway, 1999). In some
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Figure 3. CWT power spectra of InSAR displacements and piezometric data shown with water-level time series for two wells (a) FC-2 and
(b) CA-5 in the TDAM. Colour scale is described in Fig. 1 (caption).

systems with thick aquitards these delays can be on the or-
der of years to decades or more. Consequently, the delays
(1t) of about one month observed between piezometric lev-
els measured as water levels in the wells and ground dis-
placements suggest that low-permeability clayey units have
a limited influence in delaying the compaction of the aquifer
system at periods of 1 and 2 years. Furthermore, subsidence
and uplift displacements associated with the 2 year episode
of drawdown and recovery, respectively, were proportional
to the water-level changes. For example, for FC-2, the water
level changed −120.5 m with a corresponding settlement of
−65.3 mm, then when the water-level recovered +116.6 m,
the corresponding displacement changed+60.1 mm to a dis-
placement value on Fig. 3a of about−10.3 mm. The ratios of
the change in displacement to the change in water level for
the drawdown portion (i.e. 0.54 mm m−1) are similar to the
ratios for the water-level recovery portion (i.e. 0.52mm m−1),
suggesting a fully recoverable or elastic response of aquifer-
system deformation to the groundwater level changes.

These examples confirm the capabilities of the wavelet
method to recognize the oscillations of a time series in an
intuitive way (Grinsted et al., 2004) and for testing proposed
linkages between two time series (Tomás et al., 2016). This
information can be used by researchers for stating causal re-
lationships between land subsidence and its driving factors.

4 Conclusions

In this work, a time-frequency wavelet analysis (CWT, XWT
and WTC) of a few synthetic time series and 19 paired time
series of ground displacements measured using InSAR and
the associated driving factor, water levels measured in wells
for an actual case study in the TDAM has been success-
fully applied. On the one hand, CWT has proven its ability
to expand individual time-series records into time-frequency
space to identify localized intermittent periodicities. In the
actual case study, periods of 1 and 2 years have been iden-
tified for the available land subsidence and piezometric time
series. Therefore, two overlapped signals have been recog-
nized in the TDAM during the period analysed, 2003–2010.
The first signal corresponds to a two-year drought period. It
is a longer period during which groundwater resources were
extracted from wells due to the lack of rainfall. The sec-
ond signal corresponds to one-year seasonal period (winter-
summer cycles) typical of the expected seasonal variations
in natural recharge and discharge and groundwater extrac-
tion under normal climatic conditions. On the other hand,
XWT and WTC revealed physical relationships between the
two signals (i.e. piezometric level and land subsidence time
series). The means and standard deviations of the observed
time lags, that strongly depend on the permeability of the
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Figure 4. XWT cross-wavelet power spectra and WTC wavelet coherence of InSAR displacements and piezometric data time series from
two wells (a) FC-2 and (b) CA-5 in the TDAM. Colour scale is described in Fig. 2 (caption).

different lithologies existing in each well, are similar for both
identified periods (0.9± 0.8 and 1.3± 0.8 months for 1 and
2 years periods, respectively). Because the time lags are rel-
atively short we infer that the low-permeability silt and clay
units in the aquifer system have little influence on the sub-
sidence record for the period of study. Further, because the
relation between the ratios of changes in ground displace-
ments and changes in water levels were similar for the draw-
down and recovery portions of the water-level record we can
assume a purely elastic behaviour of the aquifer.

The information derived from wavelet methods can be ex-
ploited by researchers for identifying and quantifying causal
relationships between water-level and ground displacement
time series and improving numerical models on land subsi-
dence. However, we have to take into account that wavelet
methods do not provide direct information about the underly-
ing physical mechanism causing land subsidence and there-
fore additional hydrogeologic information and analysis are
required to more fully explain the mechanisms that underlie
the relationships inferred from time-series analysis of land
subsidence and its driving factors.
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Abstract. Pingtung coastal plain, located at the active convergent boundary between Philippine Sea Plate and
Eurasian Plate, is one of the most active areas regarding tectonic deformation in Taiwan. Groundwater over-
pumping for aquaculture along the coast area of Pingtung plain induced a serious land subsidence problem for
decades. How much land subsidence contributed by tectonic activity and groundwater pumping is a crucial issue
for tectonic study and groundwater management in this area. This study collected the data in different fields
and proposed a conceptual model to calculate the quantities of land subsidence caused by natural (tectonic)
and human (pumping) factors. The data from the Global Positioning System (GPS) are used to illustrate the
total subsidence concerning vertical displacement. A system called the multi-level compaction monitoring well
(MCMW) is able to measure the vertical compaction in different depths from the earth surface to the depth of
200 m. Two GPS stations, named CLON and FALI, close to two MCMWs, named Jiadong and Fangliao, are
adopted for analysis The data during 2007 and 2016 taken from MCMWs and groundwater observation wells
indicate that the compaction in the shallow depth should be mainly caused by groundwater over-pumping due
to their high correlation coefficients (from 0.58–0.95). The difference of the vertical deformation between GPS
and MCMW indicates that there is deformation beyond the depth within 200 m. From the data and literature,
the further vertical deformation should be due to tectonic activity associated with tectonic escape and extrusion
of the Taiwan orogen with average vertical deformation from − 3.0 to −4.4 mm. Therefore, the quantities of
land subsidence contributed by local groundwater over-pumping and regional tectonic activities are successfully
separated. The method and concept proposed in this study can be used in land subsidence quantification due to
both tectonic activity and groundwater over-pumping.

1 Introduction

In southwest Taiwan, the Eurasian Plate is subducting with
south-east direction beneath the Philippine Sea Plate at the
Manila trench (Wu, 1978). In the previous studies with
the moving speed of the Philippine Sea Plate of about
8.2 cm yr−1, the force from the Philippine Sea Plate was
much greater than that of the Eurasian plate, which collided
with the east of Taiwan orogeny to create a series of thrust
faults (Yu, 1997). Pingtung plain is located in South-western
Taiwan, where the land use is mainly for agricultural and
aquaculture. The unconsolidated sediments of the Pingtung
plain form a basin and lie on the wedge-top depozone which
form the main aquifer (Chiang et al., 2004). Covey (1986)
and Chiang et al. (2004), they pointed out Pingtung plain

is located in major piggyback basin of the wedge-top depo-
zone where is lied on the foreland basin. Moreover, Pliocene-
Quaternary sedimentary from offshore to onshore have been
deposited on the wedge-top depozone.

Taiwan is ranked 56th in the world regarding population
with 667 person km−2 (United Nations World Prospects Re-
port, 2017). With an economic development, the demand for
water resources in Taiwan is increasing; however, the current
water supply in Taiwan is insufficient compared with popula-
tion density. Since the amount of surface water is inadequate
to supply whole public water, groundwater exploitation be-
comes a must and causes land subsidence in the coastal plain,
which leads to serious land subsidence (Chang et al., 2004;
Hung et al., 2010; Wang, 2015).

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. The distribution of monitoring system in the study area (Modified from Chiang et al., 2004).

The purpose of this research is to summarize information
from the aforementioned research papers to propose a con-
ceptual model to estimate how much land subsidence is due
to the tectonic activities and non-tectonic activities. In this
study, the data from global positioning system (GPS) is used
to measure the vertical land deformation and a nearby system
called the multi-level compaction monitoring well (MCMW)
measures the compaction within 200 m. These two survey
data conducted from 2007 to 2016. Moreover, the correlation
between the data of compaction monitoring wells, ground-
water monitoring wells, and rainfall quantity are compared
to realize the seasonal influence. After the data analysis, then
knowing the area where the land surface changes occur and
strongly affected by the change in the groundwater level, the
elemental frequency analysis is proposed. This approach pro-
vides additional ideas on geological surveys as well as esti-
mation of subsidence caused by plate tectonics in different
sensitive tectonic regions in the world.

2 Monitoring system

Nowadays, the methodology for measuring land subsidence
has been upgraded for years, and there are new studies to find
out the past and present geological issues. In Taiwan, there
are four techniques commonly used to observe land subsi-
dence such as leveling, GPS, MCMW, and differential inter-
ferometric synthetic aperture radar (DInSAR). These tech-
niques support each other in spatial and temporal domains.
Three of them are used to measure the total subsidence con-
sists of leveling, continuous GPS, and DInSAR. The one
left measure compaction in different layers are MCMWs.
Following Hung et al. (2010), the advantage of GPS is the
daily sampling which provides sufficient data as well as high

mobility and a quick survey. The next one is the MCMWs
are used to measure the compaction of aquifer systems by
anchoring several magnetic rings to aquifer systems at dif-
ferent depths with the advantage is its high accuracy of
(about 1–5 mm). The final technique, DInSAR is used to
measure landscape changes by using many images at differ-
ent times to create the interferogram images. The advantage
is a spatial resolution, but there are various errors, especially
for the atmospheric error which reduces the accuracy up to
2 cm. Therefore, using survey data from continuous GPS and
MCMW is proposed which are the powerful technique in this
research. The distribution of monitoring system used in this
study is shown in Fig. 1.

From the 10-year continuous leveling data, it has been
shown that changing land surfaces at CLON station and Ji-
adong well is similar, so the CLON station is closest to Ji-
adong well. Besides that, there is a total of five wells for mon-
itoring groundwater levels which were chosen in the study
area. We divided into two areas of subsidence measuring in
Jiadong township and Fangliao township, so the division of
groundwater monitoring wells in two areas is also carried out
for easy analysis. In Jiadong township area (Fig. 2), they in-
clude three groundwater observation wells named Wenfeng
(WF), Dazhuang (DZ), Daxiang (DXi). In the Fangliao town-
ship area, the remaining two wells are named Fangliao (FL),
and DeXing (DX). The groundwater observation wells have
from the first aquifer to third aquifer and its distribution from
the depth of 25 to 200 m. In this study, the GPS and ground-
water level data are based on the daily solution. However, the
MCMW result is based on a monthly solution.

Proc. IAHS, 382, 361–365, 2020 proc-iahs.net/382/361/2020/
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Figure 2. Cumulative subsidence of GPS data, MCMW data are in
the left y-axis, and groundwater level variation, represented in right
y-axis.

3 Methodology

A new idea with a simple equation to estimate subsidence in
depths of below 200 m. We rather suspect that the deep sub-
sidence part is caused by natural impact. There are two main
factors of the natural impact such as natural compaction and
plate tectonics. Following the rock cycle, there are three main
types of rocks: sedimentary, metamorphic, and igneous. Un-
der the influence of nature, each type of rock when altered
or destroyed will create loose materials or unconsolidated
soil. That material would be sedimented respect to the time-
consuming transitions through geologic time is called nat-
ural compaction. Tectonic subsidence commonly occurs at
a subduction zone, especially in Pingtung plain that is very
active so it can easily lead to land subsidence. In the con-
ceptual model, we separated into two main causes likely hu-
man and natural impact. Where a GPS station and MCMW
device were established to measure the total subsidence and
the changing of stratigraphic column within 200 m. Thus, the
equation to estimate land subsidence due to tectonic activities
is proposed:

Tectonic subsidence= Total subsidence

−Subsidence due to groundwater extraction
−Natural compaction (1)

However, in the Geologist point of view, with the basic con-
cept in geology when the physical and chemical weathering
process forms the loose or weathering materials that have to
change a type to another concerning geology time. From the
unconsolidated soil to consolidated soil mechanism is a time-
consuming process. Thus, we use the data set for 10 years
then the factor of natural compaction will not affect much.
Besides, as mentioned in the previous section and the limit of
the thickness of the alluvial deposit which is approximately

smaller than 250 m (Jiang, 2018), we assume that the subsi-
dence at the depth of more than 200 m equal to 0 caused by
natural compaction. In addition, from the correlation coeffi-
cient matrix among each component that we know the rela-
tionship between groundwater and compaction in Multi-level
compaction monitoring well (MCMW) is a positive relation.
Whereas, the negative relation was shown in Table 1 between
estimating tectonic and groundwater. Thus, the groundwater
pumping in the depth greater than 200 m is impossible. Then,
Eq. (1) will become:

Tectonic subsidence= Total subsidence

−Subsidence due to groundwater extraction (2)

4 Results and discussion

4.1 Data analysis

Figure 2 shows a variation of the time series under the sea-
sonal effect. The most subsidence often falls during the dry
season, so that the annual compactions in the dry season
which calculated from the data of MCMW at both areas that
range from −64.4 and −40.1 mm. In this study, we used
the Pearson’s r correlation coefficient in order to analyse the
correlation among data collected from subsidence observing
wells and data from groundwater observation wells. In addi-
tion, since the same survey method was conducted in two
different areas, it is significant to shed light on the corre-
lation between them. To understand physical properties in-
side, we need to optimize the current data, hence analyzing
the correlation of values is also necessary. Since calculation
results were seasonally changed, especially subsidence data
from both GPS stations and MCMW observing wells were
deformed, there was a tendency of subsidence for a long
time. Therefore, we utilized different methods and detrend-
ing method with the resampling data to analyse.

The correlation coefficients among the data from MCMWs
and groundwater monitoring wells are high with the values
from 0.58 to 0.95, as listed in Table 1. That illustrated that
MCMW can measure the land subsidence due to groundwa-
ter pumping from the Earth’s surface to a depth of 200 m.
As mentioned previously, GPS station is established at the
ground surface to measure the total subsidence that means
that GPS system observes the whole vertical deformation in-
cluding a movement of tectonic activity.

4.2 Tectonic subsidence estimation

The measurement period of MCMW device is one-month
interval, while that of GPS system is daily interval. How-
ever, GPS system is very susceptible to atmospheric, so we
used resampling and average method to analyze the data to
avoid the errors. Therefore, subsidence data from GPS are

proc-iahs.net/382/361/2020/ Proc. IAHS, 382, 361–365, 2020
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Table 1. Correlation coefficient matrix between subsidence and groundwater level.

r value FALI Fangliao Fangliao DZ1 DZ2 WF DXi1 DXi2 FL1 FL2 DX1 DX2 DX3
GPS MCMW Tectonic

CLON GPS 0.89 0.87 0.46 0.71 0.86 0.47 0.76 0.74 0.86 0.86 0.10 0.68 0.69
Jiadong MCMW 0.66 0.86 −0.02 0.82 0.92 0.58 0.78 0.77 0.90 0.90 0.04 0.73 0.71
Jiadong Tectonic 0.56 −0.18 0.66 −0.03 0.09 −0.08 0.15 0.16 0.12 0.13 0.13 0.07 0.11
DZ1 0.56 0.84 −0.19 1.00 0.86 0.62 0.66 0.65 0.76 0.76 0.19 0.71 0.73
DZ2 0.61 0.91 −0.27 0.86 1.00 0.58 0.93 0.92 0.98 0.97 0.30 0.86 0.87
WF 0.47 0.58 −0.06 0.62 0.58 1.00 0.49 0.49 0.49 0.50 0.04 0.38 0.47
DXi1 0.55 0.83 −0.25 0.66 0.93 0.49 1.00 1.00 0.95 0.96 0.39 0.84 0.87
DXi2 0.54 0.83 −0.25 0.65 0.92 0.49 1.00 1.00 0.95 0.95 0.40 0.84 0.87
FL1 0.62 0.91 −0.34 0.76 0.98 0.49 0.95 0.95 1.00 1.00 0.27 0.86 0.89
FL2 0.62 0.91 −0.28 0.76 0.97 0.50 0.96 0.95 1.00 1.00 0.24 0.86 0.89
DX1 0.01 0.18 −0.15 0.19 0.30 0.04 0.39 0.40 0.27 0.24 1.00 0.33 0.30
DX2 0.60 0.90 −0.26 0.71 0.86 0.38 0.84 0.84 0.86 0.86 0.33 1.00 0.91
DX3 0.68 0.95 −0.18 0.73 0.87 0.47 0.87 0.87 0.89 0.89 0.30 0.91 1.00

Note: DZ1, DZ2, WF, DXi1, DXi2, FL1, FL2, DX1, DX2, DX3 are the abbreviated name of groundwater observation wells.

Figure 3. Monthly tectonic subsidence in (a) Jiadong area and (b) Fangliao area.

processed by using the weekly mean value cooperated with
the resampling point. The calculation concept is that based
on the date when MCMW data are collected, resample the
point of GPS at the same date and averaged the seven val-
ues from before three days to after three days. This method
is called the mid-point weekly sampling in this study.

After the pre-processes, Eq. (2) is adopted to calculate the
tectonic subsidence, the results are shown in Fig. 3. The aver-
age deformation in Jiadong area and Fangliao area are −4.4
and−3.0 mm, respectively. The Pingtung area and the south-
eastern region of Taiwan in general must have a big creative
stress from Philippine Sea Plate. With respect of time, Ping-
tung plain reaches the critical state, then lead to finding a way
to release this stress. Tectonic escape accompanied with the
transtensional deformation is occurred in the south-west di-
rection (azimuth 243.9–245.7◦) because of the free boundary
at Taiwan strait. From these estimation results, the tectonic
subsidence of coastal zone of Pingtung plain quite consistent
with previous research which indicated the transtensional de-

formation associated with the tectonic extrusion (Hu et al.,
2006).

5 Conclusions

MCMW is a system to monitor land subsidence due to
groundwater over-pumping. The data collected from the
groundwater monitoring wells and MCMW in Pingtung
plain have the correlation coefficients varied from 0.58–0.95,
which express that the subsidence within 200 m is highly cor-
relative to groundwater level variations and could be due to
groundwater over pumping. Under the assumption of small
influence of natural compaction, the vertical deformation in-
duced by tectonic activity can be obtained using total subsi-
dence minus subsidence within 200 m. Then, both the verti-
cal deformation contributed by natural factor of tectonic ac-
tivity and human factor of groundwater over pumping can
be estimated. For nature factor, the tectonic activity causes
an average vertical deformation of −4.4 and −3.0 mm in
Jiadong and Fangliao areas, respectively. There are 70 %
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and 82 % of total subsidence are contributed by human fac-
tor. Comparing with the literature, the regional subsidence
is caused by the transtensional deformation associated with
the tectonic extrusion, then occurring tectonic escape in the
south-west direction with azimuth 243.9–245.7◦.
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Abstract. The report displays the characteristics of sedimentary environments, consolidation and consolida-
tion settlements of the late Pleistocene–Holocene deposits in the Mekong Delta (MD) and Ho Chi Minh City
(HCMC), Vietnam. The report furthermore discusses the influences of sedimentary environments on the consoli-
dation properties and the resulting complex and large consolidation settlements. They cause land subsidence and
uneven settlements of foundations in HCMC and the MD. They have especially combined with the unsuitable
plans, land use like land fill in the lower land, rivers and ponds in the delta and increase in sea level by the global
climatic change. As a result, it is very difficult to improve waterlogged areas in HCMC and the MD by the rain
and tide waters. It is also not easy to propose a standard strategy for the management, planning and construction
of these areas.

1 Introduction

The Mekong Delta (MD), the largest delta in Vietnam, is
located in southern Vietnam. The hydrology regimes in the
MD and Ho Chi Minh City (HCMC) are influenced by the
Mekong River system and by the Sai Gon and Dong Nai river
systems, respectively, while the lower parts of both areas are
significantly influenced by the East Sea (Fig. 1). In general,
Holocene sediments cover about 96 % of the area of the delta
(Tran, 1993). The late Pleistocene–Holocene sediments/post-
glacial sediments/top sediment layers are mostly subjected
to a stress increase due to construction, especially embank-
ments or land fill in the lower land. The consolidation proper-
ties in the MD late Pleistocene–Holocene sediments change
strangely: the overconsolidation ratio, OCR, decreases with
depth in many places; it is mostly lower than 1 from 12
to 40 m according to soil investigation results obtained by
engineering firms, possibly due to the low sample quality

(Man, 2003). The microstructure development level of Can-
tho clay is very high (Takemura et al., 2007). The sedi-
mentary environments significantly affected the formation of
the materials, macro and micro structures, and the orienta-
tion of geotechnical properties. The particular sedimentary
conditions in the late Pleistocene–Holocene deposits can be
reasonably estimated by the CPTU (piezo-cone penetrome-
ter test) (Truong et al., 2011). Burland (1990) proposed a
method for describing the structure level of natural clay in
the delta by using the sedimentation compression line (SCL)
and the intrinsic compression line (ICL). The structures of
post-glacial sediments in the delta depend on both the de-
positional conditions and post-depositional processes. The
ageing has a very important role in developing the micro-
fabric of clay, increasing the resistance to the compression,
and this resistance does not depend on the volume reduction
due to creep. He also suggested that the ratio of the intrinsic
swelling index, C∗s , to the undisturbed swelling index, Cs,
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Figure 1. Map of the sedimentary environments of the MD and the location of HCMC (Ta et al., 2005) with a site investigation layout
including the CLM1, VLM1, BT1, BT2, BT3, CTM1 and TAS1 sites.

C∗s /Cs, could be a sensitive indicator of fabric and interparti-
cle bonding in the natural soils. Each sedimentary facies was
formed under a different environment and revealed typical
geotechnical properties (Truong et al., 2011). Each sedimen-
tary facies would be expected to possess typical consolida-
tion properties which would result in different consolidation
settlements. This hypothesis is analyzed in this article.

2 Investigation program

The survey associated the consolidation properties and the
sedimentary geology on the post-glacial sediments. All in
situ tests and sampling were carried out from the surface to
the end of the post-glacial sediments and a part of the undif-
ferentiated Pleistocene sediments.

2.1 In situ tests, boring and sampling

All in situ test sites occurred within 10 m from each of the
original core sites. The symbols of the boreholes indicate
therefore the location of additional site investigation (Fig. 1).
A hydraulic type thin-walled tube sampler with a fixed pis-
ton was used to obtain soil samples. A stainless-steel sam-
pling tube with 2 mm thickness, 85 mm inside diameter and
710 mm length was pushed into the ground by water pres-
sure. The soil samples were maintained in the stainless-steel
tube sampler and enveloped by the wet soft materials and
stored in the wooden boxes. The OCR in cohesive soils was
estimated from the CPTU results at the sites by the simple

formula (1) with k values in a range of 0.2 to 0.5 (Lunne et
al., 1997; Truong et al., 2016).

The yield stress ratio is

OCR= k ·
(
qt− σvo

σvo′

)
, (1)

where σvo and σ ′vo are the total vertical stress and the effective
vertical stress, and qt is the cone resistance.

2.2 Lab tests

2.2.1 Geotechnical engineering tests

To evaluate the one-dimensional consolidation properties, in-
cremental loading (IL) oedometer tests (Head, 1985b) were
mainly conducted using the undisturbed and reconstituted
samples. The constant rate of strain (CRS) consolidation tests
(JGS, 2000) were also conducted on typical soil samples,
which were obtained from each facies. The yield stresses
σy-IL

′ and σy-CRS
′ were estimated from the IL and CRS re-

sults, and the yield stress ratio OCR (σy
′/σvo

′) was calcu-
lated. The basic geotechnical properties (Head, 1985a) and
unconfined compressive (UC) tests were conducted for both
the undisturbed clay and the remolded clay to obtain the sen-
sitivity, St. The void index Ivo of the in situ void ratio e0
was estimated using Eq. (2) (Burland, 1990), where e∗100 and
e∗1000 are the void ratios of the intrinsic compression curve at
σ ′v = 100 and 1000 kPa, respectively.
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Figure 2. Values of OCR with depth from IL, CRS and CPTU tests for the cohesive soils at the CLM1, VLM1, BT1, BT2, and BT3 sites
(Truong et al., 2016).

Ivo =
e0− e

∗

100
e∗100− e

∗

1000
(2)

2.2.2 Clay minerals, 14C ages

The samples were individually inspected and photographed,
and a detailed investigation plan was conducted for specific
soil samples. The detailed soil profiles were determined. Var-
ious analyses of the sedimentary structures and properties
were conducted. Radiocarbon dating of the organic material
in some soil samples was performed by the Beta Analytic
Radiocarbon Dating Lab. Clay mineral analyses based on X-
ray diffraction methods were performed using the D8 AD-
VANCE automatic system.

2.2.3 Estimation of consolidation settlements

The primary consolidation settlements were calculated using
Eq. (3) for normally consolidated clays, in overconsolidated
clays: Eq. (4) for P0+1P ≤ Pc and Eq. (5) for P0+1P>Pc
(Braja, 1998).

S =
∑[

CcH

1+ e0
log(

P0(i)+1P(i)

P0(i)
)
]
, (3)

S =
CsH

1+ e0
log

(
P0+1P

P0

)
, (4)

s =
CsH

1+ e0
log

Pc

P0
+
CcH

1+ e0
log

(
P0+1P

Pc

)
, (5)

where Cc is the compression index, H is the height of the
soil layer, P0 is the effective overburden pressure, 1P is the
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Figure 3. Relationship between the void indices Ivo and the effec-
tive overburden stress σvo

′ on the cohesive soils in the investigation
sites (Truong et al., 2016).

embankment load pressure, Cs is the swell index, e0 is the
initial void ratio, and Pc is the preconsolidation pressure.

3 Results and discussions

3.1 Consolidation, sedimentary environments

The consolidation level of the argillaceous soil in each facies
is interpreted by a combination of the environmental environ-
ments, formation mechanism, consolidation properties, 14C
age, and analysis of the TSS (thin soil section) and SEM im-
ages. They included three main broad cases, namely the sur-
face sediment facies associations, the shallow sediment fa-
cies associations, and the deep sediment facies associations,
and are presented as follows.

3.1.1 Surface sediment facies associations

Case 1 includes natural levee, flood plain, inter-tidal flat, and
sub- to inter-tidal flat facies contacting the solar energy and
air.

For the natural levee facies at the CLM1 site, the OCR
values are notably large, from 6.1 to 2.2 (Fig. 2a). The Iv
values lie well below the corresponding ICL, around and so
less than zero despite the notably small values of σvo

′: 30 to
40 kPa (Fig. 3).

Hence, their consolidation levels can be medium to high.
There are differences about the material supply, tidal influ-
ence, characteristics of the clay minerals, and age between
the upper delta plain and lower delta plain (Truong, et al.,
2016).

3.1.2 Shallow sediment facies associations

Case 2, the delta front facies with alternation of clay and sand
seams, was created in the marine environment with high en-
ergy. The clay in the delta front facies is in the salt floccula-
tion structure. In truth, according to Braja (1998), the clay
that is in the salt flocculation structure is somewhat over-
consolidated. Therefore, the OCR values on the delta front
sediments are somewhat greater than 1 (Fig. 2). The Ivo val-
ues for the delta front cohesive soils at the VLM1 and CTM1
sites largely vary and lay well above the SCL (Burland, 1990)
(Fig. 3). Conversely, for the homogenous cohesion soils in
the other facies associations, the Ivo values are close to or
below the SCL for the most of the plots (Fig. 3). The combi-
nation of the analyses allows us to infer that the consolidation
levels of the delta front sediments are low to medium.

3.1.3 Deep sediment facies associations

Case 3 includes prodelta, bay, estuarine marine, sub- to inter-
tidal flat, marsh, marsh/tidal flat, and estuary channel fa-
cies associations. They were recovered from greater depths
and formed at an earlier stage than those of case 2, so
they have been strongly subjected to ageing. Simultaneously,
the pyrites are significantly recrystallized. Recrystallization
tends to increase from the prodelta to estuary channel sedi-
ments (Truong et al., 2016). These results allow us to infer
that the consolidation levels in the marsh and tidal flat sedi-
ments range from high to very high.

The ground continuously increased and the OCR values
are never less than 1 (Fig. 2). And the overconsolidation is
due to the cementation, recrystallization, and ageing.

3.1.4 Undifferentiated Pleistocene sediment basement

As a result, the undifferentiated Pleistocene and lag sed-
iments are characterized by the stiff to hard, oxidized,
yellowish gray silty sand and fine–medium sand bearing
scattered quartz pebbles 0.5–1 cm in diameter and laterite,
and thus heavy overconsolidation. The late Pleistocene–
Holocene sedimentary facies directly overlay the undif-
ferentiated Pleistocene sediment basement with ages over
43 400 yr BP (Ta et al., 2002a, b). Values of OCR suddenly
shift from the late Pleistocene–Holocene sediments to the lag
deposit and then the undifferentiated Pleistocene sediment
basement (Fig. 2b, c, and e). The appeared depths are 10
to 71 m from the ground surface. The undifferentiated Pleis-
tocene sediment basement can be a great advantage for heavy
structures.

3.2 Consolidation settlements

The preliminary results of the primary consolidation set-
tlements were estimated based on the consolidation prop-
erties of each sedimentary facies on the high-quality soil
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Figure 4. Diagram of estimation consolidation settlements by embankments at the VLM1 site as results in Table 1.

Figure 5. Diagram of estimation consolidation settlements by embankments at the BT2 site as in Table 2.

samples. The primary consolidation settlements were esti-
mated at three investigation sites with the typical consolida-
tion properties and geotechnical structures, and the diagrams
for estimating the primary consolidation settlements by em-
bankments at the VLM1and BT2 sites in the MD, and in Dis-
trict 2, Ho Chi Minh City (Figs. 4 and 5). The heights, H , of
the embankments are as follows: in the MD the VLM1 and
BT2 sites are 2.5 and 4 m high, and in the HCMC, 1.9 m high.
The unit weight of soil in the embankments is 1.8 g cm−3.
The soft soil grounds under the embankments in the MD and
HCMC in this investigation were not improved before the
construction of the embankments.

The magnitude of the primary consolidation settlement at
the VLM1 site is the largest in comparison with those at the
BT2 site and in District 2, HCMC. The soil at the BT2 site
consists of sand dune and sub- to inter-tidal flat and delta

front facies with high contents of sand in the upper part of
the stratum (Fig. 5). The VLM1 site is in the upper delta
plain and the BT2 site is in the lower delta plain (Ta et al.,
2005). The upper delta plain was the tide-dominated delta
and the lower delta plain was the tide- and wave-dominated
delta (Fig. 1) (Ta et al., 2005). The MD Holocene delta evolu-
tion and depositional model (Ta et al., 2005) includes (1) the
tide-dominated delta which is characterized by a coarsening-
upward succession from the open to inner bay, prodelta mud,
and delta front and subtidal flat muddy sand, which is cov-
ered by the fining-upward succession of the muddy sub-tidal
to inter-tidal flat facies, and (2) the tide- and wave-dominated
delta which is characterized by coarser sediments and dis-
plays a typical coarsening-upward succession from prodelta
to delta front and to foreshore facies. The facies successions
in the lower delta plain consist of coarsening-upward from
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Table 1. Results of primary consolidation settlements for embankments with 2.5 and 4 m in height at the VLM1 site.

Sedimentary
faces

Thickness
(m)

Compression
index, Cc

Swell
index, Cs

Initial void
ratio, e0

Coefficient
of consol-
idation, Cv

Effective
overburden
stress, P0
(kPa)

Settlement,
S (cm)
(by em-
bankment
height,
H = 2.5 m)

Settlement,
S (cm)
(by em-
bankment
height,
H = 4 m)

Flood plain –
sub- to inter-
tidal flat
(0–5.5 m)

5.5 0.394 0.059 1.26 31.2 45.74 20.44 28.26

Delta front
(5.5–8.0 m)

2.5 0.568 0.080 1.60 19.23 50 14.99 20.86

Delta front
(8.0–14.0 m)

6 0.691 0.105 1.51 29.06 96 27.17 39.61

Delta front
(14.0–18.5 m)

4.5 0.650 0.136 1.68 64.8 130 13.86 20.57

Bay
(18.5–25 m)

6.5 0.685 0.116 1.55 5.85 168.25 17.69 26.61

Estuary marine
(25–27.8 m)

2.8 0.599 0.093 1.33 9.1 183.5 6.74 10.18

Marsh
(27.8–31 m)

3.2 0.575 0.087 1.16 29.75 218.95 6.81 10.36

Marsh
(31–35 m)

4 0.532 0.069 1.12 26 250.226 7.09 10.85

Marsh
(35–41.5 m)

6.5 0.832 0.076 1.42 46.6 284.492 13.98 21.49

Estuary
channel
(41.5–48 m)

6.5 1.112 0.182 1.46 9.5 317.9 16.61 25.63

Total
settlements

145.37 214.42

the delta front slope to subtidal flat, fining-upward sub-tidal
to tidal flat, and coarsening-upward succession including
foreshore-dune or fining-upward intertidal flat or salt marsh.
In addition, the sediment falls within the tide- and wave-
dominated delta whose mechanical behavior sequence tends
to be more cohesionless soils and strengths than those in the
tide-dominated delta from the prodelta to sand dune facies
(Truong et al., 2016). In District 2, HCMC, the sediments
in the flood plain facies and marsh facies are cohesive soils;
therefore, the primary consolidation settlements are large de-
spite the limited height of the embankment (1.9 m).

The results of the primary consolidation settlements at
the three investigation sites are very different, although the
soils were all formed during the late Pleistocene–Holocene.
Therefore, the standard construction-topography level for
planning, management and control in the urbanization and

construction could not be generally used for the MD and
HCMC. At present, no standard procedure for management,
planning and construction in the MD and HCMC exists.

4 Conclusions

The consolidation levels of the surface and deep sediment
facies associations in the MD test sites are slight overcon-
solidation to heavy consolidation, the sediments having been
subjected to strong dehydrating and oxidizing or aging and
recrystallizing processes. The consolidation levels of the
shallow sediment facies are normal consolidation to slight
overconsolidation.
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Table 2. Results of primary consolidation settlements by embankments with 2.5 and 4 m in height at the BT2 site.

Sedimentary
faces

Thickness
(m)

Compression
index, Cc

Swell
index, Cs

Initial
void ratio,
e0

Effective
overburden
stress, P0
(kPa)

Ssc (cm)
(by em-
bankment
height,
H = 2.5 m)

Ssc (cm)
(by em-
bankment
height,
H = 4 m)

Sub- to inter-
tidal flat
(−2 to −8 m)

10 0.6056 0.0606 0.981 57.1 50.40 87.2

Delta front
(−8 to −17 m)

9 0.5736 0.0574 1.2 98.7 17.3 37.3

Prodelta
(−17 to −20 m)

3 0.429 0.0429 1.42 140.8 6.7 39.3

Total
settlements

25.14 55.34

Table 3. Results of primary consolidation settlements by embankments with 1.9 m in height at District 2, Ho Chi Minh City, Vietnam.

Sedimentary
facies

Thickness
of sublayer
(cm)

Effective
overburden
stress, P0
(kPa)

Yield stress
(kPa)

Initial void
ratio, e0

Compression
index, Cc

Swell
index, Cs

Influenced
load stress,
σload (kPa)

Ssc (cm)
(by em-
bankment
height,
H = 1.9 m)

Flood 200 15.3 36.0 2.065 0.62 0.108 37.81 9.45
200 25.9 36.0 2.065 0.62 0.108 37.43 10.93
200 36.5 74.0 2.065 0.33 0.077 37.05 1.53
200 47.1 52.0 2.065 0.59 0.091 36.67 8.23
200 57.7 49.0 2.065 0.63 0.137 35.72 8.60
200 68.3 49.0 2.065 0.541 0.108 34.20 6.22

Marsh 200 78.9 49.0 2.065 0.569 0.114 32.68 5.59
200 89.5 49.0 2.065 0.575 0.115 31.16 4.87
200 100.1 49.0 2.065 0.556 0.111 29.48 4.07
200 110.7 49.0 2.065 0.554 0.111 27.64 3.50
200 121.3 49.0 2.065 0.538 0.108 25.79 2.94
200 131.9 49.0 2.065 0.549 0.109 23.95 2.60

Total primary consolidation settlements 68.52

None of the measured OCR values is less than 1. The over-
consolidation is due to the cementation, recrystallization, and
ageing. Therefore, we should use the term yield stress ratio
for the overconsolidation ratio and the term yield stress for
the preconsolidation pressure for the MD late Pleistocene–
Holocene sediments.

The sediments in the upper delta plain with surface sedi-
mentary facies being the flood plain facies and marsh facies
lead to primary consolidation settlements which tend to be
significantly higher than those in the lower delta plain with
surface sedimentary facies being sand dune facies and sub-
to inter-tidal flat facies.

Research is needed before a standard construction-
topography-level-based procedure can be set that integrates

the characteristics of the consolidation settlements of the late
Pleistocene–Holocene sediments under the man-made loads
and the natural settlement by rapid depositional speed with
the flood/ebb tides in the Mekong Delta and Ho Chi Minh
City in the context of increase in sea level by global climatic
change.

Data availability. Some or all data generated or used during the
study are available from the corresponding author by request.
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Abstract. There are many factors causing land subsidence, and groundwater extraction is one of the most im-
portant causes of subsidence. A set of coupled partial differential equations are derived in this study by using the
poro-elasticity theory and linear stress-strain constitutive relation to describe the one-dimensional consolidation
in a saturated porous medium subjected to pore water pressure change due to groundwater table depression.
Simultaneously, the closed-form analytical solutions for excess pore water pressure and total settlement are ob-
tained. To illustrate the consolidation behavior of the poroelastic medium, the saturated layer of clay sandwiched
between two sand layers is simulated, and the dimensionless pore water pressure changes with depths and the di-
mensionless total settlement as function of time in the clay layer are examined. The results show that the greater
the water level change in the upper and lower sand layers, the greater the pore water pressure change and the total
settlement of the clay layer, and the more time it takes to reach the steady state. If the amount of groundwater
replenishment is increased, the soil layer will rebound.

1 Introduction

The consolidation of soil induced by excessive withdrawal
of groundwater is a worldwide problem and usually known
as land subsidence which has occurred in many cities, for
example, Bangkok, Venice, Mexico, Shanghai and so on.
Therefore, analyzing and predicting soil consolidation due to
groundwater withdrawal in a multiaquifer system is impor-
tant for achieving the control of land subsidence and the sus-
tainable use of groundwater resource. The most widely used
theories of consolidation behavior are Terzaghi (1925) and
Biot (1941). The study of consolidation was firstly proposed
by Terzaghi (1925) considering the unidirectional consolida-
tion rate of saturated clay layers. Despite the significant ad-
vance of this theory in capturing the essence of consolidation
process, the coupling between fluid flow and deformation in
a fully-saturated porous medium is not truly laid on a firm
theoretical base. This conceptual breakthrough was achieved
later by Biot (1941), who brought the role of the solid and
fluid constituents on equal footing to formulate a pair of cou-
pled equilibrium equations of motion using the displacement
vector of solid and fluid pore pressure as dependent vari-

ables, now known as poroelasticity. Tuncay and Corapcioglu
(1996) used volume-average theory to simulate the consol-
idation problem of poroelastic media saturated by two im-
miscible Newtonian fluids. In addition, Luo and Zeng (2011)
constructed a coupled three-dimensional model of consoli-
dation and groundwater extraction based on the viscoelastic-
plastic constitutive relation and rheological theory of Biot’s
poroelasticity, and used finite element method to simulate
and compare groundwater level changes and soil compres-
sion. Lo et al. (2014) have recently developed the poroe-
lasticity theory of three-dimensional consolidation in unsat-
urated soils, which features the displacement vector of the
solid phase together with the excess pore water and air pres-
sures as dependent variables.

Tsai et al. (2006) and Tseng et al. (2008) applied the lin-
ear poro-elasticity theory to investigate the soil consolidation
of multi-aquifer system caused by groundwater level decline
due to pumping, but they didn’t consider the viscous coupling
caused by viscous drag. Considering the coupling between
fluid flow and deformation, we analyze the soil consolidation
due to groundwater table depression in a multiaquifer system

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



376 C.-L. Yeh et al.: Consolidation behavior of saturated poroelastic medium

based on the coupled poroelasticity equations formulated by
Lo et al. (2014). After the closed-form analytical solutions
for excess pore water pressure together with total settlement
are obtained, numerical studies are undertaken for highly per-
meability porous sand (aquifers) surrounding an impervious
clay (aquitard).

2 Governing equations

According to the poroelasticity theory of consolidation de-
veloped by Lo et al. (2014), the momentum balance equa-
tions for a deformable homogeneous porous medium bearing
one compressible, viscous fluid, in the absence of body force
and inertial force, can be expressed as

−R22

(
∂uf

∂t
−
∂us

∂t

)
=−∅∇pf, (1a)

∇ · σ = 0, (1b)

where the subscripts “s” and “f” represent the solid phase and
fluid phase, respectively; ∅ represents the porosity; pf indi-
cates the gauge pressure (excess pressure); uf and us desig-
nate the displacements of each phase; R22(=−∅2µf/ks) sig-
nifies the coefficient of viscous drag due to the velocity dif-
ference between solid phase and fluid phase, where µf is the
dynamic shear viscosity of the fluid phase, ks is the intrinsic
permeability. σ denotes the total stress tensor for the porous
medium, using the sign convention that tension is positive.
On the basis of Biot’s theory (1962), the total stress compo-
nents σ of the bulk material is defined as

σ = t s−∅pfδ, (2)

where t s is the stress tensor for the solid phase, δ is the unit
tensor.

2.1 Linear stress-strain relations

According to the mass balance equation, the linear stress-
strain relations for a porous medium containing single fluid

t s = 2Ge+ (Ae+Qε)δ, (3a)

−∅pf =Qe+Rε, (3b)

where e = 1
2 (∇us+∇uT

s ) is the solid phase strain tensor, the
superscript “T” representing the transpose; G is the shear
modulus of porous medium frame; e =∇ ·us is the dilatation
of solid phase; ε =∇ ·uf is the dilatation of fluid phase; The
elastic coefficients A,Q, and R can be expressed as function
of four elastic moduli (see the detail from Lo et al., 2005).

After introduction of volume-averaged form and the linear
stress-strain relation, Eq. (2) becomes

σ = 2Ge+{(A+Q)e+ (Q+R)εδ. (4)

According to Eq. (3b), the fluid dilatation ε can be expressed
in terms of the fluid pressure pf and the solid dilatation e as

ε =
−Q

R
e+
−∅
R
pf = d1e+ d2pf. (5)

In Eq. (5), the parameter d1 is dimensionless, while d2 has the
unit of inverse stress. It is conventional to use stress variables
as dependent variables rather than strain variables. Therefore,
we take divergence of both sides of Eq. (1a), and then substi-
tute Eq. (5) into the result and obtain:

R22d2
∂pf

∂t
+ (d1− 1)

∂e

∂t
=∅∇2pf. (6)

In the same spirit, the linear stress-strain relation can be writ-
ten as:

σ = 2Ge+{[A+Q+ (Q+R)d1]e+ (Q+R)d2pfδ. (7)

For a one-dimensional problem with a time-invariant total
compaction stress, Eqs. (6) and (7) can be reduced to

d2
∂pf

∂t
+ (d1− 1)

∂2w

∂t∂z
=

∅
R22

∂2pf

∂z2 , (8a)

0= [2G+A+Q+ (Q+R)d1]
∂w

∂z
+[(Q+R)d2]pf, (8b)

where w is the component of the displacement of vector of
the solid phase in the z direction. Equation (8b) can be rear-
ranged as

∂w

∂z
=−

(Q+R)d2

K (u) pf, (9)

whereK (u)
= [2G+A+Q+ (Q+R)d1]. Thus, the term ∂w

∂z
in Eq. (8a) can be replaced by Eq. (9) to yield the following
coupled partial differential equation

q1
∂pf

∂t
= b1

∂2pf

∂z2 , (10)

where the parameters q1 and b1 are defined as

q1 =

(
d2−

(d1− 1)(Q+R)d2

K (u)

)
, (11a)

b1 =
∅
R22
=
−ks

∅µf
, (11b)

Equations (10) represent a one-dimensional poroelastic prob-
lem of consolidation caused by pore water pressure changes.
Coupling occurs only in the first-order time-derivative term
of the pore water pressure. The diffusivity coefficient cv =
b1/q1 denotes the coefficient of consolidation.
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Figure 1. Sketches of soil consolidation due to water table depres-
sion.

2.2 Boundary and initial conditions

A stratum of clay sandwiched between sandy strata that are
highly permeable and much stiffer than the clay is shown
in Fig. 1, water level depression h1 and h2 due to pumping
take place in the sandy strata above and below the clay. Due
to significant differences of permeability and compressibility
between sand and clay, excessive pore pressure only exists
in the clay as consolidation proceeds. And nearly all of the
consolidation happens due to the volume change within the
clay, while the sandy strata may be considered rigid media as
compared with the clay. Furthermore, the steady-state solu-
tions, which are usually applied in engineering practice, will
be considered.

The initial conditions can be expressed as pf(z, 0)= 0.
With respect to the boundary conditions, the top and bottom
surfaces of the porous layers are considered to be permeable
so that the pore fluids can drain at both sides of the sample,
which leads to pf (0, t)=−ρfgh2 and pf (L, t)=−ρfgh1.
Based on Tsai et al. (2006), combined flow equation and
Darcy’s law and assuming an isotropic and homogeneous
porous media and one-dimensional steady-state consolida-
tion, the pore water pressure in the clay stratum can be
represented as function of depth as pf =−ρfg[h2+ z(h1−

h2 )/L]. By combining of initial and boundary equations into
Eq. (10), we can get

pf (z, t)=
ρfg [−h2L+ z (h2−h1)]

L

+

∞∑
n=1

2ρfg

nπ
[h2−h1 cos(nπ )] sin(

nπz

L
) · e−cv( nπ

L
)2t .

(12)

The time-dependent total settling s(t) can be consequently
deduced

s (t)=−

L∫
0

∂w

∂z
dz=

− [(Q+R)d2]ρfg(h1+h2)L
2K (u)

+
(Q+R)d2ρfg

K (u)

×

∞∑
n=1

2L(1− cos(nπ ))(h2−h1 cos(nπ ))
(nπ )2 · e−cv( nπ

L
)2t .

(13)

Equation (13) implies that, as for t→∞, the final total set-
tlement 1s is equal to

1s =−(Q+R)d2ρfg[(h1+h2)L]/(2K (u)). (14)

3 Numerical results and discussions

In order to investigate quantitatively the deformation of
porous media due to water table depression, the governing
equations have been implemented in MATLAB and a text-
book case is simulated. The ground parameters used in the
study are summarized in Table 1, which also lists the nu-
merical value of elastic coefficients and hydraulic parame-
ters necessary for the numerical simulations performed in the
present study. Before the consolidation of soil subjected to
water level depression is examined, the implementation of
the poroelastic consolidation is verified. Considering water
level depressions h1/L= h2/L= 0.01 and elapsed dimen-
sionless time T = cvt/L2, the excess dimensionless pore wa-
ter pressure P ∗(= pf(zt)/(ρfgL)) with respect to the dimen-
sionless depth Z∗(= z/L) are shown in Fig. 2. The pore wa-
ter pressure increases with time at the inside of the clay stra-
tum. Because the boundary of clay stratum is subjected to a
constant water table depression, the dimensionless pore wa-
ter pressure at top and bottom of clay stratum remains equal
to the value caused by the water table depression. The di-
mensionless pore water pressure at different depth for various
dimensionless elapsed times is also plotted in Fig. 3. The di-
mensionless pore water pressure near the boundary is greater
than that near the center of stratum. The change of pore wa-
ter pressure in the clay layer is directly related to pressures
at the upper and lower boundaries resulting from pumping,
and the change of pore water pressure is from the boundary
to the medium of the layer.

Figure 4 shows the dimensionless settlement s∗(=
s(t)/1s) with respect to the dimensionless elapsed time. We
can easily calculate the quantity of settlement at any time
from Fig. 4. The dissipation of pore water pressure is signifi-
cantly influenced by permeability (Fig. 5). When the intrinsic
permeability is higher, the pore water pressure reaching sta-
bilize is faster.

Considering the current situation, the groundwater table
may be a time series change. The upper water level changes
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Figure 2. The dimensionless pore water pressure with respect to
the dimensionless depth at different elapsed times.

Figure 3. The dimensionless pore water pressure at different depths
versus time.

with time was assumed as h1 = 0.1× sin( tπ12 )m (the time in-
terval is 1 h, so the water level changes for 12 h as a cy-
cle), lower water level changes do not change with time
h2/L= 0.02. It can be clearly seen from the results in Fig. 6
that because of the greater fluctuation of the fixed water level
at the lower boundary, the trend of the consolidation with
time is similar to the above-mentioned fixed water level fluc-
tuation, but at the same time, it is affected by the fluctuation
of the upper water level, and the periodic fluctuation appears.
When the upper groundwater table raises, the settlement sig-
nificantly decreases, which is regarded as the phenomenon
of soil swelling. It can also be seen that the amount of re-
bound is less than that of compression. Therefore, increasing
the groundwater replenishment from land subsidence preven-
tion, the soil layer will partially rebound.

Table 1. Material parameters for saturated clay (Rawls et al., 1992;
Lo et al., 2007).

Sample height L= 20 m
Porosity ∅= 0.475
Intrinsic permeability ks = 1.699× 10−14 m2

Bulk modulus Kb = 4.5 MPa
Shear modulus G= 2.4 MPa
Bulk modulus of solid Ks = 35 GPa
Bulk modulus of water Kf = 2.25 GPa
Material density of water ρf = 997 kg m−3

Viscosity of water µf = 0.001 Ns m−2

Figure 4. The dimensionless surface settlement versus time.

Figure 5. Effect of permeability on the dissipative pore water pres-
sure as function of time.
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Figure 6. The total settlement caused by fluctuating water level at
the top clay boundary versus time (the water table depression at the
base of the clay layer is kept constant in time (h2/L= 0.02).

4 Conclusions

A set of coupled partial differential equations are presented
in this study by using the poro-elasticity theory and lin-
ear stress-strain constitutive relation to describe the one-
dimensional consolidation in a saturated porous medium sub-
jected to pore water pressure change due to groundwater ta-
ble depression. Simultaneously, the closed-form analytical
solutions for excess pore water pressure together with total
settlement are written. To quantitatively analyze the consoli-
dation behavior of the poroelastic medium, a saturated layer
of clay sandwiched between two sand layers is taken as ex-
ample, and the dimensionless pore water pressure changes
with depth and the dimensionless total settlement as a func-
tion of time in the clay layer are examined. The results show
that the greater the water level change in the upper and lower
sand layers, the greater the pore water pressure change and
the total settlement of the clay layer are, and the more time
it takes to reach the steady state. The change of pore water
pressure in the clay layer is directly related to the pumping in
the upper and lower boundaries, and the change of pore wa-
ter pressure is from the boundary to the medium of the layer.
When the groundwater table rises again, the phenomenon of
soil swelling appears. If the amount of groundwater replen-
ishment is increased, the soil layer will rebound partially.
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Abstract. With the development of economy, land reclamation by dredger fill has become an effective measure
to alleviate the shortage of land resources. However, the accompanying subsidence has always been a challenge
to the safe use of soil in dredger fill area. In this study, Chongming East Shoal, China, where dredger filling
activities are going on in recent years was selected as the study area. SBAS-InSAR was applied to monitor the
variation of land subsidence and deformation in the recent two years. Furthermore, a total of 25 undisturbed soil
samples including dredger fill and underlying soil were collected from 5 boreholes (maximum depth 55 m), and
the land at each borehole had different a formation time. The physical properties and compressibility were tested
by laboratory tests. Results show that for the current state, fast to slow subsidence velocity was observed in the
reclamation area close to the coastline, which is controlled by building load and geological features of soil layers.
The building load is the main factor affecting the land subsidence and special attention should be paid. It is the
poor drainage condition of the soil layer in the offshore area resulting in slow subsidence. Consolidation degree
and final settlement of soil can be obtained from monitoring data of land subsidence. Based on the settlement-
time curve obtained by SBAS-InSAR, the estimated final settlement of typical settlement area is − 27.03 to
−38.96 mm, and the corresponding consolidation degree is 58.95 % on average. It still takes a long time to
achieve stability. In conclusion, land subsidence is essentially the macro-accumulation of drainage consolidation
of all the soil layers, so it is controlled by soil structure and engineering geological properties of both dredger
fill and underlying soil layer. The research combined with field investigation, laboratory testing can provide a
mechanism explanation for monitoring results. Future research will focus on longer monitoring time and a higher
sampling frequency to enrich and improve the research.

1 Introduction

Shanghai is surrounded by many deep-water waterways. A
large amount of dredged waste soils combined with tense
land resources makes that land reclamation became the best
choice to treat waste soil and expand land. However, dredger
fill is characterized by a high porosity ratio, high compress-
ibility, high water content, low permeability and low bearing
capacity (Yuan et al., 2018). The dredger fills not only have
a large amount of subsidence after land formation, but also
can produce land subsidence, which is considered a series
of geological hazards (Haas and Ban, 2014) causing great

economic losses (Galloway et al., 2000; Sarychikhina et al.,
2011). Therefore, it is crucial to monitor land subsidence in
reclaimed areas to facilitate an understanding of the evolu-
tionary processes. The Small Baseline Subset (SBAS) was
proposed in the early 20th century (Berardino et al., 2002;
Casu et al., 2006; Lanari et al., 2004). It is widely used in
large-scale and long-time series surface deformation moni-
toring (Bing et al., 2016; Hu et al., 2014). Previous research
on subsidence monitoring focused on the data processing al-
gorithm for SAR data, rather than on the genetic mechanism
in relation to reclamation activities and geological features
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(Fan et al., 2011). In this study, it is proposed to monitor
Shanghai’s ground deformation based on SBAS-InSAR. At
the same time, combined with field investigation and labora-
tory testing, the mechanism of deformation is reconstructed
from the perspective of consolidation. Finally, based on In-
SAR data, the consolidation degree and final settlement are
estimated to provide reference for the prevention and control
of land subsidence in the study area.

2 Materials and methods

2.1 Study area

Shanghai is located at the estuary of the Yangtze River
(Fig. 1a). Chongming Island is located in the northeast corner
of Shanghai. The easternmost end of Chongming Island is
Chongming East Shoal (CES) (Fig. 1b). The tidal flat on the
outer edge is still advancing eastward (Fig. 1c). Combined
with the large-scale reclamation activities, various thickness
of dredger fill layer has been formed. The main land use type
is agricultural land (Fig. 1d). However, the area to be built
is under planning (Fig. 1e). In addition, the first batch of
metro stations will be located in CES (Fig. 1b), which will
further promote the development. However, little attention
was paid to the ground deformation here before. Therefore,
in this study, CES was selected as the study area.

2.2 SBAS-InSAR processing

The SAR data and precise orbital data used in this study
are from Sentinel-1A (Torres et al., 2012). For this study
22 scenes of Sentinel-1A single-look complex (SLC) SAR
data were collected from 22 January 2017 to 20 Octo-
ber 2018, with an average interval of 30 d. The Interfero-
metric Wide Swath (IW) mode is chosen. The main image
is SAR data on 18 November 2017.

2.3 Field investigation and laboratory testing

The CES, expanding from west to east (Fig. 2a), is built
on multi-phases of reclamation projects with four coffer-
dams named by the year they were built: 1964, 1976, 1990
and 1998, respectively. The dredger filling area can be further
divided into Stage 1 and Stage 2 stages with cofferdam 1976
as a boundary. Five boreholes from C1 to C5 were arranged
from west to east (Fig. 2b) to investigate the stratum struc-
ture by drilling. As shown in Fig. 3, the main soil layers in
can be divided from top to bottom into plain fill, dredger fill,
sandy silt, muddy clay and clay. Twenty-five undisturbed soil
samples are taken and marked in the form of Acronym of
soil type-Drill number, such as plain filling in borehole C1
as PC1. The following geotechnical tests were carried out on
the soil samples:

1. measuring natural water content by drying method;

2. measuring natural density and calculating dry bulk den-
sity by weighing method;

3. measuring cation exchange capacity by EDTA ammo-
nium salt method;

4. rapid consolidation test: the instrument is KTG-GY
fully automatic consolidation instrument. The loading
grade is 0.0125, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6 and
3.2 Mpa.

3 Results and discussion

3.1 Ground deformation characteristics

Using the SBAS-InSAR method, we obtained the maps of
mean deformation velocity in the period 22 January 2017–
20 October 2018 (Fig. 4). The study area can be roughly
divided into three areas: A–C. The overall deformation ve-
locity of Zone A is slow (−5 to 5 mm a−1). While the defor-
mation velocity in Zone B is generally faster, and the fastest
is −26.4 mm a−1. Zone C is located at the easternmost end,
which seems to have been uplifted rather than subsided. In
the process of analysis, the datum points were evenly se-
lected in the central part of the island, which is indeed the
area with the smallest overall deformation fluctuation. In the
data process, SAR images cover the whole Chongming Is-
land, so Fig. 4 only shows the location of datum points. Even
so, in fact, the datum point is not stable due to deformation.
Therefore, only when the settlement rate of a certain area is
faster than the base point, the settlement will appear in the
rate map. If the subsidence rate is slow, it may show uplift.
The deformation trend is that the later the land-forming time
is, the lower the settlement rate is.

3.2 Geological features and mechanism

3.2.1 Basic physical properties

In this study, soils are all saturated. As shown in Fig. 5a, plain
fill within stage 1 has a low water content of 30 %–35 %.
But the water content of plain fills in stage 2 is suddenly in-
creased. The surface soil of the newly formed land still has a
large amount of water, which is not conducive to the drainage
of underlying soil layer. The water content of dredger fill and
sandy silt is the lowest (25 %–35 %), because they are both
silty soil and non-cohesive soil. Under the action of pressure,
water can be discharged quickly. The water content of PC1–
PC3 is high and stable (40 %–45 %), while the water content
is significantly reduced (30 %) for PC4 and PC5. In contrast,
the clay layer is the main compression layer, its water content
is the highest (42 %–54 %) and the water content continues
to rise from west to east.

The dry bulk density indirectly reflects the structural con-
ditions and compactness of the soil (Dexter, 1988). As shown
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Figure 1. © Google earth image based study area: (a) geographical location of Chongming East Shoal in Shanghai, China; (b) ground
characteristics of Chongming East Shoal and the projects to be built; (c) growing tidal-flat areas; (d) major land type and (e) construction
land in planning.

Figure 2. (a) Land evolution of CES since 1990s according to historical © Google earth images; (b) drilling survey points (C1–C5).

in Fig. 5b, the dry bulk density of clay decreases continu-
ously from west to east, indicating that the soil particles in
the newly formed dredger fill area have not been fully com-
pacted. The change of dry bulk density of dredger fill and
sandy silt at different boreholes is still not large, and the
arrangement is relatively dense due to coarser soil particles
(> 1.30 g cm−3). The dry bulk density of MC4 and MC5 is
significantly higher than that of MC1–MC3. The muddy clay
itself has a poor water permeability, associated with the com-
pact arrangement of soil particles, which is not conducive to
water penetration.

At the same time, comparing the curve characteristics of
stage 1 and stage 2, it can be found that the curves of stage 1
are evenly distributed within the variation interval, and the
curves of stage 2 are gradually dispersed, indicating that the
difference in basic physical properties among the soil lay-

ers has increased. In areas where the land-forming time is
shorter, the drainage is less smooth.

3.2.2 Cation exchange capacity

The C1, C3 and C5 boreholes were selected to measure the
cation exchange capacity (CEC) (Fig. 5c). The CEC of plain
fills is 8.50–9.39 mmol/100 g with little difference among
boreholes. Although the CEC of dredger fill and sandy silt is
the lowest, the CEC of dredger fills increases gradually. The
CEC of muddy clay and clay increased significantly. In sum-
mary, clay and muddy clay are less likely to be compacted
and consolidated in areas where land formation is started
more recently, and shallow dredger fill, which is also not easy
to consolidate, hinders the consolidation and compaction of
underlying soil layers to a certain extent.
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Figure 3. Engineering geologic layers of profile line C1–C5.

Figure 4. Mean deformation velocity map superimposed on the
© Google Earth image.

3.2.3 Compressibility

As shown in Fig. 5d, the compression index (CC) of each soil
layer at C1 is close (0.1591–0.2509), and the gap between the
compressive indices of the eastward soil layers gradually ap-
pears. The compressibility index of plain fill, dredger fill and
sandy silt is generally low, but the compressibility of plain fill
is increasing gradually, especially for PC5 pores. The com-
pressibility of muddy clay increases first and then decreased,
reaching the peak for MC3 of 0.4507, and the lowest for MC4

and MC5 (average 0.2326), which is consistent with the de-
scription of basic physical properties. The compressibility of
the clay layer increases obviously, especially for the offshore
clay layer, which has the highest compressibility and has not
been effectively consolidated.

3.3 Estimation of consolidation degree

At the same time, there are two areas in the study area with
the fastest settlement rate (Fig. 4). The first one is Chenjia
Town. The second one is a real estate development zone. The
common feature is the dense buildings. In addition, there is
no large amount of groundwater exploited in the study area.
Therefore, the most important factor causing land subsidence
is the building load. The buildings and people in Chenjia
town are dense. In addition, Chenjia town is an important
transportation hub of Chongming Island. Therefore, Chenjia
town was selected as a representative settlement area. Five
groups of representative data points were selected to obtain
the time series of the deformation at selected points (Fig. 6).
The soil in this area is regarded as a whole and the final settle-
ment is calculated by using the method of exponential curve
fitting (Gong, 2008). The specific process is as follows: three
points (Si , ti) on the settlement–time curve, as far as possible
from the settlement stabilization stage, and such that the re-
quired time interval of t2− t1 equals t3− t2 are adopted. The
final settlement can be obtained as follows:
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Figure 5. Variation of geological features of soil in dredger fill area in different phases from west to east.

Figure 6. (a) Vertical displacement time-series of the ground, as
measured from February 2011 to October 2018. (b) Diagram of the
Selection of (Si , ti ) on Settlement-Time Curve.

Si∞ =
S3 (S2− S1)− S2 (S3− S2)

(S2− S1)− (S3− S2)
. (1)

The consolidation degree can be determined as follows:

Ui =
St

Si∞

· 100% (2)

where Ui is the relative degree of consolidation; St is the
measured settlement at time t ; and Si∞ is the predicted fi-
nal settlement. In this study, t1 = 460, t2 = 540, t3 = 620,

t = 637 d, respectively. The final settlement is −27.03 to
38.96 mm, with an average of −32.05 mm. The correspond-
ing degree of consolidation is 42.33 %–72.19 %, with an av-
erage value of 58.95 %. Throughout the development history
of Chenjia Town, since 1987, the consolidation of soil under
the load of structures has only been less than 60 %, and the
rate of maturity has slowed down significantly. It will take a
longer time to consolidate and stabilize in the future.

4 Conclusion

In this paper, the Small Baseline Subset (SBAS) technique
is used to interpret and process Sentinel-1A SAR data cov-
ering 22 scenes of Chongming East Shoal (CES), Shanghai.
Combined with field investigation and laboratory testing, the
main conclusions are as follows:

1. The typical feature of ground deformation in CES is dif-
ferential settlement, that is, uneven spatial-temporal dis-
tribution of deformation velocity/cumulative settlement.
Generally speaking, the shorter the land-forming time,
the slower the subsidence velocity and the smaller the
cumulative settlement.

2. Building load is an important factor causing land sub-
sidence in the study area, and the velocity of consol-
idation subsidence is closely related to the engineering
geological properties of the stratum itself. There are few
buildings in the late land-forming area, so the external
load is low, and affected by the engineering geological
properties of the stratum, the water cannot be effectively
discharged, so the settlement velocity is slow. There-
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fore, the ground deformation of CES is jointly con-
trolled by both the building load and the stratum struc-
ture.

3. The main settlement area represented by Chenjia Town
has a mean consolidation degree of only 58.95 %, and
the mean final settlement is 32.05 mm. The development
of land subsidence in CES is a long process. With the
development and construction in the future, more and
more buildings will rise on the land of CES. More at-
tention should be paid to the prevention and research of
land subsidence caused by building loads.
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Abstract. Groundwater pumping can cause severe land subsidence, yet the mechanisms have not been com-
pletely clear. A laboratory physical model test was done to investigate the mechanism for pumping-induced land
subsidence. In the model test, a model well was installed and pumpage through the well was taken. During and
after pumping, the soil displacement and the pore water pressure were documented. The pore water pressure
within the pumped sand layer decreased immediately after pumping and recovered immediately after stopping
pumping, while the pore water pressure in the neighboring silty clay layers first increased and then decreased
with pumping, and first decreased and then increased after pumping was stopped and groundwater level in the
sand layer recovered. The duration within which the pore water pressure in the silty clay increased when pump-
ing was increasingly great with the distance from the pumped sand layer. The compaction of the neighboring
silty clay first occurred near the interface between the silty and sand layers, and the silty clay expanded vertically
within some zones. The test results indicate that the mechanism for land subsidence is complex. Due to their
low permeability, aquitard units may expand in a period when groundwater is withdrawn from the neighboring
aquifer units, and they may compact when groundwater is recharged into the neighboring aquifer units. This is
one of the reasons for the lagging compaction of aquitard units.

1 Introduction

Severe land subsidence due to excessive groundwater with-
drawal has occurred worldwide (Galloway and Burbey,
2011), resulting in loss of ground elevation and damage to in-
frastructures and buildings. However, the mechanism of land
subsidence has not yet been comprehensively understood.
Laboratory model tests were often used to do researches on
the mechanisms, in which groundwater withdrawal was rep-
resented by such equivalent methods as lowering and rais-
ing the water level in sand layers (Murayama, 1969; Li et
al., 2014; Lv et al., 2011; Wang et al., 2018). These methods
were different from the real pumping. In order to better inves-
tigate the mechanisms of land subsidence due to pumping, a
laboratory physical model test with pumping wells was con-
structed in this paper to really mimic groundwater pumpage.

Figure 1. Front view of the model sketch map.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 2. Model profile and embedded sensor schematic diagram (a is a cross-section through the model, and b is a plane view at different
levels).

2 Physical model test

2.1 Experimental set-up and materials

The model layout is presented in Fig. 1. The model box was
140 cm (long) × 100 cm (wide) × 120 cm (high). The front
and rear faces of the model box were plexiglass plates, and
the left and right faces and the bottom was made of steel
plates. The outer frame of the box was made of steel beams.
Near the left and right sides, two steel net plates were verti-
cally installed in the box, paralleling with the sides and 10 cm
from the sides, respectively. A steel wire net with a layer of
geotextile on it was used to separate the water storage and
the soil, preventing soil particles from going into the stor-
age. Two vertical PVC pipes were fixed on the box bottom,
and there were holes on the pipe wall within an interval. The
inner diameter of the pipe was 4.5 cm. The left pipe was de-
noted as 1#, and the right was denoted as 2#. The two pipes
were 40 cm apart. The distance of pipe 1# from the left steel
net plate and pipe 2# from the right steel net plate were both
40 cm.

Soils used for the model test were fine sand and silty clay.
The uniformity coefficient was 2.5 and the coefficient of cur-
vature was 0.9 for fine sand, thus the sand was uniform.
The plastic index of silty clay was 11.4. The average per-

meability coefficient of silty clay was 5.22 × 10−7 cm s−1.
The permeability coefficient of the fine sand in aquifer was
1.41 × 10−3 cm s−1 according to the pumping test.

2.2 Experimental procedure

Soils were filled in the test box in layers. There were three
soil layers: the bottom layer was silty clay, the middle was
fine sand, and the top was silty clay. Each layer was 30 cm
thick. First, the silty clay was filled, during which water was
added after each 10 cm filling. After 24 h, the next layer was
filled. The water level in the storages was kept constant dur-
ing the testing. The pore water pressure sensors were buried
together with the soil when filling. The interval with fil-
ter holes in the PVC pipes were corresponding to the sand
layer. Six pore-water-pressure sensors (named p1, p2, p3,
p4, p5 and p6, respectively) and six displacement transduc-
ers (named s1, s2, s3, s4, s5 and s6, respectively) were set at
different depth. The pore-water-pressure sensors were paired
with the displacement monitoring points, and their specific
layout is shown in Fig. 2. P1 and s1 were located at the bot-
tom of the sand layer, p2 and s2 were at the top of the sand
layer, and the rest (p3–p6, s3–s6) were all located within the
upper silty clay layer.

Proc. IAHS, 382, 387–390, 2020 proc-iahs.net/382/387/2020/
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Figure 3. Diagram of water level in wells during intermittent pump-
ing test.

Water was first pumped from a pipe (1#) for 120 min, then
the pumping was stopped and the water level in the pipe and
the observation well (2#) recovered and gradually reached a
stable level. In the meantime, pore water pressure and verti-
cal displacement changed and finally reached stable values.
This procedure was then repeated. The pumpage was approx-
imately 1850 mL min−1 in order that the change of water
level in the pipe was clear but the water level was higher
than the top surface of the sand layer. The interval between
two times of pumping was at least 24 h. The pumping time
for the second to the fifth cycles were 180, 240, 360, and
480 min, respectively.

3 Experimental results and analyses

Figure 3 shows the water level in the pumped and the ob-
servation wells. When pumping time increases from 120 to
240 min, the lowest water level in pumping well and observa-
tion well declines, but when the pumping is 360 or 480 min,
the lowest water level is almost the same as that for 240 min
pumping time. Additionally, water level in the pumping and
observation wells can fully recover within the non-pumping
interval. Figure 4 indicates the change of the pore water pres-
sure at p1 to p6. Figure 4b is the enlargement of the first
20 min in Fig. 4a for the points of p3–p6. The figures clearly
show that the pore water pressure at various points changes
differently. At points p1 and p2, the pore water pressure de-
creases immediately when pumping, and increases rapidly
and recovers to the initial value in a very short time when
pumping stops. At points p3–p6, however, the pore water
pressure does not decrease but increases in the early stages
of pumping, and then gradually decreases after 7–13 min. In
the early stages of non-pumping, it does not increase but de-
creases, but this is followed by an increase towards a stable

pressure level which is slightly higher than the initial pres-
sure level.

Figure 5 shows the history of the vertical displacement at
the points s1–s6. The vertical displacement at points s1–s6
changes periodically corresponding to the intermittent pump-
ing, and it is the smallest at s1 and the greatest at s4. The
vertical displacement of s1 represents the compaction of the
lower silty clay layer at it. It increases and almost has no re-
bound, indicating that the clay layer at the bottom of the sand
layer has only plastic deformation. The vertical displacement
of s2 is greater than that of s1 when pumping, while the final
vertical displacement of s1 and s2 is almost the same after
pumping is stopped. The vertical displacement of s3–s6 in
the clay layer is greater than that of s1 and s2. From Fig. 5,
it is found that the vertical displacement of s4 is greater than
that of s5, meaning that the interval between s4 and s5 ex-
pands. The vertical displacement of s3 is smaller than that
of s4 because s3 is far from the pumped well. On the other
hand, the upper clay layer is mainly plastic deformation, and
most of the rebound is from the sand layer. The compaction
of the neighboring silty clay first occurred near the interface
between the silty and sand layers, and the silty clay expanded
vertically within some zones.

4 Conclusions

1. Under the condition of intermittent pumping, the verti-
cal displacement of the sand layer is smaller than that
of the clay layer. The sand layer mainly exhibits elastic
deformation with only a little plastic deformation, while
the clay layer has mainly plastic deformation.

2. In the sand layer, the pore water pressure decreases
when pumping and increases after pumping is stopped.
In the clay layer, pore water pressure first increases
rapidly and then decreases when pumping, and it de-
creases rapidly and then increases after pumping is
stopped.

3. The upper clay layer close to the pumped sand layer
has a larger vertical displacement and that far from the
pumped sand layer has a smaller one, thus expansion
occurs in the upper clay layer.

Data availability. The experimental data have been directly been
indicated in the figures in this paper and can be assessed from the
them.
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perimental procedure. XY and TY supported the experimental ma-
terials and provided a guidance to the experiment.
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Figure 4. Pore water pressure of intermittent pumping. (a) Change of the pore water pressure. (b) Change of the pore water pressure in the
first 20 min.

Figure 5. Cumulative vertical displacement of intermittent pump-
ing.
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Abstract. Land subsidence is a serious geo-hazard in Beijing Plain, which has threatened the safety of the oper-
ation of the metropolis. This study focuses on the land subsidence in the Chaobai River alluvial fan, where is the
main groundwater supply region. The vertical and the East-West deformation from June 2015 to December 2017
was derived based on the SAR imaging geometry deduction. Then, the spatial variation characteristics of the de-
formation were analysed and the relations with the impact factors were carried out. Results show that the nugget
effect (i.e., random to total spatial variance ratio) values of the vertical and the East-West deformation at regional
scale were 13 % and 49 %, respectively. This indicates that the distribution of the vertical deformation is dom-
inated by regional influencing factors, while both regional and local-scale impact factors are important for the
distribution of the East–West deformation. In the southern part of the study area, the extraction of groundwater
is the dominant factor affecting the spatial distribution of the vertical displacement, while the dominant factor of
East-West deformation is not obvious. This study can enrich the understanding of land subsidence distribution
and will help us better understand the causes of land subsidence.

1 Introduction

Groundwater is an important source of urban water supply
for Beijing, which had a population of 21.71 million in 2017.
With the development of urbanization, the demand for wa-
ter resources become larger. Long-term of over-exploitation
groundwater induced significant subsidence since 1950s.

For the land subsidence geohazard in Beijing, many re-
searchers have studied the formation mechanism over the last
few years and qualitative description of the spatial distribu-
tion characteristics of land subsidence (Gong et al., 2009;
Ng et al., 2012; Zhu et al., 2015; Chen et al., 2016, 2017).
Researches have shown that groundwater level, the geology
background including the thickness of the compressible layer
and aquifer structure have a strong relationship with the land
subsidence. Guo et al. (2019) worked on the temporal muta-
tion of land subsidence through the Mann–Kendall method,
which is a nonparametric statistical method to evaluate the
trend changes of time series. She found that about 50 % of
the grids mutated in 2015, the main reason is the implement
of the “South-to-North Water Transfer Middle Line” project,

which diverted 703 million cubic meters of water to Bei-
jing from 2014 to 2015. Currently, the spatial distribution of
land subsidence is described from the qualitative perspective.
There is less study on quantitative description of land sub-
sidence distribution, which is the base for land subsidence
control and early warning.

The paper aims to quantitatively describe the spatial vari-
ation characteristics of the deformation in vertical and hor-
izontal directions by geographical semi-variogram analysis
and explore the correlations between land subsidence and its
impact factors including the thickness of compressible layers
and the change of the groundwater level in confined aquifers
using statistical methods. The upper and middle of Chaobai
alluvial fan, where the location of the first large emergency
groundwater resource region (EGRR) for Beijing Municipal,
is taken as a case study. This study can enrich the understand-
ing of land subsidence distribution and can provide scientific
evidence for land subsidence prevention and control.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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2 Description of study area

The study area is the upper–middle part of Chaobai River
alluvial fan in the north-eastern Beijing plain (40–40◦30′ N,
116◦30′–117◦ E), with a total area of 1350 km2 (Fig. 1). The
mean elevation is about 35 m above the sea level, with an
average slope equal to 2.1 %. The mean annual precipitation
is 517 mm from 2000 to 2010 and 80 % of the total annual
precipitation concentrated from June to September.

3 Data Set and Methodologies

3.1 Data Set

In this study, Sentinel-1 satellite data of different LOS (line
of sight) directions were selected, including a total of 50 as-
cending data from December 2014 to December 2017, and a
total of 22 descending data from June 2015 to January 2018.
The incident angles of ascending and descending data are
33.6 and 33.9◦, and the orbit azimuth angles are 346.4 and
193.5◦, respectively.

The thickness of the compressible layers in the northern
area is generally thinner than that in the southwestern area
and the highest thickness of the compressible layers up to
220 m.

The piezometric change in the confined aquifers from
2015 to 2017 was obtained through groundwater contour
lines in December 2014 and December 2017. In the south-
west and southeast of the study area, groundwater extraction
from confined aquifers is heavily and the groundwater level
decreased with values ranging from 2 to 3 m and more than
3 m, respectively. In the middle part of the study area, the
groundwater level has risen 0 to 4 m.

3.2 Deriving 3-D Deformation Components

PS-InSAR (Persistent Scatterer Interferometric Synthetic
Aperture Radar) is a widely used technology to detect
ground displacement by selecting phase-stabilized point tar-
gets, such as buildings and exposed rocks. The displacement
information is obtained by removing other phase components
in the interference phase. In this study, the LOS deforma-
tion is obtained by PS-InSAR. By the SAR imaging geom-
etry and the relationship between the LOS deformation and
the vertical, the North-South and the East-West deformation
components, the InSAR LOS deformation can be expressed
as (Polcari et al., 2016)

Dlos =Dv× cosθ +Dn× sinϕ sinθ −De× cosϕ sinθ (1)

Where Dlos is the LOS deformation; Dv, Dn, De are the ver-
tical, the North–South, the East–West deformation compo-
nents respectively; θ is the radar incidence angle and ϕ is the
orbit azimuth angle.

To obtain the 3-D deformation components, it is necessary
to exploit at least three-track InSAR LOS measurements. The

SAR satellites fly generally along the polar orbits, and the an-
gle with the meridian is generally about 10◦, so the sensitiv-
ity to the North-South deformation component is the lowest
and the accuracy of the derived North–South deformation is
low. Therefore, this study assumes that there is no North–
South deformation in the study area. The LOS deformation
is considered to be synthesized by the vertical and East-West
deformation vectors.(
Dlos1
Dlos2

)
=

(
cosθ1− cosϕ1 sinθ1
cosθ2− cosϕ2 sinθ2

)(
Dv
De

)
(2)

According to Eq. (2), the two-track InSAR measurements
are used to obtain the vertical and East-West deformation
through the least square method.

3.3 Geographical Semi-Variogram Analysis

The geographical semi-variogram model is a geostatistical
analysis method and is the most common measure to re-
veal the spatial distribution, variation, and characteristics of
a regionalized variable. It is used here to analyse the spa-
tial variability of the deformation. The discrete deformation
rates variation values are obtained by Eq. (3), and the discrete
values are fitted by the fitting model (Júnior et al., 2006).
Commonly used fitting models include exponential, spheri-
cal, gaussian, and the linear model. Then the largest Coeffi-
cient of Determination (R2) and the smallest Residual Sum
of Squares (RSS) are used to determine the best model.

γ (h)=
1

2N (h)

N (h)∑
i=1

[Z (Xi)−Z(Xi +h)]2 (3)

where Z(X) is the regionalized variable; h is the spatial
separation distance between the two samples; Z (Xi) and
Z(Xi +h) are the values of Z at the locations of Xi and
Xi +h, respectively; N (h) is the number of pair points sepa-
rated by a distance h.

Three major parameters, nugget, partial sill, and sill are
used to quantify the spatial variability. The nugget parameter
(C0) represents the random spatial variance of the deforma-
tion. The partial sill parameter (C) represents the structural
spatial variance of the deformation and the sill parameter
(C0+C) represents the total degree of spatial variation. The
nugget effect (the ratio of C0 to C0+C) indicates whether
regional or local-scale factors are more important for land
subsidence distribution. The value of the nugget effect ranges
from 0 % to 100 %. According to the properties of the geo-
graphical semi-variogram model, If the nugget effect value is
less than 25 %, regional-scale impact factors are more impor-
tant for the land subsidence distribution. On the contrary, if
the ratio is greater than 75 %, the local-scale impact factors
are more important. If the ratio is between 25 % and 75 %,
both regional and local-scale impact factors are important.
However, the nugget effect cannot identify the sources af-
fecting land subsidence distribution (Song et al., 2018).
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Figure 1. Location of the study area. Background image of the optical remotely sensed image from © Google Earth.

3.4 Geographical Detector Model

The Geographical Detector model is a statistical analysis
method to reveal the driving factors behind spatial strati-
fied heterogeneity, which was first proposed by Wang et
al. (2010). The core idea is based on the assumption that
if an independent variable has an important influence on a
dependent variable, the spatial distribution of the indepen-
dent variable and the dependent variable should be similar.
The advantage of the geographical detector model is that it
can overcome the limitation of traditional statistical analysis
methods in dealing with category variables.

The Factor detector belongs to geographical detector
model, which can quantify the influences of the independent
variable on the dependent variable, measured by q value. The
q value is within the range between 0 and 1. The larger the
value of q, the greater the influences of the independent vari-
able on the dependent variable, and the weaker the opposite.

q = 1−

L∑
h=1

Nhσ
2
h

Nσ 2 = 1−
SSW
SST

(4)

where h= 1,2, . . .,L is the category of the independent vari-
able; Nh and N are the number of samples in category h and
the total samples over the whole study region, respectively;
σ 2
h and σ 2 are the variance of the dependent variable of cate-

gory h and the variance of the entire area respectively.

4 Results and Discussion

4.1 InSAR-Derived 3-D Deformation and Validation

Figure 2a and b show the results of deformation along LOS
for ascending and descending data, respectively. The land
subsidence rate of the two-track covering the same period,
which from June 2015 to December 2017, was selected to
derive the vertical (Fig. 3a) and East-West (Fig. 3b) defor-
mation.

The deformation rates along LOS of the two-track are al-
most the same, and the distribution is also consistent. The
deformation rates in the study area show obvious hetero-
geneity, with values in the southern area larger than those
in the northern. The vertical deformation rates are consis-
tent with the distribution trend of the LOS direction and the
largest deformation rate up to−82.3 mm yr−1. On the whole,
The East–West deformation rate is small with values ranging
from −13.6 to 14.5 mm yr−1.

To evaluate the quality of the InSAR derived land subsi-
dence rate map, the vertical deformation rates, and the East–
West deformation rates are compared with levelling bench-
marks and GPS measurement, respectively. The average de-
formation rates of radar targets located at a distance less
than 200 m from the monitor station were used to validate
the SAR outcomes. The mean absolute difference (MD) and
the root mean square (RMS) of the vertical deformation rates
are 2.6 and 2.6 mm yr−1, respectively. For the East-West de-
formation rates, the difference between GPS measurement
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Figure 2. Deformation rates along LOS derived from (a) ascending data (December 2014 to December 2017) and (b) descending data
(June 2015 to January 2018).

Figure 3. (a) the vertical deformation rates and (b) the East-West deformation rates (June 2015 to December 2017).

and InSAR results is 5.6 mm yr−1. Although based on the
assumption that there is no North–South movement, the de-
rived vertical and East–West deformation rates are in good
agreement with the ground-based measurements. The North–
South deformation is negligible.

4.2 Spatial Variability of Deformation

This study quantitatively analyses the spatial variability of
displacement rates from the perspective of isotropic. The
semi-variograms of the displacement rates are fitted by the
exponential model and plotted in Fig. 4 and the details are
shown in Table 1.

The nugget effect values of the vertical displacement rates
and the East–West displacement rates are 13 % and 49 %, re-

Table 1. Characteristic parameters of the semi-variogram.

Variable C0 C0+C C0/(C0+C) R2

Vertical rates 0.14 1.09 13 % 0.89
East–West rates 0.55 1.11 49 % 0.95

spectively. These results indicate that the spatial distribution
of the vertical displacement rates was dominated by regional
influencing factors, while both regional and local-scale im-
pact factors are important for the distribution of the East-
West deformation. This may be because the thickness of the
compressible layers, groundwater extraction from confined
aquifers or other factors has a strong control effect on the
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Table 2. Degree of influence of the thickness of the compressible
layers and groundwater level change in confined aquifers on the
vertical and the East–West deformation.

Vertical East–West
q values deformation deformation

Thickness of the 0.28 0.04
compressible layers
Groundwater level change 0.42 0.12

spatial distribution of the vertical displacement, while for the
spatial distribution of the East–West displacement, in addi-
tion to the effects of crustal movement, the faults, and human
activities, like groundwater extraction, may also have an im-
portant influence on horizontal movement.

4.3 Relationships Between Impact Factors and Land
Subsidence

In this study, the thickness of the compressible layers and the
change of the groundwater level in confined aquifers were
selected to explore its influences on the vertical and the East–
West deformation in the south of the study area. The q values
are shown in Table 2.

The results indicate that the spatial distribution of the ver-
tical displacement is dominated by the change of the ground-
water level in confined aquifers. Severe land subsidence has
taken place in the southwest and southeast of the study area,
where the groundwater level decreased with values ranging
from 2 to 3 m and more than 3 m, respectively. In the middle
part of the study area, the groundwater level has risen 0 to 4 m
and the extent and severity of land subsidence were consid-
erably smaller. These results confirm that the change of the
groundwater level has a strong influence on the spatial distri-
bution of the vertical displacement. In contrast, the dominant
factor of the East-West deformation is not obvious. It can be
seen that the q value of the thickness of the compressible
layers is close to 0, which indicates that the compressible
layers have little effect on the East-West deformation. The q
value of the groundwater extraction from confined aquifers is
0.12 and that’s probably because exploit groundwater affects
horizontal deformation. The East-West deformation around
the Shunyi–Liangxiang fault is large and the highest defor-
mation rate up to −13.6 mm yr−1, which indicates that the
faults may also affect the horizontal deformation.

5 Conclusions

Land subsidence in the Chaobai River alluvial fan was anal-
ysed based on multiple data acquired from 2015 to 2017. The
vertical and the East-West deformation were derived based
on the SAR imaging geometry and have been validated using
ground-based measurements including levelling and GPS.

Figure 4. A fitted curve of the semi-variogram of (a) the vertical
displacement rates and (b) the East-West displacement rates.

The spatial variation characteristics of the vertical and the
East-West deformation are different at a regional scale. the
spatial distribution of the vertical displacement rates was
mainly affected by regional influencing factors. The change
of the groundwater level in confined aquifers has a strong
influence on the spatial distribution of the vertical displace-
ment. While both regional and local-scale impact factors are
important for the distribution of the East-West deformation.
The dominant factor of East-West deformation is not obvi-
ous. The groundwater extraction from confined aquifers and
the faults may affect the horizontal deformation. Moreover,
we will try to quantify the influence factors of horizontal de-
formation in the following studies.

In conclusion, these results provide a better insight into the
land subsidence distribution. It will help us better understand
the causes of land subsidence and provide scientific evidence
for prevention and control.
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Abstract. Land subsidence is a threat that occurs worldwide as a result of the withdrawal of fluid and also
underground mining. The subsidence is mainly due to excessive groundwater withdrawal from certain types of
rocks, such as fine-grained sediments. Mitigating the effects of land subsidence generally requires careful obser-
vations of the temporal change in groundwater level and ideally modeling of groundwater flow and subsidence.
In Turkey, land subsidence is a crucial issue in the Konya Closed Basin. When simulating the effect of long-term
groundwater withdrawal on the spatial variation of subsidence rates, various coupled numerical groundwater-
flow and subsidence models have been used. Also, GPS, InSAR and ENVISAT SAR images have been used for
verification of the models’ parameters. In the work reported here, a novel numerical solution based on consol-
idation theory was developed in MATLAB to predict the land subsidence of the Konya Closed Basin. In order
to adjust the model to the local conditions, historical data from the study area for the years 2011–2014 were
used. The presented solution allowed for subsidence model development which can support the prediction of the
ground movement for the Konya Closed Basin in Turkey.

1 Introduction

Land subsidence occurs when groundwater has been with-
drawn from certain types of rocks such as fine-grained sedi-
ments. The rock compacts due to the pressure decrease in the
aquifer strata. Eliminating the adverse effects of land subsi-
dence requires observations of the temporal change in ele-
vation coupled with groundwater flow modeling (Özyurt et
al., 2018). In the areas where excessive groundwater is with-
drawn from susceptible aquifer systems, land subsidence in-
duced by aquifer-system compaction is typically observed,
resulting in severe socio-economic damage for the affected
communities. Generally, it is the lowered groundwater levels
caused by groundwater pumping that cause land subsidence
in compressible aquifer systems. Such systems typically are
made up of basin-fill and unconsolidated alluvial layers that
include both aquifers and aquitards (Galloway and Burbey,
2011). Either slow or sudden, the motion of the ground due
to subsidence is a hazard that threatens civil and environmen-
tal resources. Present and potential future hazards have been

assessed by models that are based on basic relations between
groundwater levels or aquifer hydraulic head, effective or in-
tergranular stress, the compressibility of groundwater and the
aquifer skeleton, and groundwater flow (Özyurt et al., 2018).
These models use two different approaches: the first is based
on groundwater flow theory (Jacob, 1940) and, secondly, the
theory of linear poroelasticity (Biot, 1941). Various models
implementing, e.g., the De Glee method and software pro-
grams like IMOD have been used to simulate land subsidence
(Guzy et al., 2018). Land subsidence is a consequence of
the over-exploitation of groundwater resources from suscep-
tible aquifer systems. According to an assessment, measured
subsidence rates in different locations in the world range
from 6 mm yr−1 in Kolkata, India, between 1992 and 1998
to 300 mm yr−1 in Mexico City, Mexico, between 2004 and
2006 (Osmanoğlu et al., 2011). And among 18 selected sites
distributed globally the mean and median subsidence rate is
100 and 55 mm yr−1, respectively (Özyurt et al., 2018).
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In Turkey, land subsidence is prominent in the Konya
Plain. The MODFLOW numerical groundwater flow model
coupled with the subsidence (SUB) package (Hoffman et
al., 2003) has been used to simulate the effect of long-term
groundwater abstraction on the spatial variation of subsi-
dence rates (Özyurt et al., 2018). Also, Caló et al. (2017) used
the Small BAseline Subset DInSAR technique to process two
datasets of ENVISAT SAR images spanning from the 2002–
2010 period. The produced ground deformation maps and as-
sociated time series allowed the detection of widespread land
subsidence extending for about 1200 km2 and measured ver-
tical displacements of as much as 10 cm in the observed time
interval. This area, which is under strong anthropogenic pres-
sures and is confronted with serious water-related problems,
is widely affected by land subsidence (Caló et al., 2017). For
that reason, approaches have been taken to investigate this
fragile environment of the Konya Plain, located in central
Turkey to help understand and predict the occurrence of land
subsidence in order to quickly remediate it (Özyurt et al.,
2018). Groundwater levels in the Konya Closed Basin have
been declining at a rate of about 1 m yr−1 since the early
1980s. Recent GPS observations reveal subsidence rates of
22 mm yr−1 over the southern part of the Konya Closed Basin
(KCB). The MODFLOW numerical groundwater flow model
coupled with the SUB package was used to simulate the ef-
fect of long-term groundwater abstraction on the spatial vari-
ation of subsidence rates (Özyurt et al., 2018). This research
reported here seeks to use MATLAB software to model and
predict the land subsidence of the KCB. MATLAB predictive
analytics uses historical data to predict future events. Typi-
cally, historical data are used to build a mathematical model
that captures important trends. That predictive model is then
used on current data to predict what will happen next or to
suggest actions to take for optimal outcomes. Predictive an-
alytics has received a lot of attention in recent years due to
advances in supporting technology, particularly in the areas
of big data and machine learning.

2 Study area

KCB is located in the central part of Turkey between
36◦51′ N and 39◦29′ N and 31◦36′ E and 34◦52′ E. It is
recognized for its agricultural and industrial productivity
as well as its geomorphological and hydrogeological char-
acteristics (Üstün et al., 2013). The KCB, which encom-
passes a 55 000 km2 area of the Anatolian peninsula, is the
biggest closed basin of Turkey involving Konya, Karaman,
Nigde and Aksaray provinces (Canaslan Comut et al., 2015).
The Taurus Mountains enclose the basin from the south
and southwest (Üstün et al., 2015). Because the mountains
around the KCB prevent water from reaching the Mediter-
ranean Sea from the basin, it is a closed basin with unique
characteristics (Üstün et al., 2014). The elevations vary from
850 to 1000 m over the flat plains and rise to 3900 m on the

Figure 1. An earth fissure caused by land subsidence in the south-
western part of the KCB.

Taurus Mountains. From a morphological point of view, the
KCB is an orogenic plateau located to the north of the Taurus
Mountains Belt extending along the eastern Mediterranean
Sea. The plains of the southern and northern subbasins are lo-
cated roughly at 1100 and 950 m, respectively. The elevation
along the water divide between the two subbasins declines
from about 2200 m in the Taurus Mountains to about 1100 m
in the most northern part (Özyurt et al., 2018). The amount
of water used for agricultural irrigation can be as much as
70 % of the water use for the whole country. The basin has
a significant groundwater-resource potential, but because of
small amounts of annual rainfall in normal years, suscepti-
bility to drought, and overuse of the groundwater resource,
groundwater levels are decreasing (Canaslan Comut et al.,
2015). According to the records of the Turkish State Meteo-
rological Service, the average annual rainfall in the KCB is
287 mm (Yavuz, 2010). Due to the overuse of groundwater,
subsidence occurs in the area surrounding the city of Konya
(a current problem) and also in the southwestern part of the
basin (Canaslan Comut et al., 2015). A simplified scheme
of the hydrogeological system includes a confined Neogene
aquifer and the low-permeability Plio-Quaternary lake sedi-
ments on top. The Neogene aquifer includes lacustrine car-
bonates in which extreme secondary porosity and perme-
ability develop due to karstification and low-permeability
interbeds rich in clay and silt. Groundwater obtained from
the Neogene aquifer is the principal source of water in the
Konya subbasin, where extensive agricultural production has
been carried out since the 1970s. Because annual groundwa-
ter abstraction is about 2 times the annual natural recharge,
regional groundwater levels have declined at a rate of about
1 m yr−1 since the 1980s. The land subsidence accompany-
ing groundwater over-exploitation is mostly subtle, but sud-
den collapses have also occurred with an increasing annual
frequency during the last decade(s). The meter/decameter-
sized collapse structures threaten life and property (Fig. 1)
(Canaslan Comut et al., 2015).
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3 Methodology

The research methodology consisted of eight stages (Fig. 2).
The aim of the first three stages was to calculate land sub-

sidence for years 2011, 2012, 2013 and 2014 at particular
test sites. For that purpose, Terzaghi’s law of soil consolida-
tion was used as shown in Eq. (1) (Terzaghi et al., 1967):

S =
1e

ei+ 1
, (1)

where S is land subsidence; 1e is change in initial void ratio;
ei is initial void ratio; and D is thickness of the aquifer.

The changes in void ratio and initial void ratio, 1e and
ei, respectively, were determined during laboratory tests for
42 wells distributed in the study area and obtained from
Ali Ferat Bayram of Konya Technical University, Faculty of
Engineering and Natural Sciences. However, due to the lack
of full recognition of geological conditions in the research
area, it was assumed that the entire aquifer is compressed.
Therefore, D was assumed to be 650 m (Özyurt et al., 2018).

In the fourth stage of the research, previously calculated
values of land subsidence for the years 2011–2014 were used
in predicting its future occurrence. Therefore, a model for
the known period under review was developed using Eq. (2)
(Koopejan, 1948):

S =

((
1

Cp
+

1
Cs
× log t

)
ln

(
pi+1pi

pi

))
D, (2)

where Cp and Cs are consolidation constants; t is time; pi is
initial pressure; and 1pi is change in pore pressure.

Because values for 1e and ei were available in the data
acquired for the study area, a relationship between pi and
1pi (Eq. 2) and ei and 1e was used to formulate Eq. (3):

S =

((
1

Cp
+

1
Cs
× log t

)
×

(
1e×Cc

(ei+ 1)2

))
D, (3)

where Cc is the compression index.
Having developed the equation for subsidence as a func-

tion of time in the fifth stage of the research, the minimum
and maximum subsidence values calculated for 42 wells
for the period 2011–2014 were used in developing two si-
multaneous equations. This was done to determine Cp and
Cs. However, Cc could be determined using Eq. (4) or (5)
(Habibbeygi et al., 2017):

Cc= 0.29× (ei− 0.27) , (4)
Cc= 0.43× (ei− 0.25) , (5)

For this research purpose, ei values of the corresponding min-
imum and maximum subsidence values were used in both
Eqs. (4) and (5). Therefore, four values of Cc were computed.
After Cc was determined, Cp and Cs were then determined
based on Eq. (3). These calculations were carried out us-
ing sets of equations with geotechnical properties associated

Figure 2. Flow chart of the research methodology.

with minimum subsidence for one equation and those proper-
ties associated with maximum subsidence for the other equa-
tion as determined based on Eqs. (4) and (5). Finally, with
t expressed in days, a subsidence prediction for a period of
30 years was carried out based on Eq. (3). In the prediction,
values obtained for the forecasted land subsidence were not
realistic. For that reason, further research highlighted calcu-
lations on consolidation constants. In research by De Glop-
per and Ritzema (2006), the direct effect stands for the sub-
sidence that occurs the first day after the load increase and
is based on the assumption that Cp and Cs are independent
of the size of the load, but where Cp depends on the selected
time period (1 d). The secular effect stands for that part of
the subsidence that occurs as the excess water is drained out
of the aquifer-system material. This is a very slow process,
especially in clays, because of their low hydraulic conduc-
tivity. The secular effect will cause the subsidence to con-
tinue indefinitely. Therefore, using Cp= 1 and applying both
equations of Cc (Eqs. 4 and 5), as well as in the simulta-
neous equations of minimum and maximum subsidence as
a function of time, Cs = 0.292 and Cs = 0.471 were com-
puted based on the minimum subsidence obtained for both
equations of Cc. Also, Cs = 0.3347 and Cs = 0.5301 were
computed based on the maximum subsidence obtained for
both equations of Cc. After all parameters in the subsidence
as a function of the time equation were known, subsidence
values were then predicted using the individual geotechnical
parameters over a period of 30 years with reference to the
years under review.
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4 Discussion

From the MATLAB model for estimating the vertical con-
solidation which is the predicted subsidence, both Eqs. (4)
and (5) for the compression index Cc were applied, and the
results obtained from both equations as shown in Fig. 3 had
no significant difference between the two compression in-
dexes used. This was confirmed from the dependent t-test on
the minimum and maximum subsidences using both equa-
tions of Cc. The p values of the minimum and maximum
subsidences in all cases were 0.4 (> 0.05) and as such in-
dicated no significant difference between the two equations
of Cc used. The minimum and maximum subsidences to
be observed were plotted and a general regression analysis
was done. Linear regression, exponential regression, loga-
rithmic regression, polynomial regression, and power regres-
sion were used. Logarithmic regressions resulted in R2 val-
ues of 1 in both cases of Cc for minimum and maximum sub-
sidences, whereas the other regression analyses had R2 val-
ues less than 1. Therefore, in calculating the minimum level
of subsidence, the model generated for a logarithmic regres-
sion was either Eq. (6) using Eq. (4) as shown in Fig. 3a or
Eq. (7) using Eq. (5) as shown in Fig. 3b.

S(t)= 0.4787ln(t)+ 3.1460 (6)
S(t)= 0.4550ln(t)+ 3.1781 (7)

In calculating the maximum level of subsidence, the model
generated for a logarithmic regression was either Eq. (8) us-
ing Eq. (4) as shown in Fig. 3c or Eq. (9) using Eq. (5) as
shown in Fig. 3d.

S(t)= 2.0145ln(t)+ 13.4380 (8)
S(t)= 1.9079ln(t)+ 13.5850 (9)

The subsidence results obtained were compared with re-
lated land subsidence from previous research (Üstün et al.,
2013, 2015) for the period 2011–2014. In that regard, land
subsidence results were in the range of 0.2–4.0 cm yr−1 using
GPS and 1.0–4.0 cm yr−1 using InSAR data analysis. Thus,
the maximum subsidence can be assumed to be the maxi-
mum range for the 4 years (2011–2014), which is 16.0 cm.
Moreover, data from ENVISAT ASAR images with EN-
VISAT ASAR data between 2003 and 2010 above the city
center, compared with GPS measurements, estimated the de-
formation rate of KCKY GPS station to be approximately
2.0 cm yr−1 (Canaslan Comut et al., 2015). Also, considering
the 8-year period of that study gives a maximum vertical de-
formation or consolidation of 16.0 cm. The above values are
confirmed in this research with the use of Terzaghi’s 1D con-
solidation equation and the aid of the MATLAB model which
predict land subsidence ranging from 3.8 to 16.2 cm. This
was analyzed for the same period of 4 years, which results in
a subsidence rate in the range of 1.0 to 4.1 cm yr−1 approxi-
mately in conformity with past research of 1.0 to 4.0 cm yr−1.

Figure 3. Graphical representation of vertical consolidation against
time in years.

5 Conclusions

The research focused on Terzaghi soil consolidation theory
and subsidence as a function of time with MATLAB analy-
sis. With the subsidence, compression index and consolida-
tion constants predicted, for the study area, the value for min-
imum subsidence or vertical deformation 30 years after the
year 2011 is predicted to be approximately 5.0 cm, whereas
the maximum land subsidence is predicted to be 20.0 cm as-
suming the groundwater withdrawal is the same as the rate of
water recharge into the aquifer. However, it is highly recom-
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mended that further accurate data concerning porosity, mois-
ture content, compression index and effective stress of the
field be obtained for more accurate subsidence results for a
3D consideration.

Finally, yet importantly, consolidation constants should
also be measured and identified from the laboratory. Results
can then be used to predict the trend of land subsidence with
a given lifespan of the study area.
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Balik Şanli, F.: DInSAR-Based Detection of Land Subsidence
and Correlation with Groundwater Depletion in Konya Plain,
Turkey, Remote Sens., 9, 83, https://doi.org/10.3390/rs9010083,
2017.

Canaslan Comut, F., Lazecky, M., Ustun, A., and Yalvack, S.: Land
Subsidence Detection in Agricultural Areas of Konya Closed
Basin by PS-InSAR and GNSS Observations, FRINGE Work-
shop, Frascati, Italy, 23–27 March 2015.

De Glopper, R. J. and Ritzema, H. P.: Land subsidence, in: Drainage
Principles and Applications, edited by: Ritzema, H. P., Inter-
national Institute for Land Reclamation and Improvement, Wa-
geningen, the Netherlands, 477–512, 2006.

Galloway, D. and Burbey, T. J.: Review: Regional land subsidence
accompanying groundwater extraction, Hydrogeol. J., 19, 1459–
1486, 2011.

Guzy, A., Ahmed, A. W., and Malinowska, A.: Spatio-Temporal
Distribution of Land Subsidence and Water Drop Caused by Un-
derground Exploitation of Mineral Resources, International Mul-
tidisciplinary Scientific GeoConference: SGEM, Vienna, Aus-
tria, 3–6 December 2018.

Habibbeygi, F., Nikraz, H., and Verheyde, F.: Determination of the
compression index of reconstituted clays using intrinsic concept
and normalized void ratio, International Journal of GEOMATE,
13, 54–60, 2017.

Hoffman, J., Leake, S. A., Galloway, D. L., and Wilson, A. M.:
MODFLOW-2000 Ground-Water Model – User Guide to the
Subsidence and Aquifer-System Compaction (SUB) Package,
U.S. Geological Survey, Open File Rep., 44 pp., 2003.

Jacob, C. E.: Flow of Ground-Water, in: Engineering Hydraulics,
edited by: Rouse, H., Proceedings of the Fourth Hydraulics Con-
ference, Iowa Institute of Hydraulic Research, Iowa City, US,
1950.

Koppejan, A. W.: A formula combining the Terzaghi load compres-
sion relationship and the Buisman secular time effect, Proc. 2nd
ICSMFE, Rotterdam, the Netherlands, 1948.
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Abstract. This study presents an inversion scheme with uncertainty analysis for a land subsidence modelling
by a Monte Carlo filter in order to contribute to the decision-making on the groundwater abstraction. For real
time prediction and uncertainty analysis under the limited computational resources and available information in
emergency situations, one dimensional vertical land subsidence simulation was adopted for the forward mod-
elling and the null-space Monte Carlo method was applied for the effective resampling. The proposed scheme
was tested with the existing land subsidence monitoring data in Tokyo lowland, Japan. The results demonstrated
that the prediction uncertainty converges and the prediction accuracy improves as the observed data increased
with time. The computational time was also confirmed to be acceptable range for a real time execution with a
laptop.

1 Introduction

Groundwater is expected to be one of the alternative wa-
ter resources to the tap water system under emergency sit-
uations such as huge earthquakes. However, the land sub-
sidence caused by the groundwater abstraction is a possi-
ble issue, especially in coastal low lands. The groundwater
abstraction may mitigate the water resources shortage tem-
porarily while the land subsidence will increase the vulnera-
bility to the flooding in the future. For the decision-making
on the groundwater abstraction, the land subsidence mod-
elling with uncertainty analysis can play an important role
to predict the future land subsidence under the emergency
groundwater abstraction.

Unfortunately, a realistic numerical simulation of land
subsidence often requires much effort. First, both the ground-
water mass balance and the force equilibrium in the forma-
tion have to be simultaneously solved because the land subsi-
dence is a hydro-mechanically coupled process. Second, the
spatial resolution of the model for the clayey formations must
be high in order to simulate the elastoplastic deformation ac-
curately because of the low hydraulic diffusivity and the hys-
teretic deformation characteristics of the clay (Aichi, 2008).
Additionally, a huge number of forward model runs are often

necessary for the uncertainty analysis because the land sub-
sidence model contains many physical parameters and the
information on their values in the heterogeneous formations
are generally not known.

Emergency situations compound the effort because the
computational resources available for the numerical simula-
tion of land subsidence can be limited, and only local data
may be available for the modelling because gathering the re-
gional information may be difficult in emergency situation.

Considering these challenges, this study proposes a mod-
elling scheme for a land subsidence prediction with uncer-
tainty analysis under the limited computational resources and
information.

2 Method

2.1 Proposed scheme overview and assumed situation
for the application

This study assumes the following situations: the pumping
and observation wells are constructed at an evacuation loca-
tion. The observation well monitors the pore pressure of the
pumped aquifer and the distance between land surface and
the well bottom by extensometer. The geological columns of

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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these wells and the rough estimates for the physical proper-
ties of formations are available to develop an initial model
with some uncertainty. Electricity is available for running
model simulations on a laptop. Because it is a disaster, the
government cannot coordinate the different evacuation loca-
tions, and then, each evacuation location has to make the de-
cision independently.

Considering these conditions, this study proposes a ver-
tical one dimensional land subsidence simulation to repro-
duce and predict the land subsidence at the observation well.
The boundary condition is specified from the observed pore
pressure at the aquifer. A one-dimensional simulation re-
quires less computational efforts than a three-dimensional
one. Although three-dimensional simulations are better the-
oretically, one-dimensional simulations are expected to sim-
ulate a major part of the land subsidence process because
the groundwater flow in the compacting clayey formations is
one dimensional due to the contrast of hydraulic diffusivity
between aquifer material and clay (Deming, 2001).

The uncertainty analysis is important for more-informed
decision-making. Because many model parameters are un-
certain and the observations are limited, the model calibra-
tion and the prediction uncertainty analysis should be con-
ducted for highly parameterized model. The Monte Carlo fil-
ter method, or particle filter method, for the parameter es-
timation and uncertainty analysis has been proposed (Kita-
gawa, 1998; Liu and West, 2001) and applied to the aquifer
test problem (Field et al., 2016). However, the number of for-
ward runs can be large if the filtering and resampling are
conducted by a neutral distribution such as Liu and West
(2001). However, the null-space Monte Carlo method has
been used to generate models effectively in the uncertain re-
gion in the parameter space (Doherty, 2015). Therefore, this
study adopts the null-space Monte Carlo method for the re-
sampling process in the Monte Carlo filter process.

The details of the forward simulation and inversion pro-
cess are described in the following sections.

2.2 Governing equation for land subsidence simulation

The governing equation for a vertical one-dimensional simu-
lation is a conservation of groundwater mass as follows:

1
1+ e

∂ (ρe)
∂t
+
∂

∂z

[
−K

(
1
g

∂p

∂z
+ ρ

)]
+ ρQ= 0, (1)

where ρ is the water density, e is the void ratio, K is the hy-
draulic conductivity, g is the gravitational acceleration, p is
the pore pressure, and Q is the volumetric source/sink term.
The water density was calculated with the library TEOS-
10 ver.3.05 (Intergovernmental oceanographic commission
of UNESCO, 2010) for a pure water at 20◦. In this study,
the linear elasticity was assumed for the elastic regime of the
deformation. The elastic change in the void ratio, 1ee, was

Figure 1. Flowchart of the proposed scheme.

calculated using the following formula:

1ee =−
1
Kv

(
σ ′− σ ′0

)
(1+ e0) , (2)

where Kv is the uniaxial drained bulk modulus, e0 is the ini-
tial void ratio and σ ′−σ ′0 denotes the change in the effective
stress. Here, the compressional stress is taken to be positive.
The effective stress was formulated as:

σ ′ = σ −p, (3)

where σ is the total stress. The Cam-clay type plasticity
(Wood, 1991) was assumed for the plastic regime of the de-
formation. The plastic change in the void ratio, 1ep, was
calculated by the following formulae:

1ep = −Cclog10
σ ′

σ ′pc
+

1
Kv

(
σ ′− σ ′0

)
(1+ e0)Q σ ′ ≥ σ ′pc

0 σ ′ < σ ′pc

, (4)

where Cc is the compression index, and σ ′pc is the precon-
solidation stress. Through Eqs. (1)–(4), the solid phase was
assumed to be perfectly rigid.

The fully implicit finite difference method with Newton-
Raphson method was applied for numerically solving the
nonlinear partial differential equations.

2.3 Boundary and initial conditions

The observed pore pressure of the aquifer is used as the
boundary condition at the bottom of the model. The observed
pore pressure of the aquifer or the observed recharge rate
is used as the boundary condition at the top of the model.
The initial pore pressure distribution before the groundwater
abstraction is assumed to be hydrostatic. The initial precon-
solidation stress is calculated with the past maximum burial
depth and assumed hydrostatic pore pressure profile. The ini-
tial void ratio distribution is calculated with Eqs. (2) and (3)
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Figure 2. Observed data and model settings for a test at Kameido in Tokyo lowland, Japan.

under the initial pore pressure and the initial preconslidation
stress.

2.4 Monte Carlo approach for the filtering and
resampling

The sequence of parameter estimation and the uncertainty
analysis is shown in Fig. 1. At the first phase of each time
step, the calculated land subsidence by the models and the
observed data are compared, and the values of objective func-
tion for the calibration is calculated for each model. In or-
der to filter out the worse models but keep the better models
with a certain level of diversity in the resampling process, the
number of models to be generated in the resampling phase
from each model are set to be proportional to the likelihood
as follows:

ni

N
∝ Exp(−Ji) , (5)

where ni is the number of models to be generated by the null-
space Monte Carlo method from ith model, N =

∑
i

ni is the

total number of candidate models to be generated, and Ji is
the value of the objective function of ith model.

Next, the null-space Monte Carlo method is used to gen-
erate the new models and the predictive simulations are con-
ducted by each model. The variation of the predictions gives
the uncertainty of the future prediction at the current time
step. As the time passes to the next time step of the observa-
tion, the above sequence is repeated.

At the first time step, it is important to generate numbers
of models of relatively good reproducibility from the initial
guess. For this purpose, the singular value decomposition as-
sisted parameter estimation (Doherty, 2015) followed by the
null-space Monte Carlo method was used in this study.

For the implementation of the null-space Monte Carlo
method and the singular value decomposition assisted

Figure 3. The variety of land subsidence prediction after the cali-
bration in December 1964.

parameter estimation, the freely available software PEST
(http://www.pesthomepage.org/Home.php, last access:
6 March 2020) was used in this study.

2.5 A test for the proposed scheme

The proposed scheme is tested with the existing data of hy-
draulic head and land subsidence observed at Kameido No. 1
observation well in Tokyo lowland, Japan. The schematic ge-
ological column, the observed hydraulic head, and the land
subsidence at Kameido are shown in Fig. 2.

The target formations are Holocene which consist of silty
Nanagouchi formation and clayey Yurakucho formation. The
formations were discretized to 1 m meshes and the same pa-
rameters are assigned for meshes belonging to the same for-
mation.

The year 1920 was assumed to be the initial condition
before the groundwater abstraction start (Endo et al., 2001;
Aichi, 2008). Because the continuous measurement started
from June 1952, the hydraulic head before June 1952 was
estimated from the records of hydraulic head measured near
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Table 1. Parameter space for a test.

Physical properties Nanagouchi F. Yurakucho F.

initial guess lower limit upper limit initial guess lower limit upper limit

Hydraulic conductivity 9× 10−5 1× 10−10 1× 105 5× 10−5 1× 10−10 1× 105

(m d−1)

Uniaxial drained 1 1× 10−2 1× 102 1 1× 10−2 1× 102

bulk modulus (GPa)

Compression index (−) 1.5 10 0.5 10

Density of solid (103 kg m−3) 2.7 2.6 2.9 2.7 2.6 2.9

Void ratio in virgin compression 1.1 0.1 10 1.5 0.1 10
by 1 MPa of effective stress (−)

The past maximum elevation of 4 0 10 1 0 10
the top of the formation (m)

Figure 4. The variety of land subsidence prediction after the cali-
bration in December 1984.

Kameido (Endo et al., 2001). The objective function for the
model evaluation was the square error of the land subsidence.
The range of parameter space and initial guess are listed in
Table 1.

The proposed scheme was applied from December 1954
and the simulation and calibration time step was one month.
The scenario of future pore-pressure change was assumed to
be same with the observed hydraulic head after the calibra-
tion time step in order to check the prediction accuracy and
the uncertainty reduction by comparing the calculated and
observed land subsidence. The number of generated models
was 50 in this test; however, the methodology to find the op-
timum number of the models should be examined in a future
study.

3 Results and discussions

The future predictions by best 5 models at the calibration step
in December 1964, December 1984, and December 2004 are
shown in Figs. 3 to 5, respectively. In the early stage of the

Figure 5. The variety of land subsidence prediction after the cali-
bration in December 2004.

calibration steps, the uncertainty of the future prediction is
quite large and the accuracy of prediction is questionable as
shown in Fig. 3. However, it was confirmed that the predic-
tion uncertainty decreases and the prediction accuracy im-
proves as additional observation data is included (Figs. 4 and
5). The range of parameters of best 5 models at the calibra-
tion step in December 2004 is listed in the Table 2. The pa-
rameter uncertainty of hydraulic conductivity and compres-
sion index was reduced well while that of the other parame-
ters was not because of less sensitivity.

The computational time was about 10–20 min for each cal-
ibration time step with a laptop (NEC LAVIE, Intel Core i7-
7500U 2.7GHz, 8GB RAM, Windows 10) and it is consid-
ered to be within the acceptable range for decision-makers
to use the simulated results in the daily management of
groundwater abstraction rate. Although the proposed scheme
worked well in this test, there remains several points to be
improved.
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Table 2. Parameter range of best 5 models after the calibration.

Physical properties Nanagouchi F. Yurakucho F.

best model lowest value largest value best model lowest value largest value

Hydraulic conductivity 1.1× 10−4 8.5× 10−5 2.0× 10−4 3.2× 10−5 2.4× 10−5 3.2× 10−4

(m d−1)

Uniaxial drained 1.1 1.1 1× 102 63 1.9× 10−2 63
bulk modulus (GPa)

Compression index (−) 4.4 0.75 4.4 0.54 .54 2.7

Density of solid (103 kg m−3) 2.8 2.6 2.9 2.7 2.6 2.8

Void ratio in virgin compression 8.7 4.9 10 4.9 3.0 9.4
by 1 MPa of effective stress (−)

The past maximum elevation of 5.1 2.4 10 1.4 1.4 8.5
the top of the formation (m)

First, Fig. 5 shows that all models predict slightly smaller
land subsidence compared to the actual observation. Cur-
rently, the cause of and the countermeasure of this tendency
are not clear. It might come from the errors in simulation of
the preconsolidation stress which was caused by the uncer-
tainty in the past boundary pore pressure conditions before
the continuous measurement started. Not only the physical
parameters but also the past pore pressure should be included
in the uncertain analysis in a future study. In addition, the cur-
rent test was limited to the long-term process in several tens
of years and the simulation and calibration time step were
one month because of the limitation of the published data.
However, the actual application is considered to be in more
short-term after the event. The examination of the time-step
duration is also important in a future study.

4 Conclusions

A numerical scheme for the land subsidence modelling with
the visualization of prediction uncertainty is proposed for
contributing to the decision-making on the groundwater ab-
straction in emergency situations. The scheme was based on
the Monte Carlo filter approach with one dimensional ver-
tical land subsidence simulation and the null-space Monte
Carlo method for generating models. The proposed scheme
demonstrated that it can satisfactory reproduce the existing
land subsidence data and it is applicable for the real time
land subsidence model inversion and the uncertainty analy-
sis. The simulated relation between the pore pressure and the
land subsidence is expected to tell the meaning of monitored
data at the observation well to the decision-makers. How-
ever, further improvements to include the boundary condition
uncertainty and the examinations of the performance in the
short-term process are necessary in the future study as well
as the methodology to find the optimal number of models.

Data availability. The datasets used for draw-
ing figures in this manuscript can be accessed at
https://doi.org/10.6084/m9.figshare.11944944 (last access: 11
March 2020, Aichi, 2020).
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Abstract. Advanced Differential Interferometric Synthetic Aperture Radar (A-DInSAR) techniques and 3-D
groundwater flow and geomechanical models are integrated to improve our knowledge about the Tertiary detritic
aquifer of Madrid (TDAM). In particular, the attention is focused on the Manzanares-Jarama well field, located
to the northwest of Madrid, which experienced five cycles of extensive groundwater withdrawal followed by
natural recovery, to cope with the droughts occurred in summer 1995, 1999, 2002, 2006, and 2009. Piezometric
records and A-DInSAR data acquired by ERS-1/2 and ENVISAT satellites during the periods 1992–2000 and
2002–2010, respectively, have been used to calibrate the groundwater flow and the geomechanical models. A
time-lag of about one month between the hydraulic head changes and the displacements of the land surface has
been detected by a joint wavelet analysis of A-DInSAR and piezometer head time series. Overall, the results
show the effectiveness of the proposed integrated approach composed of A-DInSAR and 3-D geomechanical
model to characterize the aquifer-system response during and after the groundwater withdrawal.

1 Introduction

Groundwater numerical models provide a quantitative frame-
work to understand the hydrogeological processes and repre-
sent a practical tool to comprehend how an aquifer system
works (Anderson et al., 2015). Groundwater models inte-
grate numerically the Partial differential equations govern-
ing the physical process of the water movement within a de-
fined portion of a porous medium. Modelling design requires
to set-up the model boundaries and geometry, provide the
aquifer parameters and choose the code able to simulate the
physical processes of interest (Anderson et al., 2015). There-

fore, the groundwater model conceptualization needs exten-
sive datasets that often lack due to the high costs required to
collect.

To remediate, at least in part, this paucity of measure-
ments, in this work a novel methodology using A-DInSAR
data as supporting tool for groundwater modelling purposes
is presented. The methodology has been developed and tested
to understand the dynamic behaviour of the Madrid aquifer.
It represents a strategic groundwater resource in Spain, ex-
ploited in the past to cope with an increased groundwater de-
mand during drought periods. The achieved results give in-
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Figure 1. Geographical location from Google Earth, Data SIO, NOAA, U.S., Navy, NGA, GEBCO, US Dept of State Geographer, ©2019
Google, Image Landsat/Copernicus (a) and geological map (b) of the study area. The piezometers and the well locations are also depicted.
The geological map is derived from IGME (1995) and the water bodies and the rivers from https://servicio.mapama.gob.es/sia/visualizacion/
descargas/mapas.jsp (last access: 2 March 2020).

sight about a fast response of the aquifer-system during and
after the extraction periods.

2 Study area

The study area is the Manzanares-Jarama wellfield, that is
located northwest of Madrid, in Spain (Fig. 1). The anal-
ysed wellfield includes 32 wells, which withdraw groundwa-
ter from the “Manzanares-Jarama aquifer”, and 17 observa-
tion wells. The analysed aquifer extends for about 540 km2

and represents only a portion of the 2500 km2 Tertiary de-
tritic aquifer (TDAM) located in the tectonic depression of
the Madrid basin. The aquifer is a heterogeneous multi-layer
system characterized by sand lenses embedded in a clay and
clay-sand matrix (Ezquerro et al., 2014). The aquifer in-
cludes Tertiary detritical deposits and a Quaternary cover-
age (Martínez-Santos et al., 2010). The northern and south-
ern boundaries of the aquifer are the Paleozoic relief of the
Sierra of Guadarrama and evaporitic materials, respectively
(Hernández-García and Custodio, 2004). Conversely, in the
western and eastern boundaries areas, the alluvial deposits of
the Manzanares and Jarama rivers are found, respectively.

3 Data and methodology

3.1 Satellite and piezometric data analysis

The analysed satellite data are Synthetic Aperture Radar
(SAR) images acquired by ERS-1/2 and ENVISAT in de-

scending and ascending mode, respectively. The ERS-1/2 im-
ages cover the period from April 1992 to November 2000,
and the ENVISAT dataset between August 2003 and Septem-
ber 2010. The ERS-1/2 and ENVISAT scenes were processed
using the PSP-IFSAR technique (Costantini et al., 2008) to
obtain the A-DInSAR dataset including line-of-sight (LOS)
displacement time series and average velocity for each target
in the periods 1992–2000 and 2003–2010 (Fig. 2).

Available observation well measurements recorded the
hydraulic head changes from 1998 to 2012 (Fig. 3) and
show three major extraction phases causing a groundwater
drawdown of about 100–150 m, corresponding with major
drought periods followed by recovery periods (Yélamos and
Villarroya, 1991; Canal de Isabel II Gestión, 2014).

The methodology implemented by Tomás et al. (2016),
based on a wavelet approach, was used for the joint analy-
sis of the A-DInSAR and piezometric level time series to un-
derstand cause-and-effect relationships and to identify inter-
mittent periodicity. On the other hand, Continuous Wavelet
Transform (CWT), was applied to identify nonstationary in-
termittent oscillations in time series data. Cross Wavelet
Transform (XWT) and Wavelet Coherence (WTC) were ap-
plied to find the common power and relative phase in time-
frequency space of two-time series (Grinsted et al., 2004).
The result is a 2-D plot of complex numbers. A high abso-
lute value suggests a common time patterns between both
time series. Furthermore, the phase (i.e. the angle of the vec-
tors) of the XWT provides a quantification of the time shift
(delay time) between the two time-series. It is worth nothing
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Figure 2. Line-of-sight (LOS) velocity maps measured usingERS-1/2 (1992–2000) (a) and ENVISAT (2003–2010) images (b). World
imagery Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User
Community.

Figure 3. Piezometric head time series acquired in the period 1998–
2010. The location of the observation wells is reported in Fig. 1b.

that both the A-DInSAR and piezometric head time series
have been preliminary equalized in the time sampling inter-
val using a 35 d interval that corresponds to the revisit time
of ERS and ENVISAT. Then, a linear regression of the time
series records was used to distinguish linear and non-linear
component. The wavelet approach has been applied using the
non-linear component resulting from the difference between
the original time-series and the fitted linear component.

3.2 Integration of the A-DInSAR into numerical models

In this work, the A-DInSAR data are used as supporting tool
for different phases of the numerical model reconstruction
(Fig. 4). In particular, the A-DInSAR data are exploited to
(i) define the lateral boundaries of the static model, (ii) es-
timate the model parametrization, (iii) choose an appropri-
ate code to simulate the physical processes, and (iv) to cal-
ibrate of the model. The joint use of the wellfield location
and the average velocities measured by the A-DInSAR tech-
nique allows to identifying the influence area of the well-
field. Furthermore, the piezometric head time series and the
displacement time series have been jointly used to estimate
the aquifer storage (Ss) using a methodology applied by sev-
eral authors on A-DInSAR-based and extensometers-based
displacement measurements (Sneed and Galloway, 2000;
Burbey, 2003; Tomás et al., 2010; Bonì et al., 2016). More
precisely, the specific storage is computed dividing the bulk
storage (Sk) by the aquifer thickness. The bulk storage is es-
timated using the following equation Eq. (1):

Sk =
1d

1h
, (1)

where1d is the displacement, estimated by the satellite data,
and related to the aquifer compaction as a result of the hy-
draulic head decrease 1h. The joint analysis of A-DInSAR
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Figure 4. Schematic overview of the integrated approach used to reconstruct the 3-D model with the support of A-DInSAR data.

displacements and piezometric head time series, as described
in Sect. 3.1, supports the choice of the simulator in the ge-
omechanical model.

Finally, A-DInSAR displacement time series are used for
cross-comparison with the simulated displacement to verify
the model results.

3.3 Numerical model approaches

The numerical approaches implemented in this work aims
simulating groundwater flow and pumping induced land dis-
placements. First of all, a static model is build up to recon-
struct the three dimensional geometry including the main hy-
drogeological layers of the study area. Then, the 3-D static
model is used for the hydrogeological and the geomechani-
cal simulations. More precisely, the 3-D finite element (FE)
grid of the selected domain is constructed using GEN3-D
(Teatini et al., 2006). The groundwater flow model is sim-
ulated through the SAT3-D (SATurated Three-Dimensional)
code (Teatini et al., 2011) that solves the following equation
Eq. (2) (Bear 1972):

∇ (k · ∇h)= Ss ·
∂h

∂t
+ q (2)

where k and h are the hydraulic permeability tensor and
the hydraulic head, respectively, t is time, and q is the
source/sink term. Ss is the specific storage, which is related to
oedometric bulk compressibility cb through the relationship
Ss = γ (cb+φβ) with φ the medium porosity and β the volu-
metric water compressibility. The output of the groundwater
flow model is the incremental pore pressure variation (p) due
to groundwater pumping that is used as input in the geome-
chanical model. By assuming an elastic isotropic medium,
the SUB3-D code (Teatini et al., 2006) is used to estimate

the incremental displacement field u along the x, y, and z
directions. SUB3-D solves the following equations Eq. (3)
(Verruijt, 1969):

G∇2ui + (λ + G)
∂ε

∂i
=
∂p

∂i
i = x,y (3)

where λ and G are the Lamé constant and shear modulus of
porous medium, respectively, ε = ∂ux

∂x
+
∂uy
∂y
+
∂uz
∂z

is the vol-
umetric strain, and ui is the displacement component along
the ith coordinate direction.

It is worth noting that:

G=
E

2(1+ ν)
(4)

and

E =
(1+ ν) (1− 2ν)
cb (1− ν)

(5)

where E and ν stand for the Young modulus and the Poisson
ratio, respectively.

The groundwater flow and geomechanical models are cal-
ibrated using a trial and error approach. The hydraulic con-
ductivity was calibrated the records at the piezometric wells
starting from values reported by Hernández Torrego (2012)
and from values obtained via pumping test for pilot points
(e.g. CB5 piezometer, see the location in Fig. 1). The Young
modulus and Lamè constants were calibrated using InSAR
outcome. Consequently, the solution of Eq. (1) must takes
the elastic storage obtained using Eqs. (4) and (5) starting
from literature values (Ezquerro et al., 2014). Furthermore,
for the geomechanical model the Poisson’s ratio ν was set to
0.3, representing a common value used in the case of sedi-
mentary deposits (Teatini et al., 2006).
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Figure 5. 3-D model of the Manzanares-Jarama wellfield (a) and
simulated and observed displacement at piezometer FE-1. (b) See
the location in Fig. 1. The observed displacements are an average
value of the values measured on the PS located within a buffer zone
of 1000 m from the well, therefore also the standard deviation is
reported.

4 Results and discussion

4.1 Remote assessment of aquifer-system response
during and after pumping

The analysis of the A-DInSAR displacement and the piezo-
metric head time series has been performed for 17 piezome-
ters of the Manzanares-Jarama wellfield using the wavelet
approach as described in Sect. 3.1. The results provide in-
sight about a mean time lag of 1.0± 0.6 months, with mini-
mum and maximum values equal to 0.0 and 3.3 months, re-
spectively. The spatial pattern of the aquifer-system response
is slightly larger in the northern sector of the study area. The
aquifer-system response during and after pumping is fast,
showing land subsidence during the extraction phase coincid-
ing with the drought periods, and uplift in the recovery phase,
providing fundamental information about the governing pa-
rameters controlling the hydro-geomechanical response.

4.2 Numerical simulation of aquifer-system response
during and after pumping

The join analysis of the satellite and piezometric data has
provided fundamental information to design and calibrate the
3-D model of the Manzanares-Jarama well field. In particu-
lar, the model has been built including three main hydrogeo-
logical units; i.e. the upper phreatic aquifer, the intermediate

aquitard and the lower confined aquifer (Fig. 5a). The model
domain extends for the upper 700 m of the sedimentary se-
quence, whose top and bottom maps have been extracted
by the ground surface elevation using the high resolution
5 m cell digital elevation model from Instituto Geográfico
Nacional (IGN) and geological information (IGME, 1989).
Since the piezometric drawdown caused by the wellfield did
not reach a distance larger than 10 km from the wells, (Ez-
querro et al., 2014; Béjar-Pizarro et al., 2017), the horizon-
tally domain extends in order to account a buffer ring of
10 km around the wellfield. The aquifer’s dynamic has been
simulated during the period from 1994 to 2010, that includes
four 1–1.5 year long periods of groundwater withdrawal. The
modelling results show that the periods of groundwater ex-
traction caused a land subsidence higher than 20 mm over an
area of about 190 km2 and a maximum horizontal movement
up to 6 mm. The simulated displacement generally agrees
with the A-DInSAR measurements, capturing the minimum
and maximum peak values (Fig. 5b). Furthermore, the cali-
brated model has allowed quantifying the land surface move-
ments in the central zone of the study areas where A-DInSAR
displacements are unavailable due to the presence of vegeta-
tion coverage.

5 Conclusions

In this work, the potential of the integrated use of A-DInSAR
data and 3-D groundwater flow and geomechanical models
to capture and assess aquifer dynamics is shown. The ap-
proach has been applied to investigate the response during
and after pumping of a portion of the Madrid aquifer. The
aquifer-system has been characterized by a time-lag of about
one month only between the hydraulic head changes and the
land displacements, suggesting that the clayey units within
the aquifer-system play a minor role.
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Abstract. A tool is presented that allows efficient and largely automated production of predictive land sub-
sidence maps on a national scale in the Netherlands. The tool, based on Python scripts, is named Atlantis
and calculates the subsidence induced by phreatic groundwater level management in Holocene soft-soil areas
through peat oxidation and consolidation. Process formulation, input datasets and data handling procedures are
elucidated. Maps produced with Atlantis will soon be available online.

1 Introduction

A large part of the coastal zone of the Netherlands subsides at
rates that typically range from 0–10 mm yr−1. Although the
rates are relatively low, in the course of decades, the subsi-
dence has important consequences for urban and rural water
management, infrastructure, and land-use in general. Adapta-
tion to land subsidence, generally by further lowering of the
surface water levels to lower phreatic ground water levels,
has occurred relatively unconsciously for about a millennium
already (e.g. Erkens et al., 2016). Over the last few decades,
awareness of subsidence and its impacts has grown with gov-
ernment bodies and has started to become integrated in pol-
icy making. That is, adaptation to land subsidence is progres-
sively being addressed more consciously and in a proactive
manner.

Since about 1997 (report Werkgroep klimaatverandering
en bodemdaling, 1997) efforts have been undertaken to sup-
port and facilitate the policy process by producing nation-
wide predictive land subsidence maps that indicate how sub-
sidence may progress a few decades into the future or longer.
These maps were generally spreadsheet-based, with the ap-
plied methods poorly documented, and calculation times
were largely prohibitive (months for a single map). A major
step was adding the possibility of executing the calculation in
a GIS environment. The resulting software, named Phoenix
(Van der Schans and Houhuessen, 2011), is for instance used
in the national cost-benefit analyses on land subsidence in the

Netherlands (Van den Born et al., 2016). However, this model
was not open source, and still difficult to update and expand
when new knowledge would be available. Therefore, new ef-
forts were therefore recently undertaken to develop a new
software environment, dubbed Atlantis, that by using mod-
ern techniques overcome these limitations, thereby allowing
for efficient and largely automated production of predictive
land subsidence maps on a national scale and covering time
periods of a few decades to centuries.

Atlantis integrates and generalizes calculation methods
that were previously conducted in spreadsheets and GIS ap-
plications. Atlantis does not only allow prediction of sub-
sidence under business-as-usual but is specifically meant to
allow exploration of the impact of policy options and climate
change impacts. Published maps can be efficiently updated
when changes occur in underlying datasets, and new subsi-
dence components, datasets or process formulations can be
readily accommodated within the modular structure of the
code.

2 Processes and voxel approach

2.1 Groundwater level management cycle

Presently, Atlantis focuses on projections of subsidence
caused by phreatic groundwater level management (GWLM)
(Fig. 1). GWLM-driven subsidence has been initiated in the
distant past by construction of canals, ditches and drains to
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Figure 1. Schematic representation of the groundwater manage-
ment cycle.

create arable land. This caused shrinkage of the soils, and ox-
idation of peat above the lower groundwater level and consol-
idation and compaction of underlying saturated Holocene de-
posits (e.g. Erkens et al., 2016). The subsidence gradually de-
creases the thickness of the unsaturated zone. To re-establish
the unsaturated zone thickness required for the local land-
use, the surface water level and drainage levels are periodi-
cally lowered to compensate for the subsidence, which initi-
ates a new cycle of subsidence (Fig. 1). In areas with thick
peat layers, this process can continue for many centuries and
cause subsidence of several meters (Erkens et al., 2016).

2.2 Discretization, data requirements and load steps

The total model area of the Netherlands is discretized by a
grid of rectangular cells. Cells are grouped into contiguous
zones or blocks that represent water level management ar-
eas (WLMA) (Fig. 2a). WMLA’s are parts of a water board
district in which a single surface water level is maintained.
The spatial variation of subsidence within these blocks is
mainly steered by the distribution, depth and thickness of
oxidation- and consolidation susceptible layers within the
Holocene deposits, and by the groundwater level. To cap-
ture these conditions, Atlantis interfaces with external na-
tional and regional dataset of the present land surface ele-
vation, the phreatic groundwater level and the geology. Cal-
culations are carried out for individual columns that consist
of a stack of 3-dimensional cells (voxels) (Fig. 2). The vox-
els are assigned a lithology and parameter values required
for the oxidation and consolidation calculations. The basic
voxel model is adopted from the national geological model
GeoTOP (Stafleu et al., 2012). GeoTOP presently includes a
resolution of 100 m× 100 m× 0.5 to 50 m below Dutch or-
dinance level. The basic model can be refined with regional
data sets that include higher resolution data in the vertical.

Following MODFLOW (McDonald and Harbaugh, 1988)
terminology, the time dimension is categorized in terms of
stress periods and timesteps (Fig. 2c). A stress period is the
time during which a constant stress is applied (for exam-
ple the surface water stage in a management area or a sur-
charge). Within a stress period, time is discretized into indi-
vidual timesteps. A stress period therefore generally consists
of multiple timesteps, and a simulation may consist of multi-
ple stress periods. These may all vary in duration.

Figure 2. Different component of discretization. (a) The to-
tal model domain is subdivided into cells that are grouped into
WLMA’s (generally not rectangular). (b) Schematic representation
of a voxel stack for an individual cell. (c) Time discretization in
terms of stress periods and time steps.

In each time step both a consolidation and oxidation cal-
culation are performed, and associated height loss of each
voxel due to either process is stored. The total land surface
subsidence that occurred in a stress period is used to quan-
tify the water table lowering that is applied at the start of the
next stress period. The lowering can be set equal to the av-
erage or median subsidence in the WLMA the model cell of
(Fig. 1a), or equal to the subsidence of the individual cell. To
accommodate both oxidation and consolidation with a single
water table measure, the water table is considered to repre-
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sent the mean (long-term) low water table (MLWT: Dutch:
GLG) that is widely used in water management practice in
the Netherlands.

2.3 Consolidation

2.3.1 Compression models

Presently, two compression models have been implemented
to quantify consolidation; the Koppejan model and the
isotache model. The Koppejan (Terzaghi-Buisman) model
(1948) has been the classical Dutch compression model for
settlement calculations for many years (CUR, 1996). The
advantage of this model is that it is widely known among
geotechnical engineers. The main limitation is the lack of a
rate-based formulation, which complicates use with multi-
ple loading events (e.g. in Atlantis long-term effects due to
prior stress periods are neglected when using the Koppejan
method), and which does not allow the initial condition to in-
clude a subsidence rate due to creep. Therefore, also a more
advanced model can be chosen.

The isotache model (Den Haan, 1996; Kooi et al., 2018)
has become the recommended model for settlement mod-
elling in the Netherlands since about one decade. It over-
comes limitations of the Koppejan model but requires more
sensitive parameter tuning to avoid spurious effects of
anomalously high creep rates and initial subsidence rates. To-
tal strain ε (relative height loss) of a voxel for a time step
1t = tn− tn−1 consist of an elastic part and an inelastic part,
where the latter follows from a rate-law (viscous behaviour)
that is referred to as creep. The model uses three compres-
sion parameters: swelling constant a, compression constant
b, secondary compression constant c. The elastic strain in-
crement is obtained from

1εe = a ln
(
σ ′(n)

σ ′(n−1)

)
(1)

where σ ′ is effective stress. Creep strain is governed by in-
trinsic time

τ = τrefOCR
b−a
c (2)

Where OCR= σ ′p/σ
′ is the overconsolidation, ratio σ ′p the

preconsolidation stress, and τref a reference intrinsic time of
1 d.

The creep strain increment is calculated from the follow-
ing set of relationships

1εcr = c ln
(
τn

τ ∗

)
; τn = τ ∗+1t; (3a)

τ ∗ = τn−1
(
σ ′(n−1)

σ ′(n)

) b−a
c

(3b)

2.3.2 Effective stress development

The Koppejan and the isotache compression models are com-
bined with a module that handles effective stress develop-

ment. Stresses are evaluated for the centre-depth of vox-
els. Presently, effective stress calculation uses the degree-of-
consolidation approach of Terzaghi (e.g., Verruijt, 2001). The
equilibrium effective stress for fully drained (end of primary
consolidation) conditions is calculated as the difference of
total stress and equilibrium pore pressure

σ ′eq = σ −peq (4)

Total stress is obtained from the overburden weight, where
specific weight varies per litho-class (sand, clay, peat). A sat-
urated and unsaturated specific weight is specified. Specific
weight increases with volume loss by compression. Equilib-
rium pore pressure, peq, is obtained from equilibrium hy-
draulic head heq

peq =

(
heq− z

)
γw

(5)

where γw is the specific weight of water and z the elevation
head relative to the Dutch ordinance level. Equilibrium head
is currently based on linear interpolation between the head of
the aquifer which underlies the Holocene confining layer and
the momentary phreatic water table. That is, more complex
head variation over the Holocene voxel stack in case of verti-
cal seepage in combination with vertically varying hydraulic
conductivity is currently neglected. Note that the approach
includes effective stress reduction (load reduction) due to
drowning; during a stress period in which both water table
and aquifer head are constant, the equilibrium pore pressure
of the voxels tends to slowly increase due to consolidation-
related subsidence which lowers the elevation head z.

A water table lowering event at the start of a stress period
corresponds to a “load” 1σ ′eq =1σ −1peq. Currently two
options are available for the way 1peq is handled (Fig. 3).
The change in total stress 1σaccounts for the reduction of
overburden weight when the unsaturated specific weight is
less than the saturated specific weight. In the time steps
within the stress period, the load1σ ′eqis gradually transferred
to σ ′using the degree-of-consolidation U :

σ ′(n)
= σ ′(n−1)

+1U1σ ′(n−1)
eq ;

1U = U (n)
−U (n−1) (6a)

U (t)=
[

T 3

T 3+ 0.5

]1/6

; T =
cvt

L3 (6b)

Where T is the non-dimensional consolidation time, cv the
consolidation coefficient, and L the length scale of two-sided
drainage. Presently, L is set equal to the voxel height (which
tends to decrease with time).

2.4 Oxidation

Oxidation accounts for volume loss of soil layers by min-
eralization of soil organic matter by oxidation. In Atlantis
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Figure 3. Change of equilibrium (drained) pore pressure due to a
drop of the water table. (a) Aquifer pressure (and head) follows the
water table drop. (b) Aquifer pressure (and head) remain stable.

different approaches/models can be adopted. The most com-
prehensive model employs an organic-mass based approach.
All voxels are initially assigned an organic mass fraction

Forg =
Morg

Morg+Mmin
(7)

where org and min denote organic and mineral respectively.
The organic and the mineral mass content of a voxel (per
squaremeter in map view) is calculated from

Morg = ForgρbulkL (8a)
Mmin =

(
1−Forg

)
ρbulkL (8b)

where ρbulk is the dry bulk density and L is the momen-
tary voxel height. The initial bulk density (kilogram per
cubicmeter) is modelled with an empirical relationship ob-
tained from a large set of observational data of Dutch peat
samples (Erkens et al., 2016)

ρbulk =
100
Forg

(
1− e−Forg/0.12

)
(9)

In each time step 1t , organic mass loss is modelled using
a constant rate law for the (part of) voxels that are shallower
than a specified height above the MLWT (and not deeper than
1.2 m below land level).

1Morg =−αmL1t (10)

αm is an empirical constant estimated from a dataset with
subsidence observations over several decades in land subsi-
dence in peat-meadow locations in the Netherlands (Van den
Akker et al., 2007). Organic mass loss of a voxel is converted
to volume loss (per squaremeter) with

1Lox
=1MorgV̂ (11)

where V̂ (cubicmeter per kilogram per squaremeter) is called
“specific volume of oxidation”. Direct measurements of this
quantity do not exist. For high Forg (regular peats) V̂ can
probably be approximated by the reciprocal of the dry bulk

organic matter density. Below Forg ≈ 0.3 (transition to or-
ganic rich clays) V̂ is expected to decrease as the bulk vol-
ume is more strongly determined by the mineral framework
rather than by the organic matter. These concepts are cap-
tured in the following relationship

V̂ =
0.5

Forgρbulk

(
1+ erf

(
Forg− 0.2

0.1

))
(12)

Each time step,Morg and Forg (Eq. 7) are updated for organic
mass loss. L is updated both for consolidation and for oxida-
tion Eq. (11). Subsequently, ρbulk is updated using

ρbulk =
Morg+Mmin

L
(13)

This organic-mass based approach of oxidation provides a
consistent framework to account for the mineral content of
organic soils. While the organic mass fraction decreases by
oxidation, the mineral mass fraction increases, and ultimately
a non-oxidizable residue remains. The approach also allows
modelling of oxidation-caused subsidence contributions of
organic-rich clays and is not limited to oxidation of peat.

3 Modern, open source Python libraries

Atlantis is built on several open source Python libraries,
which enormously simplifies development efforts. Python
was chosen as the programming language due to its popu-
larity within the scientific community, a comprehensive stan-
dard library and a wealth of open source (scientific) libraries.
Python’s syntax is easy to understand, enabling contributions
from researchers, not just professional programmers.

Atlantis has four essential dependencies:

– Numpy (Van der Walt et al., 2011): the basic numerical
array package in Python.

– Dask (Dask development team, 2016): dask provides
tools for out-of-core (larger than memory) and parallel
computation.

– Xarray (Hoyer and Hamman, 2017): xarray brings la-
belled dimensions and coordinates top of numpy arrays
and integrates with dask for parallel computing. Within
the context of atlantis, xarray is used primarily for input
and output of the simulation data and handles parallel
out-of-core computation.

– Numba (Lam et al., 2015): numba translates Python
code to optimized machine code. Python code normally
runs much slower than compiled languages (sometimes
by orders of magnitudes!), but Numba compiled numer-
ical code can approach the speed of C or Fortran.

A simulation can be run by writing a short Python script
which initializes and runs the simulation. In this script, the
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paths to the input data are defined, as well as settings such
as time discretization, the type of consolidation method (e.g.
Koppejan or isotach), etc.

The input is array based. While two-dimensional data is
easily represented by GIS rasters, three-dimensional (voxel)
data such as GeoTOP is better represented by a multi-
dimensional array data format such as netCDF (Unidata,
2019), HDF5 (The HDF group, 1997–2019), or Zarr (Zarr
Development Team, 2019). Xarray is tailored to working
with these formats and provides excellent tools to generate
input, and to process results; other data formats can easily be
converted to generate simulation input using xarray.

Atlantis is organized in three principal data structures. In
Python, data structures are represented using objects (within
the object-oriented programming paradigm). The object can
contain data and procedures; the procedures mutate the data
within the object. Different functionalities of the program can
be modularized and assigned to these objects, thereby creat-
ing a division of responsibilities. In Atlantis, the three prin-
cipal objects are:

1. The soil column: the soil column simulates one-
dimensional subsidence for a single location. Its proper-
ties vary only with depth. The soil column contains the
numerical methods describing land subsidence.

2. The control unit: the control unit is a collection of soil
columns. In reality, many locations with variable sub-
soils fall within a single management area. Within this
area, a single surface water stage is maintained, for ex-
ample. The control unit is also the building block of par-
allel execution; multiple control units can be simulated
in parallel.

3. The simulation: the simulation is responsible for read-
ing the input data, scheduling parallel execution, and
writing the output data.

Object-oriented programming provides re-use of code by in-
heritance. In Atlantis, we wish to provide multiple consoli-
dation and oxidation methods. These methods differ, but they
share a great deal of functionality: read in data and initial-
ize columns, iteratively step through time, compute pressures
and stresses, etc. These methods do not have to be dupli-
cated, they can be shared by providing a base class from
which they derive shared functionality via inheritance. For
example, KoppejanConsolidation and IsotacheConsolidation
derive their shared functionality from a common base class.

Nearly all number crunching takes place within the soil
column object. Consequently, all soil column procedures are
compiled using numba. Unfortunately, numba supports only
a subset of the Python language (with a heavy focus on
numpy), so some compromises are required. In Atlantis, this
mostly consists of converting complex data types to simple
arrays and scalars, which are properly understood by numba.
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Abstract. Regional subsidence due to fluid depletion includes the interaction among multiple physical pro-
cesses. Specifically, rock compaction is governed by coupled hydro-mechanical feedbacks involving fluid flow,
effective stress change and pore collapse. Although poroelastic models are often used to explain the delay be-
tween depletion and subsidence, recent evidence indicates that inelastic effects could alter the rock microstruc-
ture, thus exacerbating coupling effects. Here, a constitutive law built within the framework of Breakage Me-
chanics is proposed to account for the inherent connection between rock microstructure, hydraulic conductivity,
and pore compaction. Furthermore, it is embedded into a 1-D hydromechanical coupled finite element analysis
(FEA) to explore the effects of micro-structure rearrangement on the development of reservoir compaction. Nu-
merical examples with the proposed model are compared with simulations under constant hydraulic conductivity
to illustrate the model capability to capture the non-linear processes of reservoir compaction induced by fluid
depletion.

1 Introduction

Various anthropogenic activities are responsible for the oc-
currence of surface subsidence and damage to buildings
and infrastructure. Among these, rock compaction and land
subsidence are major concerns in hydrocarbon reservoirs
(Zoback, 2010). Reservoir depletion lowers the fluid pres-
sure, leads to an increase in the stress carried by the rock
skeleton, and generates non-negligible compaction. Diagnos-
tic tools are necessary to understand and forecast regional
subsidence, but a challenging obstacle in such analyses is
the interaction of multiple physical processes operating over
a wide range of time and length scales. Poroelastic model-
ing frameworks are often used to compute either near-field
reservoir compaction or far-field subsidence (Du and Olson,
2001). However, poroelastic models restrict the analysis to
linear deformation processes, thus ruling out possible inelas-
tic changes in rock microstructure (i.e., particle crushing,
particle rearrangement, and pore collapse) caused by com-
paction and the consequent hydro-mechanical couplings de-
riving from them (Esna Ashari et al., 2018). In this circum-

stance, more advanced constitutive laws are needed to cap-
ture the material properties and connect the particle-scale
processes to macro-scale fluid flow characteristics. For this
purpose, a new constitutive relationship within the frame-
work of Breakage Mechanics is developed and the particular
case of the Groningen gas field (Roels, 2001; Hol et al., 2015;
van Thienen-Visser and Fokker, 2017) is used to validate
the proposed model. Different modeling scenarios (e.g., elas-
tic and inelastic compaction, constant hydraulic conductivity,
and concurrent change of compressibility and hydraulic con-
ductivity) are simulated to illustrate the potential impact of
inelastic processes on reservoir compaction.

2 Constitutive modeling

2.1 Partially coupled breakage model

Breakage mechanics is a constitutive framework built within
the frame of continuum thermodynamics to study the in-
elastic deformation of granular solids subjected to changes
in grain size distribution due to particle crushing. Such ap-
proach requires the definition of a Helmholtz free energy 9,
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Figure 1. Simulations of the UPPD/M tests with two end-member porosities (test ID: ZRP-3A_18CV and ZRP-3A_39BV) and the medium
porosity (test ID ZRP-3A_99BV).

Table 1. Summary of model parameters typical in the Groningen gas field.

K [MPa] ν Mf qc [MPa] Ec [MPa] ω [◦] sB sf θ DH0 DHu K0 [m s−1]

8000 0.25 1.5 22 2.0 65 0.2 1.2 0.55 130 13 9.0× 10−7

which in case of linear elasticity can be expressed as:

9 = (1− θB)
[1

2
K
(
εe

v
)2
+

3
2
G
(
εe

q

)2]
,

θ = 1−

∫ dM
dm
pu (x)x2dx∫ dM

dm
p0 (x)x2dx

(1)

where εe
v and εe

q are the volumetric and deviatoric elastic
strain; B is the breakage index; K and G are the elastic bulk
and shear modulus; dm and dM are the minimum and maxi-
mum particle diameters; θ is a grading index associated with
the initial and ultimate grain size distribution (GSD), p0 (d)
and pu (d) (Einav, 2007a). Here, a Pearson distribution is
used to describe mathematically the grading characteristics
of a granular rock, eventually using experimental data to con-
strain the model parameters (Hol et al., 2018).

Generally, brittle granular materials present two coupled
dissipative mechanisms: plasticity and breakage. This work
simply assumes that coupling exists only in compression,
while the shear response is solely governed by frictional plas-
ticity:

δ8=

√(
δ8

p
v
∗
)2
+
(
δ8∗B

)2
+ δ8

p
q (2)

in which the individual terms are being factorized as δ8p
v
∗
=

sin−1 (ω)δ8p
v and δ8∗B = cos−1 (δ8B) (Einav, 2007b), and:

δ8
p
v = p

Ec

EB(1−B)2 δε
p
v, δ8

p
q = (Mfp+ q0)δεp

q,

δ8B =
Ec

(1−B)2 δB (3)

where EB is the breakage energy. Ec is the critical breakage
energy. p and q are the mean effective stress and deviatoric
stress. εp

v and εp
q are the volumetric and deviatoric plastic

strain. Mf = 6sinφ/ (3− sinφ), q0 = 6ccosφ/ (3− sinφ). c

is the cohesive shear strength and φ is the effective friction
angle. It leads to two separate yielding criteria, the compres-
sive breakage criterion fB and the frictional shear failure ff,
here expressed as (Einav, 2007a, b):

fB =
EB(1−B)2

Ec
− 1≤ 0, ff =

q

Mfp+ q0
− 1≤ 0 (4)

and it obeys the following flow rules (Das et al., 2011):

dεp
v = 23B

EB(1−B)2

pEc
sin2ω, dεp

q =3f
1

Mfp+ q0
,

dB = 23B
(1−B)2

Ec
cos2ω (5)

where 3B and 3f are non-negative plastic multipliers.

2.2 Simulation of cyclic depletion-inflation paths

Standard plasticity models are usually unable to replicate
plastic strains prior to the intersection of a yield surface
and neglect any inelastic deformation caused by loading-
unloading cycles taking place in the pre-yielding regime.
However, ample evidence has proved that plastic strains start
to accumulate much earlier than the classic yielding cap (van
Thienen-Visser and Fokker, 2017; Pijnenburg et al., 2018;
Hol et al., 2018). To circumevent this limitation, hypo-plastic
modeling techniques can be incorporated (Einav, 2012). This
choice implies the use of flow rules adjusted through multi-
plicative coefficients taking into account the distance of cur-
rent stress state from the yield surface:

dεp
v
∗
= (fB+ 1)sBdεp

v, dεp
q
∗
= (ff+ 1)sf dεp

q,

dB∗ = (fB+ 1)sBdB (6)

where sB and sf are the hypo-plastic model parameters for
breakage mechanics and frictional plasticity, respectively.
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Figure 2. Schematic description of model setup: (a) model geometry; (b) initial and boundary conditions.

Figure 3. Simulations of a single reservoir compaction during and after depletion: (a) time history of reservoir compaction; (b, c) 25-year
isocrones of the nodal pore pressure and displacement; (d) 25-year isocrones of hydraulic conductivity at gauss points.

2.3 Breakage permeability variation

Microfracturing (i.e., particle crushing and cement damage)
can have a dominant role on the diffusive processes responsi-
ble for macroscopic rock permeability (Zhang and Buscarn-
era, 2018). Here, the approach suggested by Esna Ashari
et al. (2018) is followed to model permeability changes
due to inelastic compaction. Specifically, an augmented
breakage-dependent Kozeny equation is used:

k

k0
=
Kr

K0
=

(
n

n0

)3(
DH

DH0

)2

,

1
DH
= (1−B)

1
DH0
+B

1
DHu

(7)

where n and n0 are the current and initial porosity; k and
k0 are the current and initial permeability; Kr and K0 are
the current and initial hydraulic conductivity resulting from
Kr = ρfgk/µf, where ρf and µf are the density and viscos-
ity of reservoir fluid, and g is the gravitational acceleration;
DH is the current harmonic mean grain size, with DH0 and
DHu being the values of DH corresponding to the initial and
ultimate GSD:

1
DH0
=

dM∫
dm

p0(x)
1
x

dx,
1
DHu
=

dM∫
dm

pu(x)
1
x

dx (8)

3 Example of application to the Groningen gas field

3.1 Model performance

In this work, data relative to the Groningen gas field were
used to validate the model performance (Roels, 2001). The
UPPD/M tests (multicycle Uniaxial-strain Pore Pressure De-
pletion tests) reported by Hol et al. (2018) are used to cali-
brate the model parameters. The UPPD/M samples were sub-
jected to three depletion stages (Stage #1: pw decreases from
35 to 25 MPa, Stage #2: from 25 to 15 MPa, and Stage #3:
from 15 to 1 MPa). Each of the stage was followed by 3
unloading-reloading cycles during which the magnitude of
the variation in pw was 5 MPa. The model formulation de-
scribed in the preceding sections postulates elastic behavior
during unloading and accumulation of permanent (plastic)
strain during loading cycles. Measurements available for the
different loading/unloading cycles were used to constrain the
model parameters summarized in Table 1. Figure 1 shows
the model performance for the UPPD/M tests characterized
by different values of porosity. Despite some differences be-
tween measurements and simulations, the model generally
displays a satisfactory performance for all the considered
cases.

3.2 Simulation of reservoir compaction

To numerically investigate the effects of material non-
linearity on the development of reservoir compaction, the
calibrated model is embedded into a 1-D coupled hydro-
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mechanical finite element (FE) solver (Sloan and Abbo,
1999). As schematically described in Fig. 2, a reservoir col-
umn with thickness of 250 m is subjected to a prescribed
basal depletion pb. Figure 2b illustrates the initial and bound-
ary conditions of the simulated reservoir. As shown, it in-
volves the fixed axial stress equal to 70 MPa and the ini-
tial radial stress equal to 57 MPa, which is typical across
the Groningen gas field. Based on the reported field history,
the basal depletion is imposed with an initial pore pressure
of 35 MPa and a depletion rate of 0.5 MPa yr−1. Figure 3a
compares the predicted time history of reservoir compaction
obtained with a breakage dependent hydraulic conductivity
to those obtained under constant hydraulic conductivity. The
two end-member values of hydraulic conductivity (i.e.,Kr =

2.0×10−7 andKr = 9.0×10−7 m s−1) in Fig. 3d are selected
for comparison. Figure 3b–d plots the 25-year isochrones of
pore pressure, displacement, and hydraulic conductivity dur-
ing and after basal depletion for the proposed model. The
simulations readily show that microstructural changes due to
particle crushing exacerbate hydro-mechanical couplings by
lowering the hydraulic conductivity. As a consequence, fluid
flow proceeds at a lower rate and the development of reser-
voir deformation is delayed. As shown in Fig. 3a, the com-
paction response with the evolving Kr is initially close to the
behavior of constant highKr, but as the occurrence of break-
age, it tends to approach the response obtained for the lowest
(constant) value of Kr.

4 Conclusion and discussion

Microstructure evolution caused by stress changes is a ma-
jor cause of the inelastic deformation and hydro-mechanical
coupling. In this paper, a constitutive law has been devel-
oped within the framework of Breakage Mechanics to link
the micro-scale and the macro-scale response of a compact-
ing rock, as well as to estimate the permeability variations
caused by breakage. A 1-D hydromechanical coupled FE
solver has been implemented to explore the impacts of mi-
crostructure evolution on reservoir compaction. Data relative
to the Groningen gas field have been used to illustrate the
model characteristics and test its performance. The model
has been calibrated and validated with reference to data for
rock cores subjected to the UPPD/M testing protocol. Finally,
numerical simulations characterized by both constant and
breakage-dependent hydraulic conductivity have been con-
ducted to emphasize the non-negligible impact of inelastic
effects. Such analyses show that inelastic processes at the
grain-scale can significantly decelerate the pore pressure dif-
fusive process, eventually manifesting as additional sources
of delayed reservoir compaction. The geomechanical models
discussed in this paper can be a springboard for further stud-
ies addressing the challenging problem of simulating field-
scale ground subsidence triggering by compaction, for exam-
ple by integrating near-field simulations with analytical solu-

tions (Geertsma, 1973; Mehrabian and Abousleiman, 2015)
or numerical modeling platforms (Lewis et al., 2003).

Data availability. The results of the laboratory tests used in this
paper are available from the Supplement to the work of Hol et al.
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Abstract. The Netherlands is subject to anthropogenically induced deep-source and shallow subsidence. Deep
sources are related to the extraction of hydrocarbons or salt mining activities, whereas shallow subsidence com-
prise compaction, shrinkage and oxidation of clay and peat under progressive lowering groundwater levels. At
TNO – Geological Survey of the Netherlands, deep-source and shallow subsidence are presently investigated
separately. Forward and inverse modelling techniques are generally deployed to forecast subsidence caused
by deep sources, whereas shallow subsidence is predicted using the high-resolution geological 3-D subsurface
model GeoTOP. A new approach is proposed which encompasses forward and inverse modelling techniques
and GeoTOP. Such combination will yield a powerful shallow subsidence forecasting model, which would be a
critical step forward in analyzing shallow subsidence in the Netherlands on a regional scale.

In the present contribution, we sketch the setup of this new approach that combines subsidence measurements,
GeoTOP subsurface data, and data assimilation of subsidence with the help of state-of-the-art forward and inverse
modelling techniques. The setup uses ensemble technology to catch uncertainties of parameters, different model
choices, and implicit correlations. With such a setup, forecasts can be faithfully accompanied with a quality
measure that enables to judge its relevance and confidence range.

1 Introduction

Anthropogenic subsidence processes in the Netherlands are
divided into deep and shallow sourced, which are both in the
order of up to 1 to 2 cm yr−1 (Van den Akker et al., 2008;
Van Thienen-Visser and Fokker, 2017). Deep-sourced sub-
sidence in the Netherlands is a result of the extraction of
hydrocarbons and salt mining activities. During gas extrac-
tion, reservoir pressure decreases leading to its compaction.
This reduction in volume at reservoir depth may induce sur-
face subsidence (Doornhof, 1992). Shallow subsidence in the
Netherlands is caused by the progressive lowering of ground-
water levels, which results in compaction, shrinkage and ox-
idation of shallow clay and peat layers (Fokker et al., 2019).
Besides anthropogenically induced subsidence, the Nether-
lands is also subjected to natural subsidence processes caused
by tectonics and glacio-isostatic adjustments (Fokker et al.,

2018). Tectonic subsidence is related to submergence of the
North Sea basin which commenced during the Early Miocene
(Zagwijn, 1989), whereas superimposed glacio-isostatic ad-
justments are in play since the Late Glacial Maximum (Vink
et al., 2007).

On a regional scale however, the Netherlands is most un-
der threat by shallow subsidence processes. These processes
increase flood risks during storm-surges and high river water
levels, damage infrastructures and houses, and cause saline
water intrusions. Therefore, shallow subsidence poses large
environmental and socioeconomic risks.

Prognoses indicate that the total costs related to shallow
subsidence in the Netherlands are ca. EUR 20 billion for
the period until 2050 (Van den Born et al., 2016). To limit
these costs, forecasting subsidence is of utmost importance
for policy makers, spatial planners and stakeholders. Such

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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predictions can be used to identify areas most prone to subsi-
dence and design mitigation strategies. Therefore, a model
that faithfully forecasts shallow subsidence on a regional
scale and constrains it using available data is of great value
for such decision making.

In the field of subsurface information, TNO – Geolog-
ical Survey of the Netherlands (TNO-GSN) has a unique
position in the Netherlands, because it manages an exhaus-
tive borehole dataset of the shallow subsurface, which is
available in the high-resolution geological subsurface model
GeoTOP. Furthermore, TNO-GSN has developed forward
modelling and subsidence inversion techniques to forecast
deep-source related subsidence. When combining the mul-
tiple expertise of TNO-GSN, a powerful novel approach can
be developed that would be a critical step forward in under-
standing and forecasting shallow subsidence in the Nether-
lands. In this contribution, a way forward modelling work-
flow for the shallow subsidence predictions is proposed. This
integrated workflow has been lacking so far in the Nether-
lands and even worldwide.

2 Deep subsidence: ESIP

TNO-GSN recently developed an integrated approach,
coined Ensemble-based Subsidence Interpretation and Pre-
diction (ESIP) to take advantage of prior knowledge in terms
of processes and subsurface parameters. In the context of
Bayesian probability “Ensemble” here implies building mul-
tiple realizations of the subsidence based on the possible
choices of processes and subsurface parameters. The objec-
tive is to carefully span the complete prior model space with
our ensemble of subsidence realizations. Later, during an in-
version step, the ensemble is confronted with the ground sur-
face displacement data to refine our predictions.

Salt mining activities and hydrocarbons production in the
Netherlands can both induce deformation (compaction) of
the subsurface, and in response to it the ground surface sub-
sides. Subsidence forecasting approaches are thus required
for assessing the consequences of reservoir production and
changes in it. However, the link between reservoir produc-
tion and subsidence is non-trivial. As an example, for some
gas fields in the Netherlands it has been observed that (i) a
delay exists between the start of production and the onset
of subsidence, (ii) the subsidence continued even after pro-
duction has stopped, and (iii) the relationship between pro-
duction and subsidence is non-linear (van Thienen-Visser et
al., 2015). Thus, large uncertainties in the subsurface pro-
cesses and related subsurface parameters imply that follow-
ing a deterministic forecasting approach is not appropriate.
Instead, and as in many scientific realms where uncertain-
ties are abundant like weather forecasting, a probabilistic
ensemble-based approach is an appropriate and fruitful way
forward (e.g. Jaynes, 2003; Evensen, 2003; Reggiani and
Weerts, 2008; Emerick and Reynolds, 2013).

It is worth noting here that ESIP can be used for subsi-
dence predictions to support mitigation strategies, but also
can be used as a probe of the reservoir activity at depth, and
ultimately to reduce uncertainties with respect to the reser-
voir behavior in time and space. Indeed, besides the subsi-
dence predictions, ESIP can be used to retrieve the driving
input parameters of the subsurface and reservoir, like reser-
voir porosity, fault behavior, and aquifer strength.

Ensemble-based approaches for inversion of surface sub-
sidence had already been developed in the past (see e.g. Baù
et al., 2015; Candela et al., 2016; Fokker et al., 2012, 2016).
However, these pioneering works were designed for specific
applications, where only few specific model parameters were
varied to build the prior ensemble of subsidence realiza-
tions. For example, Fokker et al. (2012) varied fault trans-
missibility only, because they were interested in detecting
reservoir compartmentalization. In another study, Fokker et
al. (2016) assumed a linear compaction model and only var-
ied the reservoir compaction coefficient and the subsurface
elastic moduli. Furthermore, Baù et al. (2015) focused on the
general reservoir and geomechanical parameters like pres-
sure drop, reservoir location and size, elastic parameters, and
compressibility. With ESIP, we can take into consideration
most (if not all) of the physical processes and parameters at-
tached to them for modelling subsidence due to reservoir gas
production.

3 Shallow subsidence: GeoTOP

The 3-D geological subsurface model GeoTOP has a
x, y, z resolution of 100 × 100 × 0.5 m and schematizes the
subsurface to a depth of 50 m b.m.s.l. (Fig. 1) (Stafleu et al.,
2011). Each voxel in the model contains most likely esti-
mates of the stratigraphical unit and the lithological class
(Fig. 1). At present, GeoTOP comprises 12 model areas. It
is based on ca. 455 000 coded borehole descriptions from the
national subsurface DINO database operated by TNO-GSN,
complemented with 125 000 borehole logs from Utrecht Uni-
versity. The six model areas in the southwest, west and north
of the country are characterized by a thick Holocene coastal
wedge that is underlain by a stack of Pleistocene sandy units.
The Holocene sequence includes thick occurrences of peat
and clay, which makes GeoTOP the de facto standard in pre-
dictive land subsidence studies (Van der Meulen et al., 2013).

Recent subsidence studies deploying GeoTOP focused on
past peat compaction (Koster et al., 2018a), peat oxidation
potential (Koster et al., 2018b), and scenarios of near future
subsidence in urbanized and agricultural peat areas (Koster
et al., 2018c). However, parameterizing peat and clay vox-
els on a regional scale with properties essential to forecast
compaction and oxidation under changing groundwater lev-
els remains challenging. For single site locations, progres-
sion was made by TNO-GSN by applying an inversion work-
flow to constrain and estimate clay and peat properties from
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Figure 1. GeoTOP illustration of the Netherlands (left) and an enlarged area around Amsterdam (right).

Figure 2. Overview of the main steps of the workflow for shallow subsidence forecast.

ca. 50 years of monitored subsidence (Fokker et al., 2019).
This approach is generally applied to deep-source subsidence
studies (see Sect. 2 of the present contribution), and engag-
ing it to unravel shallow subsidence sources was therefore an
innovative approach.

4 DINO database

TNO-GSN manages a national database for subsurface infor-
mation (DINO). This database contains borehole informa-
tion, geotechnical and geophysical soundings, and ground-
water monitoring data. This dataset comprises measurements

dating back to the late 19th century. For constraining ESIP
this information is essential, because groundwater level low-
ering resulting in volumetric loss of subsurface layers is re-
flected in the thickness reduction of documented thicknesses
of peat and clay layers in DINO (Vonhögen et al., 2010).

5 A way forward for spatial predictions of shallow
subsidence in the Netherlands

We propose to use the newly developed ESIP probabilistic
TNO-GSN workflow in the context of shallow subsidence
on a regional scale. More specifically, the probabilistic ESIP

proc-iahs.net/382/427/2020/ Proc. IAHS, 382, 427–431, 2020
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workflow combined with GeoTOP and present-day subsi-
dence measurements is essential to identify and quantify the
contribution of each subsidence process, and to support qual-
ity decisions in terms of future groundwater management.
The main steps of the proposed workflow are presented in
Fig. 2.

The first step consists of combining ESIP with GeoTOP
to produce subsidence forward models. This encompasses
populating GeoTOP voxels with estimates of peat and clay
parameters. These parameters are derived from samples that
have been collected during TNO-GSN’s nationwide mapping
campaign initiated in 2006. At present, this campaign yields
a few hundred of 30m continuous cores spread through-
out GeoTOP’s model areas. The cores have been intensively
sampled for mechanical, chemical, and hydrological analy-
sis. One can consider these first subsidence forward mod-
els as “blind predictions”, and most likely their predictive
power is limited due to a wide confidence interval. Up to
now we covered the first 3 boxes of the workflow in Fig. 2. It
is now required to cross-check these forward models against
the observed subsidence during the data assimilation step;
this corresponds to the box “inverse modelling/data assimi-
lation” in Fig. 2. After leveraging the information content of
the data, new refined subsidence predictions and their uncer-
tainty band can be generated (box “Subsidence predictions –
refined guess with uncertainty band” in Fig. 2).

The second step consists of using scenarios of groundwa-
ter level changes to forecast future subsidence with parame-
ters derived from the first step. Groundwater level informa-
tion can be retrieved from the DINO database (see Sect. 4).
Ultimately, the newly generated subsidence predictions can
help to optimize the groundwater management strategy on a
regional scale.

Data availability. The subsidence measurements will be selected
based on to be selected sub-areas of interest; the GeoTOP model can
be accessed via at https://www.dinoloket.nl/en (last access: Novem-
ber 2019) (TNO-GSN, 2019).
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Abstract. We report preliminary results of physical experiments of rupture occurrence and propagation as-
sociated with land subsidence driven by groundwater pumping and compare our analogue model results with
corresponding previously reported numerical results. In particular, we aim to test the development of tensile
stresses above a bedrock ridge that forms the base of an aquifer system. The experiment reproduces the main
deformation and ruptures observed in field cases and in the numerical analysis.

1 Introduction

The inception of ground fractures associated with land sub-
sidence in exploited aquifer systems is an increasing induced
hazard (Ye et al., 2019). Understanding of the mechanical
processes controlling the formation of ground fractures is
needed. Three common geologic configurations encountered
in aquifer systems prone to deform and fracture because of
extensive groundwater pumping have been recently studied
by using an advanced numerical model (Frigo et al., 2019).
The three cases correspond to (i) reactivation/displacement
of a pre-existing fault, (ii) differential compaction due to
variations in thickness of aquifer/aquitard layers constitut-
ing the aquifer system and (iii) the development of ten-
sile stresses above a bedrock ridge that forms the base of
the aquifer system. In particular, the last case is of inter-
est, since its conceptualization predicts the formation of ten-
sional fractures occurring at the surface in a position above
the ridge. Numerical simulations prescribe the rupture local-
ization in vertical a plane following a Mohr–Coulomb plas-
tic behaviour, within an otherwise linear elastic medium. To
achieve this goal, these authors first analyse the forces and
displacements of an initially continuum medium that indi-
cate the zones prone to fracture. Following this, the vertical
plane of rupture is localized and simulated by means of spe-
cial interface elements.

In this contribution we performed a physical experiment
of fracture generation to compare with numerical results and
evaluate the limits of physical model interpretation. In this
first analysis, we have reproduced and discussed the case of
tensile fracture above a bedrock ridge (case iii). Scale ana-
logue experiments of land subsidence are rare (e.g. Cerca
et al., 2015) but can help engineers to gain insight into the
dynamic evolution of aquifer systems through their exploita-
tion. Physical experiments are made with analogue materi-
als that behave mechanically similar to natural materials in
scale. Their similitude with the natural process is assessed
in terms of geometry, kinematics and dynamics (Hubbert,
1937). Reproduction of the initial conditions of the natural
prototypes, the choice of the materials, the deformation box
and the technique to build the model can also have an ef-
fect in the results. Comparison with numerical results may
be relevant if the evolution of the models is similar. Sensitiv-
ity to the frictional behaviour of the granular material used
allows for reproducing fractures and faults with geometrical
characteristics similar to those observed in natural examples.
The results can provide a general confirmation of the possible
ruptures developed in numerical models and natural cases.
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2 Experimental fracturing of aquifer systems

Physical experiments of aquifer systems were conducted in
the Laboratorio de Mecánica de Geosistemas of the Uni-
versidad Nacional Autónoma de México (UNAM). Mod-
els were built into a plexiglass box with dimensions of
20 × 20 × 10 cm. The box has a geometrical arrangement of
holes at the base, which are closed during the building of
the model. A relatively rigid tabular sponge 1 cm thick was
placed at the bottom of the box in order to prevent the gran-
ular material from filling the perforations. For the case pre-
sented here, plasticine was used to mould the geometry of
the buried rigid bedrock ridge that forms the base of the sed-
imentary aquifer system. Posteriorly, the box was half filled
with water. A fine-grain-sized and well-sorted, slightly co-
hesive granular medium (glass microbeads) was added until
reaching the water level. The microbeads were added loosely
using a sieve to maintain an initial high porosity. Subsidence
in the experiment is related to the loss of porosity caused
by changes in the effective stress produced by the drop of the
piezometric level during water extraction at the bottom of the
experimental box. Experiments are a simplification of the ac-
tual geological setting and thus have limitations: (1) the gran-
ular material is relatively homogeneous, contrasting with the
heterogeneity observed in natural systems; (2) the granular
material has had a frictional behaviour since the beginning
of the experiment; and (3) the water table is assumed to be
parallel to the surface of the lacustrine sediments at the be-
ginning of the process in the model.

Scaling is made following the procedure explained in
Cerca et al. (2015). The dimensionless scaling ratio is of
the order of 5.2 × 10−4. For simplicity we consider that the
differences in the effective stresses are related to the pore
pressure drop, which in turn is proportional to the change in
the phreatic level. The experimental time for the model was
about 2 min. Water extraction was induced by opening the
array of holes at the base of the plexiglass box. The defor-
mation at the surface is monitored by means of an optical
system allowing for the obtaining of a high-resolution digital
elevation model. Digital photographs are recorded at regular
intervals (1 s) from the lateral wall of the plexiglass box to
monitor the vertical displacements caused by water extrac-
tion.

The photographs obtained from the lateral wall were anal-
ysed using a digital image correlation (DIC) technique that
permits us to estimate the vertical component of the displace-
ment on a vertical section. DIC relies on the comparison of
two images of the lateral wall, which correspond to two dif-
ferent states of deformation (Barrientos et al., 2008). The
strain plane state between the reference and displaced im-
ages can be obtained by cross correlation. The images are
divided into sub-images, generally of the size 32 × 32 pix-
els, and these sub-images are then correlated. DIC was per-
formed using JPIV (https://www.jpiv.vennemann-online.de/

Figure 1. Sketch of the lab experimental setup (a) and photograph
of the setup at the start of the experiment (b).

index.html, last access: 18 March 2020), an open-source soft-
ware package for Particle Image Velocimetry (PIV).

3 Results and discussion

The hydromechanical analogue model presented here neces-
sarily simplifies the natural hydrogeological setting. In order
to keep the physical experiment simple, we have considered
the use of only two materials: a rigid basement and a satu-
rated granular material. In nature, heterogeneity of the sed-
imentary material can be of importance to the deformation
obtained. The force driving the deformation of the compress-
ible material is the pore pressure decrease. Noticeable effects
due to differences in water extraction rates were observed
but are not considered in the analysis. The main effect ob-
served was the formation of subsidence bowls formed above
the location of the basal holes. From the mechanical point of
view, wet microbeads form fractures and faults that follow a
Mohr–Coulomb behaviour with an angle of friction around
30◦ and negligible cohesion. The use of a Mohr–Coulomb
criterion to model ground fissures was proposed previously
by Budhu (2008). Lateral walls create a border effect that
limits the fracture propagation. Because of this boundary ef-
fect, DIC performed on the lateral wall might underestimate
displacement or create artefacts. This was the case for the
experiment showed here.

In spite of the above limitations, the experimental results
reproduce ground fractures whose trace in the surface is in-

Proc. IAHS, 382, 433–436, 2020 proc-iahs.net/382/433/2020/

https://www.jpiv.vennemann-online.de/index.html
https://www.jpiv.vennemann-online.de/index.html


M. Cerca et al.: Analogue model of ground ruptures due to groundwater pumping 435

Figure 2. Experimental results: (a) top-view photograph of the experiment showing the formation of fractures at the surface of the model
and (b) photograph of the lateral wall of the experiment with the displacements obtained with DIC.

fluenced by the presence of the ridge below. As observed in
natural cases, the geometry of the fractures resembles an ex-
tensional fault. The inclination of the fractures is of about
67◦.

Known cases of fractures formed above a ridge include
(Frigo et al., 2019):

a. Casa Grande, in the Picacho Basin, Arizona (Jachens
and Holzer, 1982), where using a geophysical survey,
these authors showed that ruptures in the alluvial de-
posits developed in correspondence with local bedrock
ridges after intensive groundwater extraction. In this
case, the differential deformation resulted in the forma-
tion of two faults with opposite inclinations at both sides
of the buried ridge, such as in our experimental results.

b. Wuxi in Jiangsu province, China (Ye et al., 2016,
2018), where ground fractures have a banded distri-
bution whose orientation is aligned with the bedrock
ridges buried by the Yangtze alluvial deposits. In this
case a band of fractures developed with normal fault
geometry predominantly dipping northwest. The geom-
etry of this fracture is probably controlled by the asym-
metric thickness of the compressible sediments between
the two sides of the ridge (larger at the western side; Ye
et al., 2018).

Overall our experiment shows that analogue models can
successfully simulate the results of previous finite element

numerical models and are qualitatively similar to those ob-
tained by Frigo et al. (2019). Dynamic scaling of the fric-
tional material is straightforward, but the geometrical simil-
itude is not completely achieved, since the angle of fracture
formation is prescribed as vertical in the numerical model.
However, similar to numerical models, water extraction from
the bottom of the box produced vertical displacements in the
granular material that increase away from the ridge sym-
metrically (Fig. 2). The displacements near the slopes of
the ridge decrease significantly because of the small thick-
ness of the compressible material. The experimental results
reproduce also some of the general observations made by
Budhu (2008), i.e. the surface of the experiment evolved
from (1) gentle bending to (2) rupture and (3) shearing. This
contribution shows the potentiality of physical experimen-
tation to describe land subsidence. The results are valuable
for validation of physical and numerical models related to
the analysis of the dynamic behaviour of deformation asso-
ciated with groundwater flow in the earth. Land subsidence
is a hazard in many exploited aquifers; thus the possibility to
foresee its behaviour in a more precise way is extremely im-
portant in order to elaborate more rigorous physical models
and improve the predictive capacity of the numerical simu-
lators. However, it still can be challenging to reproduce the
numerical setups because of the mechanical properties and
the friction developing along the box walls. Future work will
include variations of selected parameters such as compress-
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ibility of the materials, thickness of the compressible layers,
friction of the granular material and geometry of the buried
ridge.

Data availability. Data are not publicly available at the moment
for this preliminary experiment. They will be available once a com-
plete series of the experiments is finished.
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Abstract. Significant undeveloped brackish groundwater resources exist within the Coastal Lowlands Aquifer
System (Gulf Coast Aquifer System) near Houston, Texas, USA. As the development of these frontier resources
is imminent, an improved understanding of the impact development may have on the availability of the resource
and land subsidence is needed. In this region, land subsidence is caused by the depressurization of the aquifer
and compaction of the many clay lenses in the subsurface. The Gulf Coast Aquifer System in the study area
includes three primary water bearing units (from shallow to deep): the Chicot (Pleistocene and Pliocene) and
Evangeline (Pliocene and Miocene) aquifers, and the Jasper aquifer (Miocene). Although there has been much
research and data supporting the causal relation between water-level decline and subsidence in the areas of
fresh groundwater development, little data exists to inform on the potential subsidence impacts upon deeper
brackish groundwater development. Data were compiled, and multiple hydrologic parameters were utilized to
improve the understanding of the brackish resources within the study area. Geophysical logs were compiled and
analysed to refine the aquifer stratigraphy, determine the binary classification of sand and clay, and estimate
the groundwater salinity. These data were used to develop a MODFLOW groundwater flow model to estimate
the risk of compaction and land subsidence upon the development of brackish zones within the Jasper aquifer.
Compiled data detailing the total clay thickness, clay bed thickness, and clay bed location were input into the
model along with a hypothetical stress to predict compaction within the Jasper aquifer across the study area
while incorporating the observed heterogeneity in clay properties. Using the results from the model simulations
and two other risk performance measures (depth of burial and surface flood risk), the total subsidence normalized
risk score was estimated. The results of this study confirm the potential for compaction in the Jasper aquifer and
for land subsidence to occur upon development. Areas with the highest risk are located in the up-dip, inland
areas, near where the aquifer becomes fresh and is currently used for municipal supply. The results will inform
water managers and planners in the Houston area on the future availability of brackish groundwater resources.

1 Introduction

The Houston Region, which includes the City of Houston,
TX, USA and the surrounding communities is the 3rd largest
community in the United States. Due to prolonged and ex-
tensive groundwater development of the Gulf Coast Aquifer
system, widespread subsidence has resulted in the regulation
of groundwater use, and the conversion to alternative sources
of water that will not contribute to subsidence.

Treated surface water is currently (2019) the primary al-
ternative source water and accounts for the largest overall
source as a percentage of total water demand in the Hous-
ton Region. Currently the region sources surface water from
Brazos, San Jacinto, and Trinity River Basins in addition to
groundwater, and wastewater reuse. Other resources and wa-
ter management methodologies will be needed as population
in the region continues to increase. Brackish groundwater
is a potential alternative water supply that, along with other
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Figure 1. Compressibility as a function of depth for clay samples
collected near Houston, Texas, TX, USA (from Gabrysch and Bon-
net, 1974).

improved water development strategies, needs to be investi-
gated to assure water planners and officials that adequate wa-
ter supplies will be available for the region to support future
projected increases in municipal, and industrial water needs
while managing subsidence.

1.1 Hydrogeologic Investigation

The Coastal Lowlands Aquifer, locally referred to as The
Gulf Coast Aquifer System, in the study area has been the
primary water source for the region’s municipal, industrial,
and agricultural water supply. The Chicot, Evangeline, and
Jasper aquifers are the three primary water bearing units
of the aquifer system, with the Chicot being the shallowest
and the Jasper being the deepest. Brackish and saline re-
sources exist in each of the primary water bearing units of
the Gulf Coast Aquifer System, each composed of a complex
sequence of interbedded sands and clays. Extensive develop-
ment of these aquifers has resulted in the compaction of the
aquifer and measured land subsidence. Land subsidence can
contribute to infrastructure damage, coastal inundation, and
inland flooding.

The distribution of major sand and clay-rich sequences
within the aquifer system was determined to better under-
stand the relation between aquifer lithology, stratigraphy, and
salinity. Nine stratigraphic cross-sections were created based
on 209 geophysical logs to locally define aquifer stratigra-
phy. A total of 294 geophysical logs were used to inter-
pret aquifer lithology in a binary classification of sand and
clay. A total of 299 geophysical logs were used to estimate
groundwater salinity and determine locations where brack-
ish resources exist within the District. Brackish resources are
defined

for this study as those areas within the Gulf Coast aquifer
that have total dissolved solid concentrations between about
1000 and 3000 mg L−1. The nine cross sections developed
during this preliminary investigation include aquifer struc-

Figure 2. Simulated compaction as a function of depth after
10 years of production for the three sensitivity cases (see Table 1).

ture boundaries, aquifer lithology and water salinity classifi-
cation (Young et al., 2018).

Compaction and resulting subsidence in the Gulf Coast
aquifer in the study area is caused by the reduction of the
pore pressure in the clay beds because of groundwater pump-
ing. When water-levels decline because of groundwater with-
drawal, the pressure within the aquifers decline decreasing
the pore pressure within the numerous clay lenses resulting in
compaction. There has been extensive research in the Hous-
ton region on the potential for compaction of the Chicot and
Evangeline aquifers (Gabrysch and Bonnet, 1974, 1976a;
Kasmarek, 2012). As such, this effort focuses on frontier sec-
tions of the Jasper, that have never been developed, to deter-
mine the subsidence risk associated with potential future de-
velopment of these brackish resources. The vertical hydraulic
conductivity of the clay lenses and the inelastic clay specific
storage of the Jasper were interpreted from geophysical logs
and historical research. Both properties are strongly corre-
lated with depth of burial, with the potential for compaction
decreasing with greater burial depths (Fig. 2).

2 Modeling

A numerical groundwater flow model was developed to esti-
mate compaction in the Jasper Aquifer in the study area from
a hypothetical brackish groundwater development project.
The numerical model was developed using the United States
Geological Survey code MODFLOW (Harbaugh et al.,
2000). This model simulated subsidence with the MOD-
FLOW SUB package (Hoffman et al., 2003) which is the
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Table 1. Summary of direction of parameter variation for Jasper
Compaction Model sensitivity analysis.

Scenario Vertical Hydraulic Inelastic Drawdown at
Conductivity Storativity Preconsolidation

Stress

Low Impact Low Low High
Base Average Average Average
High Impact High High Low

same package utilized in the most recent regional MOD-
FLOW model published in the region (Kasmarek, 2012). The
model developed for this study is called the Jasper Com-
paction Model (JCM).

The JCM accounts for the variability in clay properties and
parameters controlling compaction which are correlated to
aquifer depth of burial across the study area. Clay bed loca-
tion and properties were determined by the nearest analysed
geophysical log. Because the analysis desires to estimate risk
within the brackish Jasper Aquifer, the model must simu-
late compaction over a large study area. The model is com-
posed of one-mile square cells. To make the analysis practi-
cable, brackish projects were simulated at the central cell of
regions approximately 23 km2 in area. This resulted in 117
modelled brackish projects which provided adequate cover-
age both spatially and with depth. Each hypothetical project
was represented in the model as a head-controlled bound-
ary assumed to have an equal drawdown of approximately
150 m. The use of a constant drawdown versus a constant
rate boundary normalized the compaction results.

Due to the uncertainty in the model parameters used in the
JCM, a sensitivity analysis was performed to better under-
stand the influence of model parameters on the results Three
assemblages of model parameters were used grouped in a low
impact, base (average), and high impact scenarios (Table 1).

Figure 2 plots compaction versus depth for the three sen-
sitivity cases. The analysis shows that generally, for all sce-
narios, as depth exceeds about 1200 m, there is little change
in model results as depth increases. Above about 600 m of
depth, compaction rates for the base scenario are similar to
typical observed rates of subsidence in the Houston region.
While not the focus of this study, it is clear from a review
of Fig. 2, that areas where the developed resources is within
about 600 m of land surface in the Jasper aquifer (typically
fresh water in the Houston Area), the risk of compaction in
the aquifer materials is relatively high.

3 Jasper Brackish Resources Risk Assessment

The approach used to develop a relative risk map for sub-
sidence from development of the brackish Jasper Aquifer is
based upon Multi-Attribute Utility Theory. Utility theory is
a tool widely used by decision analysts for converting their
preferences, expressed in monetary terms or other relevant

Figure 3. Total subsidence normalized risk score in the Jasper
aquifer, Gulf Coast Aquifer system, near Houston, TX, USA.

performance measures, into a normalized scale to facilitate
comparison of options (Clemen, 1986). In this case, an option
is the relative risk of subsidence from pumping the brackish
Jasper Aquifer at a given location in the study area. Perfor-
mance measures are selected that inform risk of subsidence.
One obvious performance measure is the amount of com-
paction in the Jasper Aquifer predicted by the JCM (Fig. 3).
Other performance measures include: land subsidence, and
the consequence from subsidence.

The land subsidence risk category intends to account for
differences between the total compaction at depth and the to-
tal amount of subsidence observed at land surface. Research
by Geertsma (1973) and Du and Olsen (2001) show that, for
a given radius of compaction, the percentage of total com-
paction at depth that equals subsidence at land surface de-
creases as the depth of the compacting radius decreases. This
performance measure assumes there is a correlation between
the risk of subsidence occurring at land surface and the depth
at which groundwater production (compaction) occurs. Con-
sistent with the literature, the deeper the depth of burial, the
lower the risk of subsidence at land surface for a given radius
of compaction at depth.

A third performance measure was considered based upon
the fact that the consequence of subsidence can vary by lo-
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cation. For the consequence performance measure, we used
flood risk. The 100-year flood plain as determined by the
U.S. Federal Emergency Management Agency was used to
determine those areas most at risk from subsidence contribut-
ing to flooding. In our analysis, this performance measure
was binary based upon being within or outside the flood
plain. The risk grid was coincident with the MODFLOW grid
and all three performance measures were normalized and ei-
ther upscaled or downscaled to the risk grid.

A combined Total Subsidence Normalized Risk Score
(TSNRS) was calculated based on the performance measures
throughout the model on a one-mile risk grid.

Each normalized performance measure was weighted
based on its overall contribution to risk. The Jasper Com-
paction Normalized Risk score accounts for 50 % of the
TSNRS with the depth of development Normalized Score ac-
counting for 40 % of the TNRS. The consequence parameter
accounts for 10 % of the TSNRS due to the generally flat to-
pography in the region and the assumption that any amount
of appreciable subsidence over a 50-year period will have a
consequence.

The TSNRS ranges from zero to 1.0 with 1.0 being the
maximum relative risk of subsidence and zero being the min-
imum relative risk of subsidence. Figure 3 plots the TSNRS
across the entire brackish Jasper Aquifer study area. Re-
sults of the assessment generally indicate that development
of groundwater in the shallower areas of the Jasper aquifer is
at a higher risk of causing subsidence. Areas of high risk in-
clude southern Waller County, Northern Harris County, and
Southern Montgomery County.

4 Conclusions

Alternative water management strategies and the develop-
ment of frontier resources, such as deep brackish waters, may
be needed in the future as water demands increase and treated
surface water resource become ultimately prescribed. This
study determined that although the Japer aquifer, within the
Gulf Coast Aquifer system, is the deepest of the freshwa-
ter aquifers it is compactable and could contribute to land
subsidence similarly to the shallower aquifers. Data were de-
veloped to parameterize the simulation of compaction in the
jasper aquifer and corresponding land subsidence. Numeri-
cal Model results show that at depths less than about 600 m
below land surface, compaction rates are similar to shallower
systems, and that as depth of development increases, param-
eter sensitivity decreases. The risk assessment produced in
this study will inform future regulatory policies that may al-
low for the reasonable exploration of these frontier resources
while more data is collected to better refine our understand-
ing of the potential contribution to subsidence caused by their
development.
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Abstract. This study examines how cone penetration test (CPT) parameters, such as cone tip resistance and
friction sleeve resistance, can be used to assess the compressibility of fine-grained soils across the Netherlands
based on a database of 286 paired CPTs and oedometer tests from across the country. This is done with the
aim of refining and simplifying the parameterisation of the Koppejan consolidation coefficients, a procedure
which can yield significant error and is prone to misinterpretation. It was found that there is significant potential
in using gradient boosting methods to obtain a relationship between the CPT parameters and the Koppejan
parameters, with further investigation required into the noise within the dataset and the acquisition of additional
high-quality samples. The use of such methods will offer a means of reducing the influence of human error or
misinterpretation on the prediction of settlement and provide further confidence in the use of machine learning
methods in engineering practice.

1 Introduction

Appropriately assessing the consolidation of soil under ap-
plied loads has long been a challenge for geotechnical engi-
neers. In the case of the Netherlands, soft clays and organic
soils dominate the subsurface and the heterogeneity and high
compressibility of these materials has resulted in a signifi-
cant margin of error being associated with settlement calcu-
lations, in the range of ± 30 % for Dutch practice (CROW,
2004). This is exacerbated by the effect of human subjec-
tivity on the parameterisation of variables associated with
settlement prediction models, a process which is highly de-
pendent on the experience and interpretation of the engineer.
Furthermore, given the sporadic and random nature of soil
sampling and the sample disturbance that may also result,
there is also a need to correlate these variables to continuous,
in situ tests in order to obtain a more representative parameter
for a soil layer. The cone penetration test (CPT) is an exam-
ple of such a test and involves penetrating the ground with
an instrumented steel cone and rod, measuring the cone tip
resistance qc and friction sleeve resistance fs as it penetrates

through the ground. It is used almost ubiquitously through-
out the Netherlands and many other countries worldwide due
to the many correlations its parameters have with basic soil
properties along with its ability to delineate soil stratigraphy
to a high resolution.

Of the settlement prediction models in the Netherlands,
the Koppejan model (Koppejan, 1948) is the most prevalent,
largely due to its simplicity and cost effectiveness in com-
parison to the more advanced models such as the a, b, c iso-
tache model (Den Haan, 1992, 1994) or the NEN-Bjerrum
model (Bjerrum, 1967). The model has also been extensively
implemented in Dutch geotechnical practice and thus, many
Dutch engineers have a high competence with the model. The
model is based on a combination of the logarithmic compres-
sion law proposed by Terzaghi (1925) and the creep law pro-
posed by Buisman (1936). The Koppejan parameters can be
obtained directly from incremental loading oedometer tests,
a procedure which assesses the one-dimensional consolida-
tion of a small soil specimen through the application of in-
creasing vertical loads over time on top of the specimen.
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Figure 1. Borehole–CPT pairings across the Netherlands
(©OpenStreetMap contributors YEAR. Distributed under a Cre-
ative Commons BY-SA License, see https://www.openstreetmap.
org/copyright, last access: 29 August 2019).

Hence, this study aims to explore the relationship between
the CPT and the Koppejan compressibility parameters using
both simple linear regression and machine learning, based
on a database of fine-grained clay soils obtained from sites
across the Netherlands.

2 Data source

2.1 Geology of the Netherlands

The Netherlands is situated in a delta formed by the Rhine,
Maas and Schelde rivers with much of the country being
flat and altered anthropogenically, evident from its canalised
streams, polders and dikes protecting the coastline and inland
regions. Most of the country is dominated by Quartenary de-
posits, with the western half of the country immediately un-
derlain by a very soft Holocene layer and the east by a firm
sandy Pleistocene layer (Maljers et al., 2015). In the context
of engineering applications, the western Holocene layer is
particularly troublesome due to its high compressibility, with
structures generally requiring long piles extending down to-
wards the Pleistocene layer below (Houkes, 2016).

Figure 2. Plot of the Koppejan C′ values against the corresponding
cone resistance qc, indicating the lack of a distinct visual relation-
ship.

2.2 Data description

The data originates primarily from road and rail projects ex-
ecuted by Fugro throughout the Netherlands between 2008
and 2018 (see Fig. 1). For each location, sampling boreholes
were automatically paired with CPT locations less than 25 m
away, with the closest CPT location chosen where applica-
ble. Given the size of the dataset, an individual geological
assessment of each site was deemed infeasible and hence, a
Python algorithm was developed for the oedometer–CPT test
pairing process (Duffy, 2019).

In total, 286 oedometer–CPT pairs were used for the anal-
ysis, with the Koppejan’s general constant of compressibility
at stresses greater than the preconsolidation pressure C, the
CPT cone resistance qc and the friction sleeve resistance fs
brought forward for further analysis.

3 Linear regression analysis

A direct visual relationship between C and the CPT param-
eters was not evident, with simple linear and multiple linear
regression models affirming the lack of correlation, an exam-
ple of which is shown in Fig. 2.

Based on the correlation devised by Buisman and
Huizinga (1944) shown in Eq. (1), an assessment was made
of the relationship between C′, qc and the in situ vertical
effective stress parameter σ0

′ which describes the vertical
stress transmitted between soil particles at a certain depth
as a result of the weight of soil above that same depth. In
obtaining σ0

′, the saturated unit weight correlation for Dutch
soils derived by Lengkeek et al. (2018) was used, assuming
a water table of one metre throughout.

C′ =
αmqc

σ0′
, (1)
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Table 1. Results of the project by project analysis.

Project αm r2 RMSE

Leeuwarden 1 −0.51 11.75
Amsterdam 1 0.43 4.38
Arnhem I 1.5 0.46 11.90
Geldermalsen 2 0.65 9.90
Groningen 1.5 0.73 4.19
Rotterdam 1.5 −0.05 2.80
Leiden 1 0.38 9.26
Arnhem II 1 0.50 7.14
Enschede 2 0.56 5.41

where αm is the constrained modulus cone factor.
The results of this localised assessment are shown in Ta-

ble 1. Results of this study have been quantified using both
the root mean square error (RMSE) and the coefficient of de-
termination (r2), a coefficient which expresses the proportion
of variance explained by the statistical model and is given in
its generalised form in Eq. (2):

r2
= 1−

SSres

SStot
(2)

where SSres is the sum of squares of the residuals and SStot
is the total sum of squares.

Indeed, although r2 is the square of the correlation coeffi-
cient r in the case of simple linear regression, it may also be
negative in other statistical models, indicating that the mean
of the data provides a better fit to the outcome than the fitted
statistical model itself.

For the most part, the correlation performs relatively well.
The choice of an αm coefficient can also be supported by
look-up tables such as that by Mitchell and Gardner (1975)
which uses the soil plasticity, water content and primary de-
scription. However, in the case of a single engineering project
where CPT and laboratory data is significantly more limited,
obtaining a robust αm value may prove to be relatively chal-
lenging. Hence it would be optimal if a more universal cor-
relation for the Netherlands could be found.

4 Machine learning

In order to explore more complex non-linear patterns in the
dataset, machine learning methods have been explored, in-
cluding artificial neural networks, gradient boosting and XG-
Boost. A preliminary assessment found that gradient boost-
ing produced the strongest results (Duffy, 2019).

4.1 Decision trees and gradient boosting

At an elementary level, decision trees are akin to a flow chart
in that each “node” represents a variable, each “branch” rep-
resents a decision and each “leaf” represents an outcome. It

Figure 3. Example of a basic decision tree.

can be used effectively for classification and regression pur-
poses, with an example of a simple decision tree shown in
Fig. 3.

In the process of creating a decision tree, the algorithm
partitions the dataset into subsets of variables of similar mag-
nitudes, ascertaining the effectiveness of potential splits as it
moves through the tree. In other words, the tree assesses the
improvement in model score (or reduction in error) caused
by creating the split. The algorithm converges when it can no
longer gain further information through the creation of more
splits or when it reaches a pre-specified limit imposed on the
model, known as the model’s “hyperparameters”. An exam-
ple of a hyperparameter may include the number of levels in
the tree or the minimum number of samples required in a leaf
node.

Boosting methods are an extension of the basic decision
tree algorithm whereby the algorithm uses a combination of
trees, with each new tree learning from the mistakes of pre-
vious trees. In this way, the model constantly aims to remove
or reduce any pattern that may be preeminent in the residuals
or the error. This is a core principle of the gradient boosting
algorithm (Friedman, 2001).

4.2 Input parameters

In order to produce a result that is reliable and not a product
of overfitting, 80 % of the data was randomly designated as
training data, with the remaining 20 % being designated as
unseen testing data. This split was chosen in order to retain a
sufficient amount of testing data so a more robust and reliable
result could be produced.

The input parameters chosen were qc, the ratio between
fs and qc (also known as the friction ratio Rf) and σ0

′, with
Rf chosen in lieu of fs so that the possibility of any inter-
pretability issues associated with the collinearity between qc
and fs was avoided. C′ was used as the output parameter.

proc-iahs.net/382/443/2020/ Proc. IAHS, 382, 443–447, 2020
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Figure 4. Learning curves for the gradient boosting model.

The gradient boosting model used as part of this study was
implemented using the MLPRegressor class of the scikit-
learn toolbox version 0.20.3 (Pedregosa et al., 2011), with
5-fold cross-validation used for hyperparameter tuning.

4.3 Results

The model produced an r2 score of 0.73 and 0.37 for the
training and testing sets respectively, with 5-fold cross vali-
dation returning a mean score of 0.36 with standard deviation
of 0.115. In the context of geotechnical engineering, this can
be described as a “medium to strong correlation” as per the
guidelines set out by Jakobsen (2014).

This model also returned feature importances of 0.34, 0.13
and 0.53 for qc, Rf and σ0

′ respectively. These scores high-
light the role each variable plays in the calculation of the
C′, with qc and σ0

′ being the more dominant features in de-
termining the model output, perhaps largely due to the rela-
tive inaccuracy associated with friction sleeve measurements
(Lunne et al., 1997).

Notwithstanding, Fig. 4 shows that both the training and
testing curves fail to converge together at higher sample
sizes. This is indicative of variance within the model, a prob-
lem that may be resolved by increasing the number of sam-
ples and thus allowing the learning curves to converge more
closely, redolent of a well-fitted model.

Furthermore, as illustrated by Fig. 5, there is significant
fluctuation in the r2 score as the random state of the model
is changed. In other words, if different training and testing
sets are taken and if the model learns slightly differently
compared to its last execution, the model score changes sig-
nificantly. Based on a collective assessment of one hundred
different random states, the median and maximum r2 scores
obtained were 0.33 and 0.68 respectively. It is surmised that
this instability is indicative of the variability and noise within
the dataset, consequently leading to the presence of many lo-
cal minima as the algorithms undergo gradient descent along
the objective function. As a result of this, the model may be

Figure 5. Histogram of results for the random state analysis.

particularly prone to converging within these local minima,
resulting in the dispersion of results as the random state is
changed.

Consequently, it is recommended that further high-quality
samples are sourced for the continued development of such
an algorithm in order to yield a more complete convergence
of the learning curves and to investigate the effect of the
change of random state on the r2 score. Further develop-
ment is also required into the automated process of pairing
the CPTs to the oedometer tests, with a manual assessment
taken where appropriate.

5 Conclusions

A major challenge in the geotechnical engineering industry
is reducing the significant amount of error associated with
settlement calculations. This research has aimed to minimise
the error associated with settlement prediction models by re-
fining the parameterisation process and reducing their sub-
jectivity by implementing a gradient boosting model, return-
ing the appropriate Koppejan parameter based on an input of
solely CPT data.

The model produced has indicated that there is some
promise in using such a method in developing a universal
correlation for fine-grained soils in the Netherlands and is
readily extendible to other settlement prediction models upon
the provision of appropriate data. However, it is apparent that
further high-quality samples are required in order to produce
a more robust and stable model.

Nonetheless, the results show that machine learning meth-
ods offer a means of discovering patterns in data which sim-
pler regression methods are unable to discover and with the
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refinement of the CPT data, more accurate models can be
developed.
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Abstract. The numerical prediction of land subsidence above producing reservoirs can be affected by a number
of uncertainties, related for instance to the deep rock constitutive behavior, geomechanical properties, bound-
ary and forcing conditions, etc. The quality and the amount of the available observations can help reduce such
uncertainties by constraining the numerical model outcome and providing more reliable estimates of the un-
known governing parameters. In this work, we address the numerical simulation of land subsidence above a
producing hydrocarbon field in the Northern Adriatic, Italy, by integrating the available monitoring data in the
computational model with the aid of Data Assimilation strategies. A preliminary model diagnostic analysis, i.e.
the χ2-test, allows for identifying the most appropriate forecast ensemble. Then, a Bayesian approach, i.e. the
Red Flag technique, and a smoother formulation, i.e. the Ensemble Smoother, provide a significant reduction
of the prior uncertainties. The experiment developed on a real-world gas field confirms that the integration of
monitoring observations with classical geomechanical models is a valuable approach to improve the reliability of
land subsidence predictions and to exploit in a systematic way the increasing amount of available measurement
records.

1 Introduction

The numerical prediction of land subsidence above produc-
ing reservoirs can be affected by a number of uncertainties,
related for instance to the definition of the constitutive law
that describes the behavior of the porous medium, geome-
chanical properties, boundary and forcing conditions, etc.
These uncertainties involve in the lack of quality and reli-
ability of the land subsidence prediction. The accuracy and
the amount of the available monitoring data, such as surface
displacements recorded by GPS stations, can greatly help re-
duce such uncertainties, by constraining the computational
model, solving approximately the inverse problem and pro-
viding more reliable estimates of the uncertain governing pa-
rameters.

A novel efficient workflow that combines Data Assimi-
lation (DA) techniques and geomechanical model has been
proposed in a recent work by Gazzola et al. (2019) and im-
proved in Gazzola et al. (2020) with an application to a syn-
thetic test case. The methodology starts from the genera-
tion of a set of ensembles of Monte Carlo realizations in
order to consider uncertainties associated, for example, to
the choice of the constitutive law that describes the porous
medium behavior and the values of the geomechanical pa-
rameters. Then, the procedure includes a three-steps work-
flow: (i) a first diagnostic of the ensemble, i.e. the χ2-test,
based on the mismatch between the available measurements
and the model outcomes, which allows for identifying the
most appropriate constitutive law and focusing on one en-
semble only; (ii) a Bayesian approach, i.e. the Red Flag (RF)
technique, which provides the probability of occurrence of
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every Monte Carlo realization, and (iii) an ensemble-based
DA technique, i.e. the Ensemble Smoother (ES), that updates
the model state and parameters, providing a significant re-
duction of the prior uncertainties on the governing geome-
chanical parameters, allowing for the quantification and re-
duction of the expected interval for the predicted ground set-
tlement.

The aim of this methodology is to improve the prediction
of land subsidence, avoiding deterministic outcomes that are
not realistic. The available measurements train the model in
order to improve its accuracy and reliability as new informa-
tion comes in. This procedure has been applied to a synthetic
but realistic test case, resulting in encouraging quantification
and reduction of uncertainties (Gazzola et al., 2020).

In this work, we address the numerical simulation of land
subsidence above a real-world producing hydrocarbon field
in the Northern Adriatic basin, Italy. Available data consist
of GPS records for eleven years. A state-of-the-art Finite El-
ement geomechanical model of the multi-pay layered reser-
voir is implemented, with a one-way coupled approach used
to simulate the production program. Three ensembles of the
expected land subsidence are generated by using a Modified
Cam-Clay (MCC) and a visco-elasto-plastic (VEP) constitu-
tive laws with different set of parameter values.

This methodology provides a significant reduction of the
prior uncertainty on the governing geomechanical parame-
ters, which allows to quantify and reduce as well the expected
interval for the predicted ground settlement.

The paper is organized as follows. First, a brief description
of the methodological approach is provided, then the produc-
ing hydrocarbon field and the outcomes of every step of the
analyzed workflow are presented and discussed. A final sec-
tion summarizes the conclusions.

2 Methodological approach

The aim of the methodological approach originally proposed
by Gazzola et al. (2019) is to train the numerical model
through the available measurements in order to quantify and
reduce the uncertainties that unavoidably affect the model
outcome.

The starting point of this methodology is to propagate such
input uncertainties to the output of the geomechanical model,
i.e. the land subsidence prediction, by the generation of a
group of forecast ensembles of Monte Carlo realizations that
consider, for example, different possible constitutive laws to
describe the deep rock behavior and variability ranges for
the main mechanical parameters. In fact, at the beginning of
a land subsidence study, typically a few pieces of informa-
tion only are available to characterize the porous medium be-
havior. Displacement records are collected when the pressure
program starts and then used with different DA techniques in
order to train the model and make the predictions more accu-
rate and reliable.

First, a diagnostic of the ensembles, i.e. the χ2-test, is sug-
gested. This procedure allows for a preliminary validation of
the ensemble based on the mismatch between the model out-
comes and the available measurements that, for linear prob-
lems, follows a χ2 distribution with degrees of freedom equal
to the number of measurements (Tarantola, 2005). The χ2-
test, as already used in Chen and Oliver (2013), Fokker et al.
(2016) and Oliver and Alfonzo (2018), provides here an in-
dication of the most suitable ensemble for the successive and
more expensive DA steps of the procedure.

The second step of the workflow is the RF approach, as
originally proposed by Nepveu et al. (2010). It is a Bayesian
approach that combines the likelihood of the measurements
with the prior information in order to compute the probability
of every realization of the ensemble. This allows for a cheap
and fast analysis of the forecast ensemble, since the inverse
problem is not solved.

The last step consists in a smoother formulation, i.e. the
ES technique. The ES is an ensemble-based technique orig-
inally developed by Van Leeuwen and Evensen (1996). It is
a non-sequential DA algorithm that updates both model pa-
rameters and state variables by combining prior information,
measurements, and the solution of the forward model. For
the following application, the ES implementation described
in Evensen (2003) has been used. When the probability dis-
tribution of uncertain parameters is Gaussian, outcomes of
ES are optimal (Van Leeuwen and Evensen, 1996). There are
many subsidence applications of the ES technique, some re-
cent examples are Baù et al. (2016), Fokker et al. (2016) and
Zoccarato et al. (2018). Here, to evaluate the outcomes, one
performance index, i.e. the average ensemble spread AES
(Hendricks Franssen and Kinzelbach, 2008), and its varia-
tion J from the forecast to the update ensemble have been
taken into consideration, as in Zoccarato et al. (2016). The
AES index defines the spread of the distribution with respect
to its mean, hence it identifies the confidence in the predicted
values. Generally, when the AES associated to the update en-
semble decreases with respect to the corresponding index for
the forecast ensemble, i.e. J has a positive value, results of
the assimilation are satisfactory.

3 Case study

3.1 The hydrocarbon reservoir geomechanical model

The methodology described in Sect. 2 has been applied to
a real reservoir model to evaluate the robustness and effi-
ciency of the proposed approach. An off-shore multi-pay lay-
ered hydrocarbon reservoir buried in the Northern Adriatic
basin, Italy, has been taken into consideration. The depth of
the reservoir is between 2700 and 2850 m below mean sea
level. The geomechanical model domain covers an area of
about 60km× 66km and extends down to 7 km below the
land surface. The volume has been discretized into a 3D fi-
nite element mesh composed of 712 811 nodes and 685 440
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hexahedra. Three main constitutive laws have been used to
describe the possible behavior of the porous medium: linear-
elastic, MCC and VEP. The first one has been associated to
the overburden, underburden and sideburden layers because
they are not affected by significant stress changes due to the
mining activities (Ferronato et al., 2010; Teatini et al., 2010).
To generate the ensembles, the aquifer and the reservoir have
been characterized by two different non-linear models, that
are both representative of the possible behavior of a deep
porous volume subject to pressure variations (Spiezia et al.,
2017; Isotton et al., 2019). In particular, an elasto-plastic
rate-independent model, namely the MCC (De Souza Neto
et al., 2008), and a VEP rate-dependent based on Vermeer-
Neher theory (Vermeer and Neher, 1999) have been used.
A unitary Biot coefficient and a Poisson coefficient equal to
0.30 have been prescribed for the entire domain, while the
vertical compressibility cm changes with the effective ver-
tical stress σz, following the law developed by Baù et al.
(2002) and Ferronato et al. (2013) for the Northern Adriatic
basin, Italy:

c
I cycle
m = 1.0044× 10−2

· σ−1.1347
z

c
II cycle
m = 2.9087× 10−4

· σ−0.4315
z

where cm and σz are in [MPa−1] and [MPa], respectively.
Land subsidence has been predicted through a one-way

coupled approach with the pore pressure values in time and
space considered as a deterministic sources of strength and
imposed on the reservoir and aquifer nodes. In fact, uncer-
tainties on the flow field are negligible if compared with
those on mechanical parameters due to the large amount of
available information for the history matching of the reser-
voir model. Moreover, for the time and scales of interest, this
simplified approach is generally acceptable (Gambolati et al.,
2000) and particularly justified for gas reservoirs, where the
coupling effects are usually weak.

The numerical simulations last for 40 years, including a
first production period of about 7 years followed by a 4-years
recovery step before the forecast phase of about 29 years.

On the lateral and the bottom boundaries, homogeneous
boundary conditions have been prescribed, while the top of
the domain, which represents the land surface, is modeled as
a traction-free boundary.

3.2 Ensemble Generation and Model Diagnostic

The generation of the ensembles has been done by running
the geomechanical model with a set of statistical distributions
of the input parameters. Three ensembles, each composed of
50 realizations, have been created by using the MCC and the
VEP constitutive laws with different set of parameter val-
ues. In particular, we consider uncertain the modified com-
pression index λ∗, i.e. the slope of the normal consolidation
line in the plot of volumetric strain vs axial stress in natural
logarithmic scale (Nguyen et al., 2017). The methodological

approach used in the present work is actually conceived for
the characterization of more than one uncertain geomechan-
ical parameter. Here, for the sake of simplicity, we focus the
analysis on one parameter only, which appears to be the most
significant parameter for a hydrocarbon production program
(Gazzola et al., 2019). For more details on the application
of this approach for more than one uncertain parameter, see
Gazzola et al. (2020).

The first two ensembles of vertical displacements uz have
been obtained by using the following Gaussian distribution
of λ∗:

ln(λ∗)∼N (µ;ς )

with mean µ equal to −4.3450 and standard deviation ς
equal to 0.6659. These parameters are chosen according to
the variability range of cm typical of the Northern Adriatic
basin, Italy, for a 95 % confidence interval (Baù et al., 2002),
for both the MCC and VEP constitutive laws. The resulting
forecast ensembles are shown in Fig. 1. Grey lines in Figs. 1
and 3 refer to the relative subsidence values in time normal-
ized with respect to the last GPS record available.

To train the model, a set of displacement measurements
recorded by a GPS station is available. In particular, the GPS
measurements recorded at the times when pressure records
are available are used for the assimilation.

For the application of the DA techniques, the covariance
matrix of measurement error has to be computed. We con-
sider a diagonal matrix with a standard deviation equal to
5 mm that accounts for the accuracy of both the GPS station
and the mathematical model used to reproduce the observed
processes.

First, a diagnostic of the forecast ensembles has been car-
ried out. The outcome of the χ2-test is shown in Table 1,
where the values are computed as a mean of the χ2 of every
realization of the ensemble and then scaled by the number
of measurements. Generally, the better is an ensemble, the
closer to one is the relative χ2 value. Despite of this, values
of χ2 smaller than one should be avoided because they de-
note a variance associated to the measurements larger than
the ensemble variance and consequently the DA approaches
cannot improve the forecast ensemble. The ensembles gener-
ated with the previous probability distribution present large
χ2. The time behavior of the relative uz computed with the
forward model and the MCC constitutive law (Fig. 1a) has a
trend significantly different from that characterizing the mea-
surements. The VEP ensemble (Fig. 1b) appears to better fit
the behavior of the GPS records, but its χ2 value is also large.
Consequently, a third ensemble has been created, considering
the VEP constitutive law and the 68 % confidence interval
for cm according to Baù et al. (2002). As a result of the χ2-
test, this ensemble (Table 1) seems more representative of the
measured data and consequently only this ensemble has been
used for the successive DA applications (Figs. 2 and 3).
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Figure 1. Forecast state ensemble (grey lines), i.e. relative vertical
displacements uz in time, for the MCC (a) and the VEP (b) behavior
and available relative GPS records (blue line). The actual displace-
ments are normalized with respect to the last GPS record available.
The associated probability distributions and χ2 values are provided
in the first two rows of Table 1.

Table 1. Analyzed ensembles with their associated constitutive
laws, parameters (µ and ς ) of the probability distribution of λ∗ and
χ2 values.

Ensemble Law µ ς χ2

no.

1 MCC −4.3450 0.6659 418
2 VEP −4.3450 0.6659 68
3 VEP −4.3450 0.3329 6

3.3 Red Flag

After the model diagnostic, RF is an easy and fast technique
to analyze the ensemble by characterizing every realization
by its own probability of occurrence. The outcomes of RF
are shown in Fig. 2, where the forecast ensemble is colored
considering different ranges of probabilities. The minimum
probability of occurrence of the analyzed ensemble is almost

Figure 2. Outcomes of RF for the forecast state ensemble, the third
in Table 1. Every realization is colored depending on its probability
of occurrence p.

null, while the maximum (associated to the pink realization
of Fig. 2) is 15.80 %. The variability range of the probabili-
ties of the ensemble is very large, thus confirming the results
of the χ2-test, similarly to the synthetic analyses in Gazzola
et al. (2020), and points out that this ensemble is suitable for
the application of ES.

RF technique could be used also for a preliminary reduc-
tion of the uncertainties that affect the ensemble, by neglect-
ing the realizations characterized by the smallest probabil-
ity of occurrence that are, for example, grey lines in Fig. 2.
As a matter of fact, RF has a tendency to ensemble collapse
when many data points are present. As a consequence, this
approach should be properly used only for a first screening
of the ensemble.

3.4 Ensemble Smoother

The ES technique allows to update both parameter and state
variables. The outcomes are shown in Fig. 3, where the up-
date ensemble (red lines) is obtained by running the forward
model with the update ensemble of the parameter λ∗. These
results agree with those obtained by the model diagnostic
procedure and the RF approach. In fact, the application of
ES provides a reduction of the uncertainties that affect the
model, constraining it to the available measurements. The
variation J of the AES index is equal to 50 % and 38 % for
the parameter and state ensemble, respectively, i.e. the spread
of the ensemble around its mean decreases.

The ES can be a useful tool also in a predictive sense by as-
similating new measurements as they are recorded. To eval-
uate this capability, measurements have been assimilated by
increasing steps of about 2 years. The outcomes are shown
in Fig. 4 for the parameter ensemble and in Table 2 for both
parameter and state variables. In this case, the update state
ensembles used to compute J in Table 2 derive directly as an
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Figure 3. Parameter (a) and state (b) ensembles resulting from the
ES application. The forecast and update ensembles are grey and red,
respectively, while the observation data are the green stars.

Table 2. Testing ES approach in a predictive sense. Variations J of
AES index for the parameter λ∗ and the state uz for the assimilation
of increasing amount of GPS recordings.

Years J
(
λ∗

)
J (uz)

no. [%] [%]

2 −25 −38
4 47 57
6 61 77
8 67 85
10 53 89
12 50 89

outcome of the ES approach and are not computed by run-
ning the forward model with the updated parameter sets.

Except for the assimilation of only 2 years of measure-
ments, there is always a reduction of uncertainties for both
parameter and state variables. The variation J (λ∗) increases
until 8 years, but the assimilation slightly worsens when 10
and 12 years are accounted for. Despite of this, the index
AES(uz) gradually decreases, i.e. J (uz) increases, pointing
out a progressive abatement of the uncertainties and a better
fitting of the measurements.

4 Conclusions

In this work, the novel methodological approach developed
by Gazzola et al. (2020) for a stochastic study of land sub-
sidence caused by hydrocarbon exploitation has been tested
in a real-world case with the aim at evaluating its capabil-
ity and robustness. The analyzed workflow combines the ge-
omechanical model with DA techniques in order to account
for uncertainties that affect any study of a real-world pro-
cess and consequently to avoid deterministic outcomes that
could not be matched by measurements recorded during the
reservoir production life after the release of the geomechan-
ical modeling outcomes. This procedure allows to achieve

Figure 4. Outcomes of ES used in a predictive sense: parameter
ensembles for increasing years of assimilated measurements.

more accurate and reliable results by training the numerical
model with the available measurements. Here, this method-
ology has been tested for an off-shore hydrocarbon reservoir
buried in the Northern Adriatic basin, Italy, subject to a pro-
duction program and monitored by a GPS station.

First, three ensembles have been generated by considering
two non-linear constitutive laws, i.e. the MCC and the VEP
behavior, and two different confidence intervals to describe
the main mechanical parameter λ∗.

A model diagnostic procedure carried out by the χ2-test
allows to choose the most appropriate ensemble for the suc-
cessive DA approaches through the comparison between the
model outcomes and the available measurements.

After the diagnostic of the ensemble, every Monte Carlo
realization has been characterized by its own probability of
occurrence through the RF technique. This approach could
be used for a preliminary reduction of the uncertainties that
affect the model by neglecting the least probable realizations
of the forecast ensemble.

Finally, the ES technique has been used to reduce the
uncertainties without neglecting any realization, by updat-
ing the state and parameter ensembles. The model has been
trained by the available measurements, resulting in an effec-
tive reduction of the uncertainties and in a more reliable sub-
sidence prediction. The ES could be used also in a predictive
sense by assimilating new observations as they become avail-
able. Adding new measurements seems to result in a more
effective constraining of the model, but also a relative few
years of assimilated observations appear to be enough for a
first reduction of uncertainties in this case study.

On summary, the application of the proposed methodol-
ogy for a real-world hydrocarbon reservoir confirms the re-
sults obtained for the synthetic test case. This workflow al-
lows for (i) a stochastic study of land subsidence; (ii) a re-
duction of the uncertainties that affect the numerical model
and (iii) more accurate and reliable land subsidence predic-
tions. The approach here presented represents a way to inves-
tigate land subsidence different from the traditional method-
ologies. The traditional (or “deterministic”) procedures gen-
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erally use the available measurements to calibrate the geome-
chanical model in order to define the set of parameters that
allows the optimal reproduction of the observations. In this
way, there could be the need to re-calibrate the model as new
information become available, i.e. update the values of the
geomechanical parameters. Conversely, the proposed work-
flow starts the geomechanical study at the very beginning of
the reservoir life combining uncertainties to the numerical
model by the creation of an ensemble of realization. Then,
when measurements become available, such uncertainties are
reduced, with the reduction depending on the observation
accuracy, but not eliminated in order to avoid the ensem-
ble collapse and keep open the possibility to stochastically
reproduce further records. This approach allows to take ad-
vantages from the available measurements, in fact they are
not used only to monitor the evolution of land subsidence in
time, but also to train the geomechanical model.
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Abstract. The use of numerical models for land subsidence prediction above producing hydrocarbon reservoirs
has become a common and well-established practice since the early ’90s. Usually, uncertainties in the deep rock
behavior, which can affect the forecast capability of the models, have been taken into account by running multiple
simulations with different constitutive laws and mechanical properties. Then, the most uncertain parameters
were calibrated to reproduce available subsidence measurements. The objective of this work is to propose a
novel methodological approach for land subsidence prediction and uncertainty quantification by integrating the
available monitoring information in numerical models using ad hoc Data Assimilation techniques. The proposed
approach allows to: (i) train the model with the available data and improve its accuracy as new information comes
in, (ii) quantify the prediction uncertainty by providing confidence intervals and probability measures instead
of deterministic outcomes, and (iii) identify the most appropriate rock constitutive model and geomechanical
parameters. The methodology is tested in synthetic models of production from hydrocarbon reservoirs. The
numerical experiments show that the proposed approach is a promising way to improve the effectiveness and
reliability of land subsidence models.

1 Introduction

The interest and capability of analyzing real world phenom-
ena in a stochastic way have increased in recent years. Fo-
cusing on land subsidence, deterministic studies do not al-
low to take care of uncertainties that unavoidably affect the
characterization of the porous medium, e.g., the choice of
the constitutive law and values of the governing mechanical
parameters. A way to address this issue relies on the inte-
gration of Data Assimilation (DA) techniques into the nu-
merical model, in order to train the model through the avail-
able measurements and improve the reliability and accuracy
of the solution by reducing the uncertainties. In petroleum
engineering, DA approaches have been originally used for
history matching purposes, with recent applications for sub-
sidence prediction (Baù et al., 2016; Fokker et al., 2016; Zoc-

carato et al., 2016). In a very recent work by Gazzola et al.
(2019), different kinds of DA approaches are combined in
a novel robust methodological approach for the stochastic
analysis of land subsidence. It allows for the quantification
and reduction of uncertainties affecting this process, with the
aim to build more realistic and reliable models. Here, that
idea has been further developed and improved with the def-
inition of a three-stage workflow that has been applied to a
synthetic model of land subsidence above a producing hy-
drocarbon reservoir, in order to investigate strengths, weak-
nesses and potentials. The procedure is based on the genera-
tion of many ensembles of Monte Carlo realizations, differ-
ing, for example, for the constitutive law that describes the
porous medium behavior and the values of the geomechani-
cal parameters. Then, the methodology consists of: (i) a first
model diagnostic stage based on the mismatch between the
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model outcomes and the available measurements, which al-
lows to select the most appropriate ensemble; (ii) a Bayesian
approach, i.e. Red Flag (RF) technique, for the identification
of the parameter combinations with the highest probability
of occurrence, and (iii) an ensemble-based DA technique, i.e.
Ensemble Smoother (ES), which updates the model, allow-
ing for a reduction and quantification of the uncertainties.
The aim of this methodology is to study land subsidence in a
stochastic way, providing confidence intervals and probabil-
ity measures instead of deterministic outcomes. This is pos-
sible by training the model with the available measurements
and improving its accuracy as new information comes in, al-
lowing for the definition of the most appropriate rock con-
stitutive law and geomechanical parameters, which are not
known a priori. The proposed methodology has been applied
to a synthetic realistic test case, considering a hydrocarbon
production program for an off-shore reservoir and a GPS sta-
tion that records displacement measurements. The numerical
experiments show the promising potential of the proposed
workflow, which appears to be a useful tool to improve the
effectiveness and reliability of land subsidence models, also
in a predictive sense.

The paper is organized as follows. First, the methodolog-
ical approach is described in detail, then the synthetic, but
realistic, test case is presented with a discussion of the out-
comes of every step of the proposed workflow. Finally, a few
conclusive remarks close the presentation.

2 Methodological approach

At the very beginning of a land subsidence study, the num-
ber of available pieces of information concerning the deep
rock behavior is usually low. For example, the most appro-
priate constitutive law that defines the behavior of the porous
medium is generally unknown and the mechanical proper-
ties of the porous medium, e.g. stiffness or anisotropy, can
be estimated only within a variability range by laboratory
tests and preliminary in-situ analyses. Consequently, the first
step for a stochastic subsidence analysis is to propagate all
these input uncertainties to the subsidence prediction, that is
the output of the geomechanical model. This is done by the
generation of many forecast ensembles of Monte Carlo re-
alizations for each constitutive law that could be suitable to
describe the behavior of the porous medium, and consider-
ing different variability ranges for the main mechanical pa-
rameters. When the production program starts, displacement
records are collected and used to train the model through
different DA approaches in order to reduce the uncertainties
and make the analysis more accurate and reliable. In particu-
lar, following the methodological approach proposed in Gaz-
zola et al. (2019), a Bayesian approach, i.e., RF technique,
and a smoother formulation are suggested. Here, a prelimi-
nary model diagnostic is added, in order to evaluate the most

suitable ensemble for the successive and more expensive DA
techniques.

A way to validate the ensemble is the χ2-test, as used in
Chen and Oliver (2013), Fokker et al. (2016) and Oliver and
Alfonzo (2018). This procedure is based on the fact that, for
linear problems, the minimum of the mismatch between the
model result and the available measurements produces a χ2

distribution with degrees of freedom equal to the number of
measurements (Tarantola, 2005).

After that, a cheap and fast analysis of the forecast ensem-
bles can be performed by the RF technique, as introduced in
Nepveu et al. (2010). It is a statistical approach that com-
putes the probability of every Monte Carlo realization by
combining prior information with the likelihood of the mea-
surements, without solving the inverse problem.

Finally, the ES technique is applied, a non-sequential DA
algorithm originally proposed by Van Leeuwen and Evensen
(1996). It is an ensemble-based technique used to update both
state variables and model parameters and evaluate their un-
certainties by combining prior information, measurements,
and the solution of the forward model. Results are optimal
when the probability distribution of uncertain parameters is
Gaussian (Van Leeuwen and Evensen, 1996). The ES has
been widely used in subsidence applications, some recent
examples are Baù et al. (2016), Fokker et al. (2016) and
Zoccarato et al. (2018). The analyses that follow are carried
out with the ES implementation according to the approach
by Evensen (2003). The outcomes of the ES application are
evaluated by two performance indices, the average absolute
error (AE) and the average ensemble spread (AES) as pro-
posed by Hendricks Franssen and Kinzelbach (2008) and
used in Zoccarato et al. (2016). The AE index is a measure of
the algorithm capability to approach the truth, as it compares
the model outcome with the true reference value for each ob-
servation. This index can be computed only in a synthetic
case where the true reference is known. The AES index ac-
counts for the deviation of the model results from the ensem-
ble mean, hence it provides an indication of the spread of the
distribution, i.e., a measure of the confidence in the predicted
value. Generally, results of the assimilation are satisfactory
when AE and AES of the update ensembles decrease with
respect to the corresponding indices of the forecast ensem-
bles. For this reason, in the sequel the relative variation J of
these indices is also computed.

3 Test case

3.1 Test case model

The methodology described in Sect. 2 has been carried
out for a synthetic test case. The model configuration has
been created focusing on an off-shore hydrocarbon reservoir
buried in a sedimentary basin with geometries and proper-
ties typical of the Northern Adriatic, Italy. The model do-
main is a parallelepiped with a square basis of about 50 km
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and depth of about 5 km. It has been subdivided in four lay-
ers with different properties: overburden, reservoir, aquifer
and underburden. For the sake of simplicity, the first and the
last are characterized by a linear elastic constitutive law, in
fact their behavior does not significantly affect surface move-
ments (Ferronato et al., 2010; Teatini et al., 2010). A non-
linear elasto-plastic constitutive law, namely the modified
Cam Clay (De Souza Neto et al., 2008), has been used for
the definition of the reservoir and the aquifer behavior. The
model domain has been discretized into a 3D finite element
mesh composed of 71 734 nodes and 410 030 tetrahedrons.
The entire domain has been characterized by a unitary Biot
coefficient, a Poisson coefficient equal to 0.30 and a vertical
compressibility cm that follows the law vs. the effective ver-
tical stress σz developed by Baù et al. (2002) and Ferronato
et al. (2013) for the Northern Adriatic basin, Italy:

c
I cycle
m = 1.0044× 10−2

× σ−1.1347
z

c
II cycle
m = 2.9087× 10−4

× σ−0.4315
z

where cm and σz are in [MPa−1] and [MPa], respectively.
Homogeneous boundary conditions have been prescribed for
displacements, on the lateral and the bottom boundaries,
and for stress, on the top surface. As external forces, pore
pressure variations have been imposed on the reservoir and
aquifer nodes with the aim to simulate a general program of
hydrocarbon production with two phases of production sep-
arated by a temporary stop from year 3 to year 5 and a final
period of natural pressure recovery. Additional details on the
geometry and properties of the test case are given in Gazzola
et al. (2019).

Since a synthetic test case has been taken into consider-
ation, the geomechanical model has been run both to create
the ensembles of Monte Carlo realizations and to define a set
of hypothetical measurements. Consequently, a set of statisti-
cal distributions and a true configuration of the main geome-
chanical parameters have to be defined. The modified Cam
Clay constitutive law requires the definition of the modified
compression index λ∗, i.e. the slope of the normal consol-
idation line in the plot of volumetric strain vs. axial stress
in natural logarithmic scale, and the modified swelling index
k∗, i.e. the slope of the unloading line (Nguyen et al., 2017).
In Spiezia et al. (2017), more details on model properties and
implementation have been provided. To simulate a set of GPS
recordings (green stars in Fig. 1), the true configuration is se-
lected as follows:

λ∗ = 0.004992

k∗ = 0.000700

In this application, three different cases have been taken into
consideration: uncertainties related only to λ∗, only to k∗ and
to both. The forecast ensembles of vertical displacements uz
(grey lines in Fig. 1) have been generated with the following

Gaussian distributions:

ln(λ∗)∼N (−4.9363;0.33295)

ln(k∗)∼N (−6.7271;0.50975)

The covariance matrix of measurement error is required for
the application of the DA techniques. It can be computed as
the sum of a measurement and an idealisation noise, accord-
ing to NAM (2017). The first term is an index of the accuracy
of the tool for recording the data and the representativeness
of the mathematical model for reproducing the observed pro-
cesses. It has been defined from a normal distribution with
zero mean and standard deviation equal to 1.5 mm. The sec-
ond component takes into consideration the spatial and tem-
poral correlation between measurements. It has been com-
puted following the fractional Brownian motion approach
(NAM, 2017) through a fitting process of the variogram of
the synthetic observations.

3.2 Model Diagnostic

Preliminarily, a model diagnostic procedure, i.e. the χ2-test,
has been carried out to evaluate every ensemble through the
comparison between the model outcomes and the available
measurements. Generally, a χ2 value close to one is desir-
able, while larger values may point out difficulties in con-
straining the model through the available measurements. Val-
ues of χ2 smaller than one should be avoided, as they de-
note a variance associated to the measurements higher than
the variance associated to the ensemble. This means that the
DA approaches cannot improve the forecast ensemble. Two
scenarios have been taken into consideration with the results
shown in Table 1. In the first case (third column of Table 1)
the state forecast ensembles have been generated with the
same constitutive law of the synthetic measurements, i.e. the
modified Cam Clay, while in the second case (fourth col-
umn) a different constitutive law, i.e. a visco-elasto-plastic
one, has been used to create the ensembles. As a matter of
fact, in a real study, the constitutive law that describes the
behavior of the porous medium is not known a priori. In both
scenarios, the χ2 value is always close to one, but values of
the ensembles generated with the wrong constitutive law are
always larger. This suggests that the χ2-test could be effec-
tively used as a tool to select the most suitable constitutive
law to describe the porous medium behavior. Only in one
case, i.e. when uncertainties are associated to the modified
swelling index k∗, χ2 is smaller than one and this could be
related to the production program that has been prescribed.
As a matter of fact, k∗ is a parameter that controls the rock
behavior in unloading/reloading conditions and consequently
does not significantly influence the surface displacements for
a hydrocarbon production program.
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Table 1. Analyzed configuration sets with their associated uncer-
tain parameters and χ2 values for two scenarios: the first one with
the right match between the constitutive law that generates the syn-
thetic measurements and the ensembles, and the second one with
the wrong match.

Set Parameters Right Match Wrong Match

1 λ∗ 1.22 1.38
2 k∗ 0.95 1.49
3 λ∗,k∗ 1.32 1.73

Table 2. RF approach: maximum and minimum probabilities of oc-
currence P for the analyzed ensembles and combination of param-
eters with maximum P .

Set max P (%) min P (%) λ∗ k∗

1 7.11 4.44× 10−15 0.005591
2 2.84 0.14 0.001189
3 8.27 3.19× 10−33 0.004990 0.000958

3.3 Red Flag

After the model diagnostic, an easy and fast technique for a
preliminary analysis of the ensembles is RF. It allows to char-
acterize every realization of the ensemble by its own proba-
bility of occurrence. In Table 2 the parameters corresponding
to the realization with the largest probability are provided.
They are not always the closest set to the true parameters and
the reason is twofold. First, the comparison is based on the
vertical displacements uz, that are the effect through the for-
ward model of the parameter selection and not directly the
parameters themselves. Second, an error is associated to the
observations in order to consider, for example, the accuracy
of the measurement tool or possible temporal correlations be-
tween successive measurements. Table 2 also provides the
maximum and minimum probabilities of occurrence of the
analyzed ensembles. They seem to confirm the outcome of
the diagnostic stage, in fact for set #1 and #3 the difference
between the largest and smallest probability is significant,
while for set #2 the maximum probability is smaller and with
a similar order of the minimum one.

3.4 Ensemble Smoother

ES has been applied for the three sets of uncertain parame-
ters previously described, with the outcome shown in Fig. 1.
They confirm the results obtained by the model diagnostic
procedure and the RF technique. In fact, for parameter set
#1 results are satisfactory, i.e. the update ensembles of state
and parameter are closer to the true values than the fore-
cast ones. Also the positive values of the relative variations
J of the update AE and AES with respect to the forecast
ones, reported in Table 3, confirm these results. On the con-
trary, for set #2, results of ES application seem to be not en-

Figure 1. Outcomes of ES for set #1 (a), #2 (b) and #3 (c). Pa-
rameters (left panels) and state, i.e. vertical displacements, uz (right
panels), ensembles are shown in grey (forecast) and red (update).
Observation data are green stars.

couraging. As anticipated by the value of χ2, the parame-
ter k∗ does not significantly affect surface movements, i.e.
the forecast state ensemble is already quite close to the mea-
surements. This is also shown by the forecast AES values
in Table 3. In particular, notice that similar variations of the
parameters λ∗ (AES(λ∗)= 2.429× 10−1 for set #1) and k∗

(AES(k∗)= 3.706× 10−1 for set #2) produce quite different
spreads, measured by AES(uz), of the state ensembles. Con-
sequently, the ES is not effective in constraining the model.
Finally, in set #3 the available measurements help to reduce
uncertainties both for parameter λ∗ and for surface measure-
ments similarly to set #1, but not for k∗.
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Table 3. ES approach: AE and AES for the forecast ensemble and
the relative variation J of AE and AES from the update ensembles.
The larger J , the more effective is the assimilation approach on the
parameter or state ensembles indicated in column 2. Negative values
are highlighted in bold.

Set Ensemble AEforecast J (%) AESforecast J (%)

1 λ∗ 4.159× 10−1 51 2.429× 10−1 16
uz 1.432× 10−1 62 9.260× 10−2 42

2 k∗ 6.488× 10−1
−29 3.706× 10−1

−125
uz 6.331× 10−3

−37 3.348× 10−3
−150

3 λ∗ 3.996× 10−1 49 2.563× 10−1 30
k∗ 6.488× 10−1

−20 3.706× 10−1
−109

uz 1.454× 10−1 64 1.000× 10−1 53

Figure 2. The same as in Fig. 1 for set #1 for the assimilation of
5 years (a) and 7 years (b) of displacements measurements (green
stars).

ES can be employed also in a predictive sense by assimi-
lating new measurements as they are recorded. Considering
set #1, effectiveness of ES improves with the increase of the
number of assimilated measurements, but also few observa-
tions allow to reduce uncertainties related to parameter and to
the state ensembles. Results are shown in Fig. 2 and Table 4.

Table 4. Testing ES approach in a predictive sense for set #1. Vari-
ations J of AE and AES from the update ensembles assimilating
5, 7 and 10 years of measurements. The AE and AES indices for
the forecast ensembles are the same of Table 3. Negative values are
highlighted in bold.

J (%) 5 years 7 years 10 years

AE(λ∗) 40 49 51
AES(λ∗) −2 13 16
AE(uz) 54 61 62
AES(uz) 30 40 42

4 Conclusions

In this work, a novel methodological approach for a stochas-
tic study of land subsidence due to hydrocarbon exploitation
has been developed and tested in a synthetic test case inspired
by the Northern Adriatic basin, Italy. The aim is to define an
efficient and robust workflow that combines DA techniques
and geomechanical models in order to quantify and reduce
uncertainties and consequently make the model more accu-
rate and reliable.

First, every ensemble has been evaluated considering
the comparison with the available measurements through a
model diagnostic procedure, i.e. the χ2-test. An ensemble is
considered more appropriate as the associated χ2 value is
closer to one. From the outcomes of numerical experiments,
the χ2-test appears a worthwhile tool to select the most ap-
propriate ensemble for the successive DA techniques, e.g. to
define the constitutive law that best approximates the porous
medium behavior. After that, RF approach has been used to
characterize every Monte Carlo realization by its own proba-
bility of occurrence. Despite the parameters of the most prob-
able realization are not always the closest to the true values,
RF allows for a preliminary reduction of uncertainties in a
fast and cheap way. In fact, if no further analysis is carried
out, the least probable realizations can be neglected in the
land subsidence study, thus reducing the uncertainty inter-
val. Finally, model state and parameters have been updated
through the ES approach. If the forecast ensemble has been
properly generated, the ES application to constrain the model
through the available measurements proves effective. ES can
be used also in a predictive sense, increasing the accuracy of
its outcomes while new data are assimilated.

On summary, in the context of a synthetic test case, the
proposed workflow seems to be an innovative and suitable
approach to study land subsidence above producing hydro-
carbon reservoirs, taking into consideration the uncertainties
that unavoidably affect numerical models of real world phe-
nomena. Moreover, it allows to reduce these uncertainties in
order to obtain more accurate and reliable predictions. Fur-
ther analyses and improvements on these approaches are cur-
rently underway with its application on real-world reservoir
problems.
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Abstract. From the analysis of GPS monitoring data collected above gas fields in the Adriatic Sea, in a few
cases subsidence responses have been observed not to directly correlate with the production trend. Such behav-
ior, already described in the literature, may be due to several physical phenomena, ranging from simple delayed
aquifer depletion to a much more complex time-dependent mechanical response of subsurface geomaterials to
fluid withdrawal. In order to accurately reproduce it and therefore to be able to provide reliable forecasts, in the
last years Eni has enriched its 3D finite element geomechanical modeling workflow by adopting an advanced
constitutive model (Vermeer and Neher, 1999), which also considers the viscous component of the deformation.
While the numerical implementation of such methodology has already been validated at laboratory scale and
tested on synthetic hydrocarbon fields, the work herein presents its first application to a real gas field in the Adri-
atic Sea where the phenomenon has been observed. The results show that the model is capable to reproduce very
accurately both GPS data and other available measurements. It is worth remarking that initial runs, characterized
by the use of model parameter values directly obtained from the interpretation of mechanical laboratory tests,
already provided very good results and only minor tuning operations have been required to perfect the model
outcomes. Ongoing R&D projects are focused on a regional scale characterization of the Adriatic Sea basin in
the framework of the Vermeer and Neher model approach.

1 Introduction

In the last two decades Eni S.p.A. has been developing a
robust modeling methodology for production-induced sub-
sidence (Capasso and Mantica, 2006). It is based on 1-
way hydro-mechanical coupling (Gambolati et al., 2005) and
elasto-plastic modified Cam-Clay model (MCCM, Roscoe
and Burland, 1968). Though taking into account inelastic
strains is instrumental for describing compaction in clastic
reservoirs (Pijnenburg et al., 2019) and the MCCM keeps
providing accurate reproduction of monitoring data gathered
from almost all the gas fields in the Adriatic Sea (e.g. Gemelli
et al., 2015), a further constitutive modeling effort has been
recently required for a few of them showing a certain de-
lay between production trend and GPS data – a phenomenon
broadly described in the literature (e.g. Hettema et al., 2002).

The modeling approach has been enhanced by adopting
the elasto-viscoplastic model proposed by Vermeer and Ne-

her (1999, VNM), capable to describe the viscous response
of reservoir sands and derived from the extended overstress
theory (Olszak and Perzyna, 1970; Yin et al., 2010).

The VNM has been recently implemented in different fi-
nite element (FE) codes (Nguyen et al., 2016; Cremonesi et
al., 2019; Isotton et al., 2019), before also in Plaxis®.

Then, having the implementation already been validated at
laboratory scale and tested at reservoir scale on synthetic hy-
drocarbon fields (Volonté et al., 2017; Musso et al., 2020),
this paper presents a first application of the enhanced ap-
proach to the production-induced subsidence analysis of a
real gas field in the Adriatic Sea, the GPS data of which ex-
hibit a delay of about 1.5 year (Fig. 1).

Herein, because of confidentiality issues, field data have
been anonymized and analysis results normalized.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Monthly data for platform B: gas production rate (GGPR) versus GPS rate filtered from seasonal component.

Figure 2. Time evolution of subsidence at platform B: GPS data versus model estimate, with magnification.

2 Field and production

The off-shore gas field studied herein is located in the Adri-
atic Sea, at about 60 km from the Italian coastline, where the
average water depth is around 60 m.

The sandy reservoir layers lie from 900 to 1800 m s.s.l. and
are produced by 28 wells, connected to platforms A and B.

According to the Intersect® fluid-dynamic model, the gas
volume originally in place is approximately 30 GSm3 and the
recovery factor expected at forecast end is about 50 %.

3 Geomechanical modeling

The subsidence analysis has been performed by means of a
3D FE model built with the commercial code Abaqus®.

Input data about geometry, geology and petrophysics, of
both reservoir layers and hydraulically connected aquifers,
have been provided by the fluid-dynamic model, the same
for pore pressure distribution and time evolution.

The domain has been discretized with about 5.5×105 finite
elements. The model has around 2×106 degrees of freedom.

For the 6 input parameters of the VNM (Volonté et al.,
2017; Musso et al., 2020), a preliminary estimate has been
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Figure 3. Time evolution of compaction along the monitoring well of platform B: markers data versus model estimates.

Table 1. VNM parameter values (post-calibration and dimension-
less).

κ∗ elastic compliance 6.19 × 10−3

ν Poisson’s ratio 0.3
λ∗ elasto-plastic compliance 5.75 × 10−2

M CSL slope 1.33
µ∗ creep index 1.06 × 10−3

POCR pseudo-OCR 1.339

Figure 4. Subsidence developed in the 7 year time interval elapsed
between two bathymetric surveys, perfomed at year 3 and 10 af-
ter the production start. Comparison between corresponding iso-
subsidence lines: model estimates versus survey data.

directly obtained from an experimental campaign of tailored
laboratory oedometric compression tests, characterized by a
creep phase and carried out on samples of bottom hole cores
from the same field. An initial geomechanical simulation has
been performed with these preliminary values of the param-

eters. Then, in order to accurately reproduce the GPS data
recorded at platform B, a calibration operation has been per-
formed (Fig. 2), obtaining the final values of the parameters
(Table 1). This step has required only a very minor tuning of
the creep index µ∗ (less than 4 % variation), that is compat-
ible with the uncertainty associated to interpretation of labo-
ratory tests. All other parameters have been left unchanged.

4 Results

While GPS data from platform B have been used to cal-
ibrate the VNM parameters, other available data from the
same platform are useful for evaluating the capability of
the geomechanical model to accurately simulate the hydro-
mechanical response of the field to gas withdrawal.

To this purpose, Figs. 3 and 4 present comparisons in
terms of reservoir compaction and iso-subsidence lines, re-
spectively, for platform B.

In particular, Fig. 3 shows the cumulative compaction ob-
served at reservoir depth along a well of platform B, where
almost yearly a special logging tool is run for monitoring the
distance between the radioactive markers. The comparison
with the corresponding model estimates is very satisfactory:
in fact, except for the measure acquired at year 11.7, which
is out of trend, all the others are reproduced within the error
bar or slightly overestimated.

proc-iahs.net/382/463/2020/ Proc. IAHS, 382, 463–467, 2020
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Figure 5. Time evolution of subsidence at platform A: GPS data versus model estimate, with magnification.

Figure 6. Maps with time evolution of 2 cm iso-subsidence line. At simulation-end (30 years after the production-end), minimum distance
from coastline and maximum areal extent of the subsidence bowl.

Figure 7. Time evolution of subsidence at platform B: comparison between GPS data, VNM and MCCM estimates.
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Figure 4 shows the good agreement in terms of subsi-
dence developed in the 7 year interval time elapsed between 2
bathymetric surveys performed around platform B, at year 3
and 10, respectively, after the production start.

Figure 5 shows the expected subsidence evolution at plat-
form A. Even if calibrated on data from platform B, the
model reproduces properly the subsidence rate recorded at
the GPS station installed on platform A.

Figure 6 shows time evolution of the 2 cm iso-subsidence
line, plus values of minimum distance from the coastline
and maximum extent at simulation-end, which is usually set
30 years after the production-end.

Finally, Fig. 7 shows subsidence estimates provided by
both VNM and MCCM, this latter with parameter values
from lab tests and 1.2 overconsolidation ratio.

5 Concluding remarks

The subsidence analysis presented herein is the first applica-
tion to a real gas field of the Eni’s enhanced 3D finite element
geomechanical workflow. The results show a very accurate
reproduction of the monitoring data and the significative im-
provement obtained by adopting the VNM.
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Abstract. Transition zones between bridges and embankments are the most maintenance-prone locations in the
road network of The Netherlands due to the very compressible soft soil layers that are widespread in the subsoil
of the country. This aspect causes (differential) settlements at the ground surface, damage and maintenance costs
for the road owner, and delays to road users. This paper provides the proof-of-concept of an innovative multi-
source data-driven method based on the assimilation of both conventional settlement plate and satellite DInSAR
data in numerical geotechnical modelling with the aim of supporting informed maintenance decisions.

1 Background

Historically, the Netherlands have always been prone to sub-
sidence due to the presence of very soft and compressible
soils in the shallow subsoil layers, resulting in damage to
both buildings and the infrastructure network. These lay-
ers, mainly composed by peat, organic clay and silt, are
characterised by low stiffness, high compressibility and high
creep rates (Den Haan and Kruse, 2006). Rijkswaterstaat, the
Dutch National Road Authority, estimates that the money
yearly spent on maintaining the transition zones between
bridges and embankments sums up to about EUR 1.5 mil-
lion corresponding to 1 %–2 % of the entire budget yearly
allocated for subsurface-related maintenance works of all
the road infrastructure (Dieteren, 2011; Venmans and Kwast,
2011). When the differential settlement between a bridge and
its approach embankment reaches unacceptable values, the
problem is commonly faced with the restoration of the road
pavement through the addition of new asphalt layers with-
out considering other possible solutions. The paper suggests
a new approach in the analysis of settlements affecting in-
frastructure with the aim of helping the Road Authorities
and the contractors in the decision-making process of fu-
ture maintenance operations. The validation test was carried
out by exploiting both conventional and DInSAR data sets.

The latter represents nowadays a well-known technique to
measure subsidence-induced ground displacements (Peduto
et al., 2019) – with an accuracy of a few mm yr−1 (Peduto
et al., 2018) – and to monitor structures and infrastructure
(Nicodemo et al., 2017; Peduto et al., 2017, 2018).

2 The case study

The N3 is a Dutch road located in the south-western part
of the Netherlands, near the city of Dordrecht (Fig. 1a).
The N3, with a length of approximately 10 km, is charac-
terised by elevated embankments on top of which the road
is positioned. The presence of the embankments linked to
the bridges allows having cross-junctions with other network
systems (Fig. 1b). Rijkswaterstaat is planning different main-
tenance operations to take place in the next years. In particu-
lar, the N3 is scheduled to be maintained mainly all along its
length between 2020 and 2022. The location selected for this
study is identified in Fig. 1a with the red rectangle. The em-
bankment (identified by the cross-section named A–A′, see
Fig. 1b and c) is as high as +8.50 m N.A.P. near the junction
to the bridge. In this area, there is a cross-junction (Fig. 1b)
with a railway track. In situ tests (i.e. CPTs), laboratory tests
and conventional monitoring data (i.e. settlement plates) are
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Figure 1. (a) View of N3 road; (b) map of the analysed road section with locations of CPTs and settlement plates; (c) soil stratigraphy and
embankment cross section. (Source: base photos from © Google Maps.)

available. As for soil stratigraphy, some less compressible in-
serts dating from the Pleistocene age are present.

The embankment construction took place from
25 May 1991 until the first months of 1993 by means
of filling operations that raised the embankments with stages
of 0.5 up to 1.0 m.

The soil stratigraphy and the cross sections of the embank-
ment are depicted in Fig. 1c. Five main soil types can be
identified (from top to bottom): heavy clay (depth −0.70 m
to −3.20 m N.A.P.); Holocene sand (depth −1.20 m to
−4.60 m N.A.P.); peat (depth −4.20 m to −8.00 m N.A.P.);
organic clay (depth −7.00 m to −12.90 m N.A.P.); Pleis-
tocene sand (depth from −11.40 m N.A.P.).

The unit weights and the permeability the involved soils
(Table 1) are known from laboratory tests; the compression
constants a, b and c of the Isotache model (den Haan, 1996)
are computed through the empirical correlations with volu-
metric weight proposed by Den Haan and Kruse (2006). Ta-
ble 1 shows all soil properties.

3 Method

The procedure followed consists of three phases. In Phase 1,
all the available information on the selected location was

collected. The geotechnical subsoil model of the embank-
ment – deriving from the information concerning geome-
try, CPTs and laboratory tests – was implemented in the
software D-Settlement (Visschedijk et al., 2016) to perform
the settlement prediction. Phase 2 dealt with the calibra-
tion of the previously defined model. This phase was di-
vided into two sub-phases: first, both conventional monitor-
ing data (i.e. settlement plates) and DInSAR observations
were merged. Then, these measurements were assimilated
with the previously defined model in order to calibrate the
initial predictions updated by the Maximum A-Posteriori
estimate (MAP) method. Phase 3 dealt with the analysis
of different maintenance scenarios based on the calibrated
geotechnical model.

4 Results

The knowledge on the real filling schedules of the embank-
ment allowed simulating the real construction phases. The
settlement prediction (see Fig. 2) in the period (1991–2019)
from the start of the construction to present leads to an abso-
lute settlement of 2.750 m including a post-construction set-
tlement (1993–2019) equal to 0.280 m in the centre-line of
the embankment (Fig. 2).
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Table 1. Soil parameters. γdry and γsat are the volumetric weights above and below the groundwater table, Ck/(1+ e0) is the permeability
strain modulus, e0 is the initial void ratio, kv,0 is the initial vertical permeability, POP is the past overburden pressure, a, b and c are the
compression constants for recompression/swelling, virgin compression and creep.

Soil type γdry γsat Ck/ (1+ e0) kv,0 POP a b c

[kN m−3
] [kN m−3

] [–] [m s−1
] [kN m−2

] [–] [–] [–]

Heavy clay 14.90 14.90 2.259× 10−1 8.416× 10−10 20.00 8.278× 10−3 1.242× 10−1 5.068× 10−3

Holocene sand 17.00 20.50 – – 20.00 1.000× 10−5 1.000× 10−4 5.000× 10−7

Peat 10.58 10.58 4.018× 10−1 3.014× 10−8 20.00 3.619× 10−2 2.714× 10−1 2.262× 10−2

Organic clay 10.24 10.24 3.688× 10−1 4.174× 10−9 20.00 1.862× 10−2 1.955× 10−1 1.504× 10−2

Pleistocene sand 18.00 19.00 – – 20.00 1.000× 10−6 1.000× 10−5 5.000× 10−7

Figure 2. Predicted settlement of the centre-line of the embank-
ment (vertical red-dashed line in Fig. 1c). Time is reported on a
logarithmic scale.

The following monitoring datasets were combined: set-
tlement plates (Fig. 1b) covering the construction period
from 1991 to 1992; DInSAR data (Fig. 3a), covering the ser-
viceability period from 1995 to 2018, deriving from the pro-
cessing of images acquired by 4 different satellites: ERS-2
(from 1995 to 2001), Envisat (from 2003 to 2010), Radarsat-
2 (from 2010 to 2017) and TerraSAR-X (from 2015 to 2018).
DInSAR data were pre-processed by SkyGeo via a PSI-like
algorithm (Ferretti et al., 2001). First, all available DInSAR
observations were merged (Fig. 3b) assuming a constant ve-
locity in time (equal to the average velocity value derived
from the linear regression of each time series, see the solid
lines in Fig. 3b) for the timespan for which no data were
available. Then, DInSAR time series were combined with the
average measurements of the selected settlement plates. For
this purpose, the settlements predicted by the model were
fitted to the settlement plates information and the merged
DInSAR observations were attached (Fig. 4) to the value
of the settlement prediction at the time of the first satellite
acquisition (i.e. Ers-2 in 1995). The combined observations
were introduced in the D-Settlement model to calibrate the
predictions of the model on the observations by modifying
the fitting factors. The absolute settlement in the centre-line
in 2019 after fitting is 2.531 m, with post-construction set-

tlement (1993–2019, the black-dashed line in Fig. 4) equal
to 0.384 m. The fitting factors and the calibrated values of
soil parameters are listed in Table 2. Phase 3 pursued three
different settlement predictions (period 2019–2034) consid-
ering the following three scenarios:

– The “do nothing” scenario (scenario 0 hereafter) as-
sumes no maintenance works will take place in 2019.

– The “adding of asphalt” scenario (scenario 1 hereafter)
assumes that the old asphalt pavement will be replaced
by a new top layer in 2019. The new top layer entity will
fully compensate the settlement during the period be-
tween 2009 and 2019 (i.e. around 0.06 m, see Table 3).

– The “EPS fill” scenario (scenario 2 hereafter) assumes
the replacement of 1.50 m of the original sand fill by
the lighter Expanded Polystyrene (EPS) Foam and the
renewal of the approach slab above it.

Figure 5 depicts the results of the three-scenario analysis in
terms of predicted settlements up to 2034. Table 3 shows the
values of post-maintenance settlements.

The “do nothing” scenario does not require maintenance
work, thus it is not considered in this phase. Indeed, this
scenario was defined just to understand what could happen
if nothing changes on the infrastructure. Referring to sce-
nario 1, re-profiling the pavement with a new porous asphalt
only requires the milling of the old pavement and the sub-
stitution with a new one. Referring to the scenario 2, it is
important to note that the replacement of the original fill
with the EPS is complex and time-consuming. It is worth
stressing that the Road Authority prescribes that “the post-
construction differential settlement of the embankment be-
low an approach slab shall not exceed the 1 % out of the
length of the approach slab” (Beukema, 2016). For the spe-
cific case of a 5 m long approach slab, the allowable differ-
ential settlement equals 50 mm. This means that every time
a differential settlement higher than 50 mm is recorded be-
tween the bridge and the approach embankment, mainte-
nance works are required.

In the period from 2019 to 2034, the predictions for sce-
nario 1 suggest a differential settlement equal to 59 mm (see
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Figure 3. (a) Map of DInSAR benchmarks from four different SAR sensors: ERS-2, Envisat, Radarsat-2 and TerraSAR-X. (b) Merge of the
DInSAR time series. Time is reported on a linear scale. (Source: base photo from © Google Maps.)

Table 2. Fitting factors and soil parameters after the calibration of the model.

Fitting factors

a/b b c/b POP kv
[–] [–] [–] [–] [–]

0.904 0.910 1.468 2.663 0.661

Soil parameters after the calibration

Soil a b c POP kv,0
[–] [–] [–] [kN m−2

] [m s−1
]

Peat 2.98× 10−2 2.47× 10−1 3.02× 10−2 53.26 1.99× 10−8

Organic clay 1.53× 10−2 1.78× 10−1 2.01× 10−2 53.26 2.76× 10−9

Figure 4. Comparison between the fitting carried out only with SP
and the fitting made also with DInSAR data. Time is reported on a
logarithmic scale.

Table 3), meaning that additional maintenance works are
needed since the requirement imposed by the road manager
will be exceeded. For scenario 2, instead, the predicted post-
maintenance settlement is 24 mm.

Figure 5. Settlement predictions for the period 2019/2034.

5 Discussion and conclusion

The availability of monitoring observations covering the en-
tire lifecycle of an infrastructure, from the construction to
nowadays, is almost a one-of-a-kind case. For the case study
at hand, DInSAR data improved the reliability of the pre-
dictions performed by the model. Information added by this
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Table 3. Predicted cumulative total settlements for different scenar-
ios.

Scenario 2019/2034

0: do nothing 0.057 m
1: adding of asphalt 0.059 m
2: EPS fill 0.024 m

Figure 6. Time-histories for the three different cases.

Figure 7. Scenario analysis for the three cases.

technique helped to better understand the performance of the
embankment during the creep phase that is usually not mon-
itored by the conventional systems. The drawback of DIn-
SAR is the need of high resolution time-series coverage and
long timespan. This aspect can be problematic since only re-
cent very high-resolution sensors (e.g., TerraSAR-X, Cosmo-
SkyMed) can ensure higher coverage and precision. Figure 6
shows the settlement time-history for different cases: the red
curve when both conventional and DInSAR data are avail-
able (SP+DInSAR); the blue curve when only conventional
monitoring is available (SP); and the green one when only
DInSAR data are available (DInSAR).

Table 4. Predicted post-maintenance settlement for the three cases
in the timespan 2019/2034.

SP+SAR SP SAR

Scenario 1 59 mm 39 mm (−34 %) 68 mm (+15 %)
Scenario 2 24 mm 6 mm (−75 %) 34 mm (+42 %)

The calibration performed by using only settlement plates
leads to the lowest creep settlement. Looking at the case of
calibration carried out by exploiting only DInSAR data the
creep trend is similar to the ideal case in terms of inclina-
tion of the secondary settlement curve. The post-maintenance
settlement for scenarios 1 and 2 (S1 and S2) for the three
calibration options are shown in Fig. 7. Table 4 summarises
the total predicted settlements highlighting percentage dif-
ferences from the SP+DInSAR case. It is worth noting that
the significance of the underestimation (pertaining to SP) is
always higher than of the overestimation (pertaining to DIn-
SAR).
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Abstract. Underground Gas Storage (UGS) has become one of the most widely used practices to cope with
seasonal peaks in energy consumption. The planning of any new UGS facility, or its upgrading to increase the
working gas volume and reservoir performance, must be supported by an evaluation of possible induced effects
on the environment. From a geomechanical point of view, storage activity results in a cyclic change in stress
and deformation in the reservoir rock and the surrounding formations. The main environmental issues to be
accounted for when natural fluid pore pressure is planned to be exceeded are the following: (a) the differen-
tial displacements at the land surface possibly mining the integrity of ground structure; (b) the integrity of the
reservoir and caprock; (c) the possible reactivation of faults, if the target reservoir is located in a faulted basin;
and (d) the vertical upheaval and land subsidence that can impact on the surface drainage network in low lying
coastal areas. We present an original methodology for evaluating the geomechanical safety of UGS activities
using an approach derived from what is traditionally applied in the structural design of buildings. A safety fac-
tor, a margin of security against risks, is defined for each of the geomechanical issues listed above. First, a 3D
FE-IE numerical model is developed to reproduce the stress and displacement due to the UGS program under
evaluation. Then the reservoir pressure is increased until the “failure” condition is reached allowing to evaluate
how far the project designed condition is from the above limit. The proposed approach is applied to Romagna,
a depleted gas reservoir in Northern Italy converted to UGS, with the aim of investigating the safety of the
project to increase the reservoir pressure up to 120 %pi, where pi is the original reservoir pressure before the
start of primary production. The 3D geomechanical model has been developed using recent 3D seismic data,
land displacements by InSAR, lab tests on reservoir and caprock samples, in-situ Modular Formation Dynamic
Tester (MDT) stress tests, and large background information acquired from other UGS reservoirs located in the
same sedimentary basin. The analysis outcome has revealed that the investigated scenario is safe, with safety
factor larger than 1, in the range from 1.2 to 4. The most critical condition (the smallest safety factor) has been
obtained in relation to the mechanical integrity of the reservoir formation, under very conservative conditions
(cohesion = 0, friction angle= 30◦).
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Figure 1. Stress state in the plane σ–τ and displacement of the
Mohr–Coulomb circle following storage (p > p0) or production
(p < p0).

1 Introduction

Because of the need to cope with seasonal peaks in en-
ergy consumption, the interest to develop new underground
gas storage (UGS) facilities is continuously growing. The
widespread use of UGS is followed by a growing concern of
Government authorities and Public opinion about its geome-
chanical issues, especially subsidence and induced (micro-)
seismicity. Thus, there is a growing need to combine ad-
vanced geomechanical analyses with more understandable
evaluations.

Over the last decades a number of modelling applications
were developed to characterize the safety or the possible im-
pact of UGS. A deterministic approach based on the evalua-
tion of a few scenarios was followed by Teatini et al. (2011,
2019). Stochastic investigation by means of data assimilation
procedure were implemented by Fokker et al. (2013), Jha et
al. (2015) and Zoccarato et al. (2016).

In this work, a first attempt is made to develop an eas-
ily understandable approach to evaluate the safety of a UGS
plant derived from what is traditionally applied in the struc-
tural design of buildings. For a number of safety issues de-
tected in advance, the designed configuration Cd (in term of
stress or deformation) is compared with the failure configu-
ration Cf, and the safety factor is defined as the ratio Cf/Cd.

Taking inspiration from this approach, the design and fail-
ure configurations as well as the safety factor related to the
update of a UGS reservoir are evaluated with the aid of state-
of-the-art numerical models.

2 Methodological approach

2.1 Geomechanical issues definition

The UGS activities induce changes of the stress and strain
fields, with the earlier that remains substantially confined
within the reservoir formation and the nearest portion of the
surrounding rocks and the latter that spreads to the land sur-

face (Teatini et al., 2011; Castelletto et al., 2013). An exhaus-
tive evaluation of the possible impacts of a UGS field located
in a flat coastland must consider the following safety issues
(I):

– the gradient of the displacement field at the land sur-
face (I1): the subsidence and/or differential displace-
ments can weaken the load-bearing capacity of build-
ings and/or structures above the reservoir and surround-
ing areas, triggering of cracks or deformations that are
unacceptable in relation to the integrity of the structure.
The multi-level masonry buildings are the structures
most sensitive to differential displacements, with the
most cautious limit for the vertical deformation gradient
fixed at 50×10−5 i.e. 5 cm per 100 m (Viggiani, 2003).
The limits for all other types of structure are higher than
the latter (Simeoni et al., 2017), even 100 times for flex-
ible buildings such as those made of steel;

– the mechanical integrity of the reservoir rock and the
neighbouring formations (I2): the generation of frac-
tures/cracks due to shear failure can cause micro-
seismicity or compromise the hydraulic seal of the
caprock. Using a Mohr representation of the stress state,
two coefficients ψ and χ can be implemented to quan-
tify the gap between the actual stress state induced in
the reservoir and caprock, and the tensile and shear limit
conditions (Castelletto et al., 2013; Teatini et al., 2014).
The coefficient ψ , which is related to tensile failure, is
defined as follows:

ψ =
σ3

σ3,0

where σ3 is the minimum principal effective stresses
and σ3,0 is the minimum compression stress in undis-
turbed conditions. The χ coefficient, which is related to
shear failure, is defined as:

χ = 1−
τm

τ ∗m

where τm is the current shear stress that develops at a
given tensional regime and τ ∗m is the maximum shear
stress at failure, i.e. the minimum distance between the
Mohr circle and the failure envelope. A graphical in-
terpretation of the two coefficients is shown in Fig. 1.
The failure condition is reached whenever ψ = 0 and/or
χ = 0;

– reactivation of faults near the field (I3): pre-exisiting
faults crossing the field or located in its surroundings
may be reactivated due to the stress change variation and
induced (micro-) seismicity. The fault reactivation may
also be investigated through the Mohr-Coulomb failure
criterion (Labuz and Zang, 2012):

τ < τL = c− σn tanφ
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with σn and τ the normal and shear stresses, respec-
tively, acting on the fault surfaces, φ and c the fissure
friction angle and cohesion, respectively, and τL the
shear stress limit. When τ equates or exceeds the pre-
vious limit, the fault can slip. Moreover, in case of a
tensile normal stress, the fault can open;

– the hydraulic efficiency of the drainage network (I4):
surface movements due to pore pressure change in the
UGS reservoir modify the elevation of the land sur-
face above the UGS reservoir, possibly reducing the hy-
draulic efficiency of the natural and artificial drainage
network in the area. This could cause a higher risk
of flooding (less hydraulic safety) or the need for
larger system of pumping stations or water containment
basins, or embankment raise.

2.2 Safety factor definition

Because of the great economical interest to increase the
working gas volume as much as possible, UGS plans in Italy
generally consider the possibility of increasing the maximum
gas pore pressure at the end of the injection phase. For ex-
ample, in the Lombardia reservoir, which is a UGS field in
operation since 1987 in the sedimentary Po river basin, the
maximum pore-overpressure was planned to be pushed from
the current 103 %pi, where pi is the gas pore pressure prior
to the field development, to 107 %pi and, later on, possibly
till to 120 %pi. This would allow an increase in the stored
gas volume by approximately 65 % and 180 % relative to the
103 %pi storage value (Teatini et al., 2011).

In relation to the possibility of increasing the working gas
volume the geomechanical safety is evaluated by means of a
Safety Factor (SF) for each of the safety issue listed above.
SF is defined as follows as:

SF=
1pf

1p

where 1p is the planned reservoir pressure variation during
the UGS activities and1pf is the reservoir pressure variation
that reaches the failure condition, i.e. causes damages to sur-
face structures/infrastructures, fractures in the reservoir for-
mation and/or the caprock, fault reactivation, and unaccept-
able loss of hydraulic efficiency of the drainage network. The
larger than 1 SF is, the safer the planned UGS activities are
in relation to that specific issue.

The pressure distribution 1p, as provided by a 3D dy-
namic reservoir simulator (e.g., Eclipse) for the planned UGS
scenario, is increased through a multiplicative factor until
the “failure” condition (1pf) is reached, allowing to eval-
uate how far the project designed condition is from the above
limit. The geomechanical issues defined above are com-
puted with the aid of a 3D geomechanical model of subsur-
face where the reservoir is located and a 1D hydrological-
hydraulic model of the drainage network in the area above
the UGS field.

3 Case study

The proposed approach is applied to Romagna, a depleted
gas reservoir in Northern Italy converted to UGS. The
UGS project plans to increase the reservoir pressure up to
120 %pi.

3.1 Mathematical model

The stress and strain variations associated to the
UGS activities in Romagna were simulated using the
M3E_GEPS3D (Geomechanical visco-Elasto-Plastic
Simulator – 3D) simulator, an in-house developed code
(Gambolati et al., 2001; Janna et al., 2012; Spiezia
et al., 2017), presently maintained by M3E S.r.l.
(https://www.m3eweb.it/geomechanical-engineering/,
last access: 17 April 2020). The code is based on finite
elements (FEs) and interface elements (IEs). FEs solves
the equilibrium equations governing the deformation of the
continuous medium (Biot, 1941) and allows to compute
the stress field through appropriate constitutive relations.
IEs are implemented for fault discretization making use
of Lagrange multipliers (Franceschini et al., 2016, 2019).
The main parameters of the geomechanical model are the
reservoir stiffness of the porous medium E, the Poisson ratio
v, the fault cohesion c and friction angle φ.

From the hydrological-hydraulic point of view, the predic-
tion of the efficiency variation of the surface drainage net-
work possibly caused by the movements of the ground sur-
face due to UGS was simulated by means of the codes HEC-
HMS (USACE-HEC, 2010) and HEC-RAS (USACE-HEC,
2016) developed by the U.S. Army Corps of Engineers – Hy-
drologic Engineering Center.

3.2 Model set-up

The geometry of the geomechanical model is shown in Fig. 1.
The domain has an areal extension of 45×45 km with the Ro-
magna reservoir located in a central position. The 3D grid,
which is formed by nodes, tetrahedral, and IEs, was devel-
oped using the automatic grid generator TetGen (Si, 2008).
The domain is confined by the ground surface above and a
rigid basement 7 km deep below. It is discretized to accu-
rately reproduce the geological setting, e.g., the pinch-out
closures of the geological levels, the volumes of the miner-
alized pools, the GWC elevation and the geometries of the
aquifers hydraulically connected to the reservoir. The three
faults closest to the reservoir, and thus affected by a larger
stress perturbation during UGS activities, are included into
the geomechanical model (Fig. 2). Standard conditions with
zero displacement on the outer and bottom boundaries are
prescribed, while the land surface is a no-stress boundary.
The large modeling domain relative to the reservoir dimen-
sions assures that the disturbance does not reach the bound-
ary.
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Figure 2. Perspective view of the 3D finite element mesh used in
the geomechanical simulations.

Table 1. Mechanical properties of the faults derived from lab and
in-situ tests on the rock of the Romagna reservoir.

Scenario c (MPa) φ (◦)

conservative 0 30
realistic 0.02 34

The porous medium characterization is performed using
a constitutive relationship developed for the Northern Adri-
atic sedimentary basin by a statistical analysis of radioactive
marker measurements. The relation provides the oedometric
soil compressibility cM as a function of the effective vertical
stress σz (Baù et al., 2002, Ferronato et al., 2013). In partic-
ular, the “expected” cM relationship is used:

cM = 0.01004σ−1.1347
z

with cM in MPa−1 and σz in MPa. cM is related to soil stiff-
ness E and Poisson’s ratio through a well-known relation.
Larger values of cM, e.g., the 95 % upper bound provided
by the statistical data processing, were also used, but the
computed surface displacements were not consistent with the
available InSAR measurements on the reservoir area. For the
Poisson ratio, a value of 0.3 was used according to bibliogra-
phy data.

The fault mechanical characterization was performed ac-
cording to the results of lab tests carried out on reservoir and
caprock samples and in-situ MDT stress tests. In particular,
the two sets of values provided in Table 1 were used in the
geomechanical simulations.

A plane view of the hydrological-hydraulic model is
shown in Fig. 3. The hydrologic setting and the geometry of
the channels were defined according the data provided by the
“Consorzio di Bonifica della Romagna Occidentale” (2001).

Figure 3. Perspective view of 3D IE discretization of the three
faults located in the surrounding of the Romagna reservoir and in-
cluded into the geomechanical model.

Table 2. Safety factors for each geomechanical issue.

Issue Scenario SF

I1 conservative 4.0
I2 conservative 1.2

realistic 1.6
I3 conservative 4.0
I4 conservative 4.0

3.3 Numerical results

The results of the numerical analyses are summarised in
terms of safety factors in Table 2. The model outcomes re-
veal that the planned UGS program with a maximum over-
pressure at 120 %pi is safe, i.e., characterized by a Safety
Factor larger than 1 for all the geomechanical issue addressed
in the analysis. Issues I1, I3 and I4 are characterized by the
maximum possible value of SF, SF= 4. In fact, the reservoir
pressure cannot be increased to values larger than 180 %pi
since this would result in a non-physical situation where the
rock in the reservoir is subject to tensile stress (Fig. 5).

The most critical condition (the smallest SF) is obtained
in relation to the mechanical integrity of the reservoir forma-
tion (issue I2). However, even in the conservative scenario,
the pressure variation planned by the UGS activities is 20 %
lower than the critical condition (SF= 1.2).

4 Conclusions

A methodology for assessing the safety of UGS programs has
been developed using an approach derived from structural
design of buildings.
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Figure 4. Map showing the main hydraulic network (in blue) above
the Romagna reservoir (in red). The coloured areas highlight the
various hydrologic catchments.

Figure 5. Distribution of the vertical stress variation during stor-
age with p = 180 %pi in a vertical cross section of the 3D mesh
through the pools of the Romagna reservoir.

First, the main geomechanical issues have been delineated
and a definition of the safety factor for UGS activities has
been proposed.

Starting from the outcome of a dynamic reservoir simula-
tor for the planned UGS program in terms of pressure dis-
tribution, for each issue, the safety factor has been calcu-
lated with the aid of a 3D geomechanical model and a 1D
hydrological-hydraulic model.

The procedure has been then applied to the Romagna UGS
reservoir in the Northern Italy with a positive outcome in re-
lation to a possible UGS program at 120 %pi. The study has
shown how this procedure can be easily combined with the
classic geomechanical analysis to summarize and translate
advanced notions in terms commonly used in engineering.

This is a first attempt to facilitate understanding by Gov-
ernment control authorities and the Public opinion. Future
applications to other cases could provide the starting point
for safety guidelines development or updating.
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Abstract. Climatic conditions and vegetation cover influence water flux in a slope which affect the pore water
pressure and self weight, hence its stability. High evapotranspiration and low precipitation rates during summer
cause dry soil with low soil moisture (SM) that leads to soil shrinkage, which leads to cracking and reduced
shear strength, which consequently decreases the stability of slopes. Soil re-wetting increases slope weight and
exerts an additional driving force on the slope. Using Earth observation (EO) data facilitates frequent, large-scale
monitoring to identify the vulnerable areas along the slopes to avoid instability. Here we study the displacement
of a vegetated dike subject to SM variations under varying climatic conditions. Results show that the SM and
magnitude of total displacement at a desired location are highly positively correlated without time lag. This
proof-of-concept study shows that near surface displacement due to interaction with the atmosphere has a strong
relation with the water availability in the slope and therefore the Factor of Safety (FoS).

1 Introduction

Dikes are predominantly earth structures, which form a large
part of existing flood defence systems and their primary ob-
jective is to provide protection against flood events (CIRIA
et al., 2013). Failures of flood defence systems often lead to
significant losses. Natural or human-induced driving mech-
anisms can cause dike failures due to either hydraulic or
geotechnical problems. The monitoring of these dikes is cru-
cial in assessing safety and avoiding flooding events. In the
Netherlands, dikes are inspected by a dike inspector walking
the dike looking for irregularities (Givehchi et al., 2003). In
recent studies, e.g. Cundill et al. (2013), Özer et al. (2019)
and Jamalinia et al. (2019a), it has been proposed that Earth
Observation (EO) can be a useful tool for increasing the ef-
ficiency, objectivity and coverage of dike inspection of vul-
nerable areas to be identified for detailed studies. Here, the
displacement of an example vegetated dike under variable
climatic conditions is studied, to investigate how measuring
displacement would help dike managers detect vulnerable ar-
eas along dikes.

Figure 1. Geometry representing boundary, root zone layers, and
points in which following results are plotted (after Jamalinia et al.,
2019a).

2 Method

Both drainage and vegetation strongly affect dike perfor-
mance (Vardon, 2015; Elia et al., 2017). As available
geotechnical models cannot simulate the effect of vegeta-
tion on dike stability, in the current study, a crop growth
model is coupled to a Finite Element Method (FEM) model
to enable the evaluation of variable climatic and vegetation
conditions on dike stability. Furthermore, these models are
modified to simulate cracking. The modelling strategy is as
follows: (1) A 1-D crop (grass) model, LINGRA (Bouman
et al., 1996), is used to simulate the infiltration of water into
and out of the root zone. This model uses weather data as in-
put and simulates the evaporation, transpiration, water inter-
ception by the vegetation, drainage from the root zone layer
and vegetation growth. LINGRA can account for growth in
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Figure 2. Daily values of inputs for the crop model from 2009 to 2019. (a) Precipitation; (b) radiation; (c) average temperature; (d) average
wind speed.

Figure 3. Daily values of selected outputs for two models from 2009 to 2019. (a) Crack area; (b) Leaf Area Index (LAI); (c) root zone soil
moisture (SMrz); (d) displacement at locations A and B shown in Fig. 1; (e) Factor of Safety (FoS) (after Jamalinia et al., 2019b).
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Figure 4. Correlation coefficient (r) between two parameters with time lags between −20 and 20 d during ten years of simulation.

water-limited condition which is the case for the grass on
dikes in the Netherlands. Here, LINGRA has been adopted
to account for macropores. (2) A 1-D geotechnical model,
PLAXIS (Plaxis BV, 2018), is used to simulate the hydraulic
behaviour of the root zone, where only the calculated water
in step (1) entering the root zone is applied as a top boundary
condition. The hydraulic material properties of the root zone
are optimised so that the drainage from the bottom of the
root zone matches in both models. (3) A 2-D geotechnical
model, is used to simulate the hydro-mechanical behaviour
in time, including both the displacement and the Factor of
Safety (FoS). Shear strength parameters are reduced in this
step to simulate the effect of cracks in the dike; as the crack
area increases, cohesion and friction angle decreases. The de-
scription of the models and workflow are described in detail
in Jamalinia et al. (2019a, b). LINGRA solves the water bal-
ance in the root zone for the cracked soil. Some of the pre-
cipitation flows through cracks directly to the lower layer,
while the remainder reaches the lower layers though the soil
matrix. The dike geometry used in the numerical study is rep-
resentative of a regional dike in Amsterdam, the Netherlands,
studied in the Veenderij project (de Vries, 2012), which con-
sists of the root zone and the soil of the dike body (Fig. 1).
LINGRA uses meteorological data as input (Fig. 2). The sim-
ulation period considered in this study is from 2009 to 2019.
These data were obtained from the Dutch national weather
service website (KNMI) at Schipol.

3 Results

Temporal results from the crop model are shown in Fig. 3a–
c. It is assumed that the cracks cannot seal (close) during wet
periods, and can only increase their opening or aperture dur-
ing drier soil-moisture conditions than previously encoun-
tered. Usually the percentage of the soil surface area which
is cracked increases from spring and summer and its area
remains constant until the next dry period in summer. As
the crack expands only in drier conditions than have been
previously encountered, the time between cracking events
gets longer as the analysis progresses. Temporal variations in
Leaf Area Index (LAI), ratio of leaf area to ground area, are
shown in Fig. 3b. The sudden decrease in LAI shows mow-
ing events on 15 June and 15 August which were imposed in
the crop model based on the mowing schedule for regional
dikes in the Netherlands (Jamalinia et al., 2019a). The pres-
ence of cracks decreases the rate of LAI growth after mow-
ing, because some precipitation drains directly to the lower
soil layer via cracks leading to a reduction in the maximum
stored water (seen in Fig. 3c). High levels of evapotranspira-
tion during the summer reduce soil moisture in the root zone
(SMrz). For example, in summer 2018 the root zone experi-
enced the lowest SMrz in all 10 years of the simulation, which
caused crack growth. Hence, vegetation could not easily re-
grow after mowing that summer. Temporal results from the
2-D geotechnical model are shown in Fig 3d–e. The absolute
displacement of the points A and B (Fig. 3d) increase as the
crack area grows, which depicts the effect of shrinkage be-
haviour in the root zone. These values are mostly influenced
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Figure 5. Time series of surface displacement and water content in the root zone (June 2014–April 2016).

Figure 6. Correlation coefficient (r) between: (a) displacement and SM, (b) displacement and GWL in the root zone with time lags as much
as 30 d during 4 years at Veenderij dike.

by the displacement in the vertical direction, in a drier con-
dition the soil settles more.

Temporal variation of Factor of Safety (FoS) is shown for
the example dike (Fig. 3e). The FoS is responsive to the cli-
mate and vegetation condition. As cracks increase the FoS
significantly decreases under the combined effect of more
infiltration into the dike and lower shear strength induced by
modified cohesion and friction angle. The maximum crack
area leads to the minimum shear strength parameters, there-
fore lower FoS.

Correlation coefficients between pairs of key variables for
the 10 years of the simulation are presented in Fig. 4. If the
maximum absolute value of correlation occurs with a positive
lag it means that the second term leads the first. In Fig. 4a,
the peak correlation coefficient between LAI and root zone
saturation (Satrz), is obtained with two weeks lag. This re-
flects that the vegetation grows in response to water availabil-
ity. In Fig. 4b a positive correlation between displacement
and boundary net flux (effective precipitation minus evapo-
transpiration) is shown with maximum peak after 4 d, that
suggests that seasonal displacements are affected by climate
and vegetation conditions. There is a strong positive correla-
tion between the degree of saturation and displacement at the
dike’s surface (Fig. 4c), which shows that variation in SMrz
leads to swelling/shrinkage behaviour of the soil causing sea-

sonal near surface displacements on the same day. Therefore,
having information of one of these two variables, the other
can be estimated. The strong correlation between ground wa-
ter level (GWL) and displacement at the surface proves the
shallow displacement due to SM variations. There is a nega-
tive correlation between displacement at point A and safety
of the dike (Fig. 4e), so knowing the displacement variation
can inform dike managers regarding the safety condition. In
Fig. 4f, it is shown that crack area increases is negatively cor-
related (with zero lag) to FoS, as mentioned earlier regarding
the time series results shown in Fig. 3.

The following in situ data are from a regional dike in Am-
sterdam, the Netherlands, studied in the Veenderij project
(de Vries, 2012), and are analysed as a validation of the sim-
ulated behaviour.

Figure 5 shows the temporal variation of root zone water
content and displacement for a nearly two-year period (June
2014–April 2016). The shallow displacement and root zone
water content have the same temporal variations. Strong pos-
itive correlations between the SM and displacement, and be-
tween GWL and displacement in the root zone for four years
(January 2012–January 2016) are shown in Fig. 6a–b. The
magnitude of time lags of the correlation shown in Figs. 4
and 6 are comparable.
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4 Use of displacement as an indicator for dike safety

Meteorological and vegetation conditions influence the
boundary net flux of water through the root zone and there-
fore available water in the dike. Seasonal changes in the sur-
face displacement are strongly coupled to the moisture avail-
able in the root zone. Additionally, the strong correlation
between displacement and FoS means that it is possible to
utilise the displacement to monitor FoS. Currently, ground
motion is monitored from satellites with millimeter preci-
sion. With a knowledge of the meteorological conditions,
and surface displacement, vulnerable areas of the dike can
be identified, and for detailed investigation the at-risk dike
location can be investigated in more detail.
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Abstract. In the Houston, Texas region, groundwater use is regulated by the Harris-Galveston Subsidence Dis-
trict (District) because of historical regional subsidence from groundwater development. The District regulates
groundwater production in the Coastal Lowlands Aquifer System (CLAS) to mitigate subsidence through the
implementation of District Groundwater Regulatory Plan. The District has successfully reduced groundwater
pumping as a percent of demand regionally while controlling subsidence through the implementation of alterna-
tive water supplies. Aquifer Storage and Recovery (ASR) is an alternative water supply strategy that provides a
means to store water underground and increase water supply more cost effectively than traditional storage expan-
sion strategies. Groundwater users in the District are interested in the many potential benefits of ASR as a water
supply strategy. Little is known about the potential effects on compaction and land surface subsidence resulting
from ASR operations. Recognizing this, the District funded research on the potential subsidence risk associated
with ASR. Two hypothetical, though representative, ASR projects were developed and analysed: (1) an industrial
ASR project meant to provide water supply during a drought of record (DOR), and (2) a municipal ASR project
designed to provide an annual municipal summer peaking water supply. Simulations of groundwater hydraulics
and subsidence were performed at three potential locations within the CLAS to provide insight into variability
associated with location and aquifer depth. Theoretical simulations confirmed the potential for subsidence asso-
ciated with the application of ASR in the CLAS, although operating an ASR for summer peaking needs has less
potential risk of subsidence than the DOR scenario in the scenarios simulated. The study simulations provide in-
sight into how an ASR project may be designed and operated to minimize compaction and potential subsidence.
Based on this study, ASR operated to address summer peaking showed the greatest potential to reduce addi-
tional compaction verses sourcing all water from groundwater. This theoretical study provides a basis for future
research on subsidence associated with ASR and provides a framework for consideration for the regulation of
ASR within the District.

1 Introduction and statement of research needs

In response to regional subsidence in the Houston Region,
the Texas Legislature created the Harris-Galveston Subsi-
dence District (District) in 1975 to provide for the regulation
of groundwater withdrawal throughout Harris and Galveston
counties in south-east Texas for the purpose of preventing
land subsidence. The District’s jurisdictional area includes
the City of Houston, surrounding municipalities, and the in-

dustrial and port complex of the Houston Ship Channel and
Galveston Bay.

Historically, the Coastal Lowlands Aquifer System
(CLAS) in the District had been the primary water source for
the region’s municipal, industrial, and agricultural water sup-
ply. The Chicot, Evangeline, and Jasper aquifers are the three
primary water bearing units of the aquifer system, with the
Chicot being the shallowest (youngest) and the Jasper being
the deepest (oldest). Historical reliance on groundwater from
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Figure 1. Schematic of an ASR well at the end of recharge and
prior to recovery showing the stored water and the buffer zone (after
Pyne, 2005).

the Chicot and Evangeline aquifers in the Harris-Galveston
Subsidence District (District) led to significant regional sub-
sidence occurring by the 1970s (Kasmarek et al., 2016) in
response to regional lowering of aquifer water levels.

Since 1975, groundwater regulations set forth by the Dis-
trict has resulted in increased aquifer water-levels and slow-
ing and/or cessation of subsidence in regulatory areas clos-
est to the Gulf of Mexico. The potentiometric water-levels
(water levels) in the CLAS in the District have rebounded
greater than 60 m from the historical minimum water-level
in response to pumping curtailment. To meet the District’s
regulations, water providers are required to develop alterna-
tive water supplies (primarily treated surface water). Water
providers in the region have begun considering Aquifer Stor-
age and Recovery (ASR) as a potential alternative water sup-
ply strategy that offers redundancy of supply during periods
of drought or other natural disasters (i.e., floods).

ASR is a proven water supply strategy to increase the
availability of either groundwater or surface water through
the storage of water in an aquifer using a well or wells (Pyne,
2005). Just as surface water reservoirs are routinely used to
increase surface water availability for the future, ASR uses
an aquifer to increase availability of either stored surface wa-
ter, groundwater or reuse water. A properly designed ASR
project will define a yield (storage volume) that the ASR
project will supply over some time horizon. Figure 1 is a
schematic of a hypothetical ASR well showing the stored wa-
ter, often referred to as “the bubble”, the buffer zone which
represents a volume of mixed recharge and native aquifer
groundwater and the target storage volume which encom-
passes both the bubble and the buffer zone.

A typical ASR project includes periods of recharge when
water is being stored within the aquifer and periods of re-
covery when water is being pumped from the aquifer. Dur-

ing recharge periods the water level at and near the well will
rise greater than it was prior to recharge (static water level).
During recovery periods the water level will fall below static
water levels just as occurs in standard well pumping. The du-
ration of recharge and recovery periods can vary significantly
depending upon the volume of water stored and the needs of
the project. Because ASR includes periods of pumping dur-
ing recovery of stored water, it can cause compaction and
subsidence.

This study contains three key elements; a literature review
of ASR in subsidence prone environments, numerical sim-
ulations of representative hypothetical ASR projects and a
discussion of key considerations to support the future man-
agement and potential regulation of ASR in the District. Be-
cause of the theoretical nature of the study, recommendations
were also made for future research and data needs to better
constrain our understanding of ASR and associated potential
subsidence.

2 Mechanisms of subsidence and relevance to ASR

The CLAS is composed of a complex sequence of sands and
clays. Compaction and resulting subsidence in the CLAS in
the study area is caused by the reduction of the pore pressure
in the clay beds as a result of groundwater pumping. This de-
cline in pressure in the aquifer leads to a decrease in pore
pressure within the numerous clay lenses, which then be-
gin to compact due to increased effective stress (Poland and
Davis, 1969). This permanent compaction of the sediments,
caused by groundwater withdrawal, is the largest contributor
to land subsidence throughout the region.

Compaction can be a slow process and the time it takes
for compaction to occur within a clay bed depends on several
clay characteristics. Generally, the thickness of the clay beds,
the percentage of clay deposits relative to the total thickness
of the aquifer, and the depth of burial of the deposits deter-
mine the potential for compaction and risk for subsidence.

Historical subsidence in the District has regionally ex-
ceeded 2 m and locally exceeded 3 m in the District region.
The District, in cooperation with other agencies and institu-
tions in the region regularly monitors groundwater produc-
tion, groundwater levels and subsidence in the region. The
United States Geological Survey (USGS) monitors water lev-
els and operates 11 extensometers in the District. The District
and the University of Houston operate a land surface defor-
mation monitoring network with over 200 stations located
within the District Region.

Because ASR requires pumping in addition to recharge,
there is potential for an ASR project to induce compaction
and potentially contribute to subsidence in the CLAS.

Five ASR case studies (Kelley and Deeds, 2019) were
reviewed for this study: San Juaquin Valley, CA; Santa
Clara Valley, CA; Antelope Valley, CA; Las Vegas, NV; and
Shanghai, China. The literature review showed that well-
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documented case studies for Managed Aquifer Recharge
(MAR) in subsidence prone aquifers significantly outnum-
bered ASR case studies. There are limited publicly doc-
umented case studies of subsidence associated with ASR.
ASR case studies reviewed were the Las Vegas ASR and
MAR project and the Antelope Valley, California ASR cy-
cle test performed by the USGS. In both cases, measurable
subsidence occurred in the vicinity of the ASR projects dur-
ing their operation or testing.

A review of the case studies also found that in aquifers
which have historically undergone significant regional sub-
sidence, such as the CLAS in the District, the rate of subsi-
dence can increase in response to increased effective stress
caused by subsequent pumping, even when pumping water
levels remain above the historical minimums. This has been
documented in several areas of California and has been ob-
served in the District in response to renewed pumping during
a regional drought in 2011. Therefore, maintaining water lev-
els above historical lows during withdrawal does not guaran-
tee that the cessation of compaction of the aquifer and sub-
sidence. These facts complicate the prediction of potential
subsidence from ASR projects in aquifers that have experi-
enced significant regional subsidence such as the CLAS in
the District.

Because the pressure reduction in lower conductivity clay
interbeds is inherently transient, compaction occurs over
years if not decades and the effective stress controlling fur-
ther subsidence in an aquifer with a complex history of wa-
ter level decline, rebound and subsidence is very uncertain.
Stated differently and in context to the ASR problem, what
level of additional drawdown during recovery will re-initiate
higher subsidence rates? The literature has shown that in
aquifers with significant subsidence, the effective stress on
the aquifer does not represent the effective stress predicted
by the lowest observed water levels. This raises a complicat-
ing question when considering additional pumping or ASR
in the shallow portions of the CLAS that have undergone sig-
nificant historical compaction and where groundwater levels
have significantly rebounded.

To account for the uncertainty in the current effective
stress of the system, simulations performed in this study as-
sume that the initial static water level prior to the ASR project
operation defines the preconsolidation state or effective stress
on the aquifer. This assumption is regulatorily conservative
by preventing overestimation of the benefit of ASR to miti-
gate subsidence.

3 Hypothetical ASR cases and simulation of
resulting compaction

Two hypothetical ASR projects (cases) that vary in their
recharge and recovery time periods and periodicity were con-
sidered; a drought of record (DOR) strategy and a seasonal-
peaking strategy. The DOR project assumes recharge of ex-

Figure 2. Location of the three hypothetical ASR project sites sim-
ulated (Kelley and Deeds, 2019).

cess contract water over a 5 year period followed with the
withdrawal of the total storage volume over a period of
5 years during a period of drought when it is assumed the
availability of contract water will be limited. Alternatively,
the seasonal-peaking strategy (a common strategy for munic-
ipal ASR projects) assumes excess water supply in the winter
is recharged in the project with the total storage volume with-
drawn during the summer months when need is highest.

The initial location for the hypothetical DOR ASR project
is termed the base case location and is located near the city
of Texas City, TX, USA. To investigate hydrogeologic vari-
ability inherent in the CLAS, two additional project locations
were considered: one on Galveston Island (downdip site) and
one just southeast of Houston, TX in the far northwest edge
of HGSD Regulatory Area 1 (updip site). Figure 2 shows the
location of the three hypothetical ASR project areas.

A numerical groundwater flow model was developed to
estimate compaction associated with the hypothetical ASR
projects operating with the two water management strate-
gies. The numerical model was developed using the United
States Geological Survey (USGS) code MODFLOW-NWT
(Niswonger et al., 2011) which supports the USGS subsi-
dence (SUB) package (Höffmann et al., 2003).

The water source for the hypothetical ASR projects simu-
lated was assumed to be treated surface water sourced from
the Brazos River. An analysis of geochemical compatibility
of the source water with groundwater was performed based
upon measured groundwater quality data and inferred forma-
tion mineralogy. Results of the geochemical analysis suggest
that there could be potential for calcite precipitation which
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could reduce the ability of the aquifer to store and trans-
mit water. Additionally, there could be potential for other
chemical reactions as result of mixing the source water with
groundwater which could mobilize arsenic and other metals,
increasing the total dissolved solids of the recovered water.
Pre-recharge treatment of the injected water and proper de-
sign of an ASR buffer zone can mitigate any potential wa-
ter quality issues identified in this study though good miner-
alogic data is a data gap which would require coring within
the recharge intervals and the overlying and underlying con-
fining units.

4 Potential of subsidence induced by compaction
from ASR in the Chicot and Evangeline Aquifers

Compaction was simulated for the DOR case and the summer
peaking case at each of the three hypothetical sites. In ad-
dition, a simplified hypothetical ASR model was developed
simulating a single ASR well completed in one hydrogeo-
logic unit to isolate how various aquifer characteristics and
ASR operational parameters can affect compaction.

Figure 3 plots maximum predicted compaction versus time
in the immediate vicinity of the ASR well for the hypothet-
ical DOR case and the summer peaking case at the base-
case location (blue lines). Figure 3 also plots maximum pre-
dicted compaction versus time for both sites from only pro-
duction of an equal volume of groundwater as recovered in
the ASR well (dashed lines). The difference in predicted
compaction between the two curves provides one measure
of the relative benefit of ASR over just groundwater pump-
ing for an equal volume of groundwater. Model simulations
predict that approximately 7.3 cm of maximum compaction
would occur for the DOR case at the base-case location af-
ter one operational cycle (Fig. 3). At a radial distance of
3.048 × 102 m from the ASR well(s), predicted compaction
ranged from 25 % to 30 % of predicted compaction in the im-
mediate vicinity of the ASR well(s). For both the DOR and
summer peaking cases, ASR results in less compaction than
production with no recharge. For the hypothetical DOR case,
the benefit of ASR versus only groundwater production is a
50 % reduction in compaction after the first year of recov-
ery, and approximately 3 % reduction in total compaction at
the end of a 5-year recovery period (Fig. 3). In the summer
peaking case, the benefit of ASR versus only groundwater
pumping is greater than a 30 % reduction in compaction af-
ter 20 cycles of annual operation (Fig. 3).

The simulations performed to date are limited in scope and
are for hypothetical projects. Potential subsidence associated
with an actual ASR project will be dependent on the specific
operational details and location of the project. As a result,
future proposed ASR projects in the District will require a
site-specific analysis of their potential benefits as compared
to traditional groundwater pumping based upon that project’s
operational details and the detailed hydrogeology at the site.

Figure 3. Compaction versus time for the DOR and summer peak-
ing projects, comparing ASR simulations (recharge and production)
to simulations with only production.

Model simulation results show that properly designed ASR
projects can reduce the “effective drawdown” on the aquifer
for a given groundwater yield and thus result in less com-
paction and potential subsidence. Results suggest that opti-
mal cycling of recharge and withdrawal can reduce the “ef-
fective drawdown” and thereby reduce subsidence.

Designing an ASR project to minimize the potential for
subsidence presents another design constraint to those tra-
ditionally considered. Model results suggest that an ASR
project can be designed and operated to minimize potential
compaction. Key components of an ASR project that may
be modified to limit the potential compaction are: (1) maxi-
mizing the well spacing; (2) decreasing the recovery rate(s);
(3) decreasing recovery duration prior to the next recharge
cycle; and (4) targeting high transmissivity, low clay content
intervals as the storage formation(s).

5 Relevance and potential impact on future
regulations

This study is the first District study of the potential for subsi-
dence from the implementation of ASR and provides new in-
sights for how compaction may occur with the development
of an ASR project in the Chicot and Evangeline aquifers.
The results of this study have led to the development of rec-
ommendations for future data and research requirements for
ASR projects in the District as well as recommendations for
future District rule modifications and regulatory provisions.

Data availability. The underlying data, analysis, and documenta-
tion is archived at the Harris-Galveston Subsidence District and is
available upon request.
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Abstract. Local and regional governments in The Netherlands are increasingly faced with the question how
to adjust and optimize groundwater table conditions in urban areas to minimize ongoing subsidence and its
consequences. To help addressing this question, a model was developed that includes soft-soil deformation by
creep. In this paper, a study is presented in which the model was used to investigate and intercompare the
effectiveness of measures that (a) prevent anomalous water table drop during a drought, (b) suppress the seasonal
variability of the water table, and (c) involve a permanent rise of the mean water table.

1 Introduction

Urban areas in the western part of The Netherlands com-
monly show persistent subsidence over multiple decades at
rates between 0–10 mm yr−1. At the same time, buildings
with a foundation in Pleistocene strata usually show much
smaller to negligible subsidence, indicating that the land sur-
face subsidence is mainly caused by slow deformation of
clay and peat deposits in the Holocene strata. In contrast to
areas with peat oxidation, in urban areas, the persistent na-
ture of the subsidence is thought to be the expression of vis-
cous behaviour (creep) of the subsurface, under periodic ad-
dition of fill at the surface to compensate for elevation loss
and/or water table lowering. The subsidence causes damage
to pipes and cables, damage to buildings and infrastructure
without pile foundation, damage to buildings due to decay of
wooden pile foundations if the water table is lowered, nui-
sance flooding, and high maintenance costs of public space
functions. Because (ground)water level change can provoke
subsidence, and local and regional governments are respon-
sible for groundwater levels in the public space, these gov-
ernments are faced with the question how to adjust and opti-
mize water table conditions to minimize the subsidence and
its consequences. To be able to choose among potential mea-

sures, questions they seek answers to include: How much
subsidence can be prevented by:

a. preventing excessive water table lowering during an oc-
casional drought;

b. permanent damping of seasonal water table variations;

c. raising of the mean water table?

In this study, modelling was used to address these ques-
tions.

2 Methods

2.1 Model formulation

A 1-dimensional mathematical model was built that quanti-
fies the concepts depicted in Fig. 1. The model domain con-
sists of Holocene peat and clay layers. Coupled groundwater
flow and deformation (consolidation/swelling) are calculated
in these layers, resulting in vertical land movement relative
to the underlying Pleistocene aquifer. The natural Holocene
stack is overlain by an anthropogenic cover layer (fill), gen-
erally consisting of debris and sand that was added in the
course of history. The phreatic water table sits within the
cover layer and varies in response to weather conditions and
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Figure 1. Conceptual model.

human interference. The water table variations directly im-
pact the pore pressure and the geostatic stress in the under-
lying layers due to the changes in cover layer weight (water
content change), and indirectly impact pore pressures by the
changing head at the base of the cover layer, which acts as
the upper drainage boundary for consolidation and swelling
in the peat and clay stack.

Deformation is calculated employing an isotache-based,
viscoelastic compression model that is used in certified
geotechnical software for settlement modelling in The
Netherlands and other countries. The viscous deformation is
referred to as creep. The creep strain in the isotache model is
a generalization of, and therefore replaces, the ideal-plastic
deformation of Terzaghi’s classical elastoplastic compres-
sion model. That is, all irreversible deformation in the iso-
tache model is caused by creep. The model uses three com-
pression parameters: swelling constant a, compression con-
stant b, secondary compression constant c; and an (initial)
overconsolidation ratio OCR. For a given set of values of
the compression parameters, the momentary viscous (creep)
time rate of (natural) strain εcr is a function of OCR:

dεcr

dt
=
c

τ
τ = τrefOCR

b−a
c (1)

where τref = 1 d. τ is intrinsic time, which can be taken as
an apparent age of the clay or peat, where young age corre-
sponds to high, and old age to low creep rates. For a com-
prehensive description of the model, see Den Haan (1994) or
Kooi et al. (2018). The model equations are solved with Flex-
PDE 6.50, a scripted finite element solution environment for
partial differential equations.

The model does not account for shrink and swell associ-
ated with seasonal desiccation and wetting of clay-rich units
in the unsaturated zone (e.g., te Brake et al., 2013).

2.2 Parameter values

Table 1 lists the parameter values that were used for peat,
clay and the anthropogenic cover layer in the calculations

Table 1. Parameter values per lithology.

a b c γsat γunsat
(–) (–) (–) (kN m−3) (kN m−3)

anthropogenic – – – 20.4 18.4
peat 0.017 0.13 0.009 11.5 –
clay 0.005 0.065 0.003 18.5

Table 2. Scenarios for the perturbation applied to the reference
ground water table condition.

scenario description

drought amplitude +1.0 m in dry season year 8
damping amplitude −0.4 m applied after year 9
raising annual mean +0.5 m applied after year 9

presented here. Deformation of the cover layer is assumed to
be negligible. Hydraulic conductivity of peat and clay was
assigned a fixed value of 5 mm d−1. These are representative
values that provide a fair impression of the impacts of the
water table scenarios. The values of OCR were varied (by
specifying τ ) in order to vary the background (initial) subsi-
dence rate by creep. A comprehensive sensitivity analysis is
beyond the scope of this paper.

2.3 Model runs

The model was run for the three-layer configuration shown in
Fig. 1, with a thickness of 3, 7 and 2 m for the anthropogenic,
peat and clay layer, respectively. This layering approximates
subsurface conditions in the city of Gouda (Van Laarhoven,
2017). Seasonal water table variations are represented by a
sine-function. In reference runs, the mean annual water ta-
ble is 1 m below land surface and the amplitude 0.5 m. Ta-
ble 2 summarizes the three modified water table scenarios
“dry summer”, “damping”, and “raising” that were used to
study their impacts. The magnitude of the applied perturba-
tions is rather large compared to what is generally feasible in
practice. This was done to bring out the impacts more clearly.

Note that for “drought” the reference and the scenario
should formally be swapped to evaluate the impact of mit-
igation measures that prevent excessive water table lowering
during the drought. In the runs hydraulic head at the base of
the clay is kept constant and equal to the mean ground water
table. A period of 25 years is simulated.

To study how impacts of water table scenarios vary as a
function of the background (or initial) subsidence rate, values
of 10, 20 and 100 years were assigned to the initial intrinsic
time τ for both the peat and clay layer. These τ values can be
converted to corresponding values of OCR using Eq. (1) and
the parameter values listed in Table 1.
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Figure 2. Calculated subsidence for the reference runs.

3 Results

Figure 2 presents the calculated vertical land movement of
the reference runs. τ values of 100, 20 and 10 years yield
initial subsidence rates of about 1, 3 and 5 mm yr−1, respec-
tively. The total movement includes oscillations with an am-
plitude of about 5 mm that are predominantly caused by the
elastic response of the peat and the clay to the seasonal stress
changes. The accumulated irreversible, inelastic subsidence
is labelled “creep”. It includes subtle seasonal variations indi-
cating that the creep rate accelerates (with some delay) when
the water table declines and decelerates when the water table
rises.

Figure 3. Calculated subsidence for scenario “dry summer”. The
creep of the reference runs is depicted as “ref. creep”.

Figures 3–5 present the calculated vertical land movement
for the three water table scenarios. To visualize the impact of
the changed conditions, the creep component of the reference
runs (Fig. 2) is shown for reference.
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Figure 4. Calculated subsidence for scenario “damping”. The creep
of the reference runs is depicted as “ref. creep”.

4 Discussion and conclusions

4.1 Elucidation of results of the scenarios

4.1.1 Drought scenario

Figure 3 shows that a single dry season with 1 m extra wa-
ter table lowering, has a distinct subsidence impact (up to
about 1 cm). However, most of this subsidence is due to elas-
tic deformation and is recovered by the end of the drought.
The net impact of the drought – defined here by the differ-

Figure 5. Calculated subsidence for scenario “raising”. The creep
of the reference runs is depicted as “ref. creep”.

ence between the “creep” and “ref. creep” curves – is in-
duced by enhancement of the rate of creep during the period
in which the water table is anomalously low. The duration
of this period (6 months in the simulation), therefore, is an
important factor that determines the magnitude of the post-
drought impact. The results further show that the impact is
more significant for low values of τ (low OCR and high
background subsidence rate). Furthermore, the loading and
unloading caused by the drought and its recovery leaves the
peat and clay mildly overconsolidated after the drought. That
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is, the OCR is slightly enhanced, and the creep rate slightly
reduced after the drought. This is visible in Fig. 3c where the
“creep” and “ref. creep” curve very slowly converge over the
years after the drought. The net impact of the drought is very
small relative to the background subsidence.

4.1.2 Damping scenario

The reduction of the amplitude of seasonal water table vari-
ation by 0.4 m (80 %) moderates the seasonal variation of
the total land surface movement by approximately the same
amount, and the annual average creep rate is slightly reduced
(Fig. 4). The impact of the latter, in terms of millimetres of
subsidence prevented, takes many years to decades to de-
velop. The reduction of the annual creep rate is the result
of opposing contributions of the wet and the dry season. The
raised water table during the dry period compared to the ref-
erence condition, reduces the creep rate in that season. How-
ever, during the wet season, the lower water table compared
to the reference condition enhances the creep rate during that
time. The contribution of the dry season prevails in the net
impact. This indicates that the effectiveness would be larger
if only the dry season water table would be raised, and the
wet season water table would be left untouched. The net im-
pact of the drought is very small relative to the background
subsidence.

4.1.3 Raising scenario

The permanent increase of the mean water table by 0.4 m has
both a direct and a secular effect on the land surface eleva-
tion (Fig. 5). The direct effect consists of elastic uplift/heave
of about 5 mm. The secular effect consists of the reduction
of the creep rate. The reduction of the creep rate is perma-
nent and applies to both the wet and the dry season (the am-
plitude of water table variation is not modified in this sce-
nario). Comparison with Figs. 3 and 4 reveals that the im-
pact of permanently raising of the water table is larger than
for the other two scenarios. The greater impact is due to the
permanent reduction of the creep rate. However, since water
tables are already maintained at rather shallow depth in parts
of The Netherlands that contain Holocene soft-soils, locali-
ties where water table can be raised by several decimetres or
more without causing damage are probably very limited.

4.2 Need for field- and laboratory testing

The isotache model employed in this study, includes modern-
day concepts of the soil mechanics of Holocene peat and
clay. This model has been developed for the modelling of,
and is primarily tested against, settlement caused by large
loads such as dikes, and surcharge that is applied in areas
where new residential areas are being built. It is presently
unclear to what extent the model also accurately represents
creep rates and creep behaviour for the small loads associated

with the water table scenarios considered in this manuscript.
Dedicated field- and laboratory tests are needed to shed more
light on creep rates and creep behaviour for effective stress
levels at or below the preconsolidation stress, and to test the
validity of presented results.

4.3 Conclusions

Modelling employing an isotache-based viscoelastic com-
pression model adopted from certified geotechnical software
for settlement modelling allows quantitative assessment of
the subsidence impact of interferences in water table condi-
tions in urban areas.

Model results indicate that:

– The absolute subsidence impact of measures increases
with increasing background subsidence rate.

– The effectiveness of measures increases with the dura-
tion of the period during which water tables are raised.
That is, permanent raising tends to be more effective
than periodic or occasional prevention of water table
drops.

– For conditions that exist in urban areas in The Nether-
lands, water table interventions are predicted to prevent
a fraction of the subsidence that would have occurred
without the intervention.
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Abstract. Creep and secondary consolidation are important phenomena in settlement caused by surface loads,
but not commonly considered in land subsidence driven by groundwater extraction. To explore the role of creep
in such settings, a new MODFLOW-2005 land subsidence package was developed that incorporates a creep
formulation gleaned from geotechnical software. This formulation, which is based on the isotache concept, is an
extension of, and incorporates the classical elastoplastic compression model of Terzaghi as a limiting case. The
package is introduced, and results are presented of an application to a site in northern Jakarta. It is shown that
the isotache model requires considerably higher overconsolidation levels of clays than the Terzaghi model, and
that creep contributes to subsidence long after drawdown in pumped aquifers has stabilized, a phenomenon that
is traditionally attributed to “hydrodynamic lag”.

1 Introduction

Volume loss by creep of “soft sediments” (clay, silt, peat) is
a well-known and crucial part of the settlement caused by
surface loads such as earth embankments or surcharge that
is applied for construction of roads and residential areas in
areas underlain by clay or peat. Continued slow settlement,
long after pore pressures have equilibrated – this is generally
referred to as secondary consolidation – is a key exponent of
creep. Creep can be described as viscous compression. Hav-
ing to account for creep is a no-brainer in settlement evalu-
ation in engineering practice in deltas where soft sediments
are pervasive. However, when volume loss and compaction
of the same types of sediment is caused by the exploitation
of groundwater resources, creep is seldom considered. This
is odd and lacks a proper justification.

To be able to explore the implications of creep in aquifer
system compaction and land subsidence due to groundwa-
ter exploitation, a MODFLOW-2005 land subsidence pack-
age SUB-CR was developed that incorporates an isotache-
based, viscoelastic compression model that is used in certi-

fied geotechnical software for settlement modelling in The
Netherlands and other countries (Kooi et al., 2018).

This manuscript introduces the SUB-CR package and dis-
cusses how SUB-CR yields slightly modified perspectives
on land subsidence due to groundwater use and its mod-
elling than the existing packages (SUB, SUB-WT) that em-
ploy Terzaghi’s classical elastoplastic compression model.

2 SUB-CR

2.1 Basic concepts

Many basic concepts and principles of SUB-CR were bor-
rowed from the USGS land subsidence package SUB-WT
(Leake and Galloway, 2007). These concepts include 1-
dimensional compression; total or geostatic stress calculated
from local overburden; overburden and total stress depend on
the water table; and the concept of interbeds.

Some concepts and approaches have been modified in
SUB-CR. Calculation of effective stress, for instance, is done
based on cell-averaged stress and pore pressure, and soil
above the water table is involved in compression. In SUB-

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Comparison of the stress-deformation relations in
(a) Terzaghi’s classical compression model (TM) and (b) the iso-
tache model (IM).

WT, effective stress (change) is evaluated for the base of
model cells and unsaturated parts of cells do not contribute
to subsidence. The most prominent difference, however, con-
cerns the compression model, which is introduced in the next
paragraph.

2.2 Isotache model

The isotache model (IM) implemented in SUB-CR (Fig. 1b)
can be considered a generalization or extension of Terzaghi’s
elastoplastic compression model (TM) (Fig. 1a). σ ′, σ ′o and
σ ′p are effective stress, initial effective stress, and preconsol-
idation stress, respectively.

A minor difference in the diagrams is the use of void ra-
tio e and strain ε (positive defined here as volume decrease)
along the vertical axis, which explains why Terzaghi’s com-
pression index Cc and recompression index Cr translate to
compression ratio CR and recompression ratio RR in the
isotache model. The key difference between the TM and the
IM is that inelastic strain in the TM is (ideal) plastic, and
in the IM viscous. Ideal plastic strain is instantaneous; stress
directly determines strain, and each point in the diagram rep-
resents a steady state. The viscous strain in the IM implies

that each combination of stress and strain is associated with
a strain rate ε̇. All points at or below the elastic bounding
line and its extension (dashed), therefore represent unsteady
states. The viscous strain rate is referred to as creep or creep
rate.

The red lines in Fig. 1b are lines of equal creep rate ε̇cr,
or isotaches. Only a limited number of isotaches are shown
for reasons of legibility. The vertical spacing (strain differ-
ence) between isotaches that differ a factor 10 in rate, is con-
trolled by Cα , the secondary compression ratio. Mesri and
Godlewski (1977) list typical values of Cα/CR for various
lithologies (e.g. 0.04± 0.01 for inorganic clays and silts).
The thick red line is the reference isotache (rate ε̇ref) and
can be regarded the equivalent of the plastic yield line in the
TM. Thus, while in the TM the inelastic strain rate is infinite
above the plastic yield line and zero at or below the yield
line, in the IM, the reference isotache represents a nominal
boundary across which the strain rate changes more gradu-
ally, controlled by Cα . Importantly, in the limit Cα→ 0 the
isotaches are compressed on the reference isotache with in-
finitely high creep rates above and zero creep rates below,
which is the equivalent of the TM. Thus, the TM is a limiting
case of the IM. Therefore, the IM with Cα = 0 is an elasto-
plastic model.

In the IM, ε̇cr is a function of the overconsolidation ratio
OCR= σp/σ

′:

ε̇cr =
Cα

ln(10)
OCR

Cα
CR−RR (1)

where OCR= 1 corresponds to the reference isotache with
ε̇cr = ε̇ref. Each isotache can also be represented by an intrin-
sic time τ through the relationship

ε̇cr =
Cα

τ ln(10)
(2)

where the reference isotache is defined as τref = 1 d (derived
from classical oedometer tests with time increments between
load steps of 1 d). Intrinsic time can be considered an appar-
ent age of the material (Bjerrum, 1967), where younger τ
corresponds to higher creep rate and vice versa.

In SUB-CR, the IM presented here is referred to as the
NEN-Bjerrum model. SUB-CR also includes another IM,
called the abc-model (Den Haan, 1994), where the main dif-
ference is the use of natural (Hencky) strain εH rather than
linear strain ε (Kooi et al., 2018).

2.3 Coupling with groundwater flow

For a description of the way in which SUB-CR is coupled
with MODFLOW-2005, including a derivation of the under-
lying equations, the reader is referred to the online SUB-
CR guide (Kooi et al., 2018). An important difference with
the TM implemented in SUB-WT is that with the IM, creep
plays an active role in enhancing pore pressure and hydraulic
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Figure 2. Location of study site within greater Jakarta. Map is ap-
proximately 40× 40 km.

head by “squeezing” the sediment, a behaviour that cannot
be represented by conventional specific storage coefficients
and that requires an iterative solving approach.

3 Example application

In this section, an example application is presented that illus-
trates behavioural aspects of SUB-CR.

3.1 Site description and 1-dimensional approach

Illustrative results are presented for the Daan Mogot district
in Jakarta (Fig. 2). The subsurface of northern Jakarta con-
sists of mostly thin sand units of limited lateral extent, em-
bedded in a predominantly clay-rich environment. Distinct
aquifers and confining units cannot be discerned. Together
with a paucity of hydraulic head and well data, this com-
plicates development of a meaningful 3-dimensional model.
Drawdown and the subsidence response are expected to be
predominantly controlled by local conditions that are gener-
ally insufficiently constrained to be predicted with a reason-
able degree of confidence. Daan Mogot is one of few sites
in Jakarta where a geological borehole description, a GPS-
based subsidence time series and head observations from
a groundwater well are available in a concise area (several
km2). These data have been used in a local assessment in
which SUB-CR was employed in an one-dimensional col-
umn mode, and where drawdown is imposed at the depths of
observation well screens to drive the subsidence.

Table 1. Fixed and default parameter values per lithology.

Lithology RR CR Cα OCR cv
(–) (–) (–) (–) (m2 s−1)

sand 0.001 0.001 0 ∞ high
sandy clay

Table 2 (varied per run)
5× 10−7

clay 3× 10−7

3.2 Model runs and results

Figure 3 depicts the borehole and groundwater data and as-
pects of model design. With the available hydraulic head
data, a scenario for drawdown development between 1925
and 2100 was constructed for the three screens of the obser-
vation well (Fig. 3c). These time series of drawdown were
imposed at the modelled screen depths (Fig. 3b) using the
CHD package. The water table is fixed at land surface, and
the base is a no-flow boundary. The head response and con-
solidation of the adjacent and intermediate layers were simu-
lated. The scenario of Fig. 3c explores how subsidence would
progress for the theoretical case that hydraulic heads within
the pumped layers at the well screens would be stabilized
from 2025 to 2100. Other scenarios are presented by Kooi
and Trysa Yuherdha (2018).

Parameter values are in part (CR, cv, ρsat) constrained by
reported results of laboratory tests of various geotechnical
parameters for the clayey units of the borehole. Direct in-
formation on RR, Cα and σ ′p are lacking. Fixed and default
parameter values in the calculations are listed in Table 1.
The consolidation coefficient cv is not an input parameter of
SUB-CR but was used to parameterize hydraulic conductiv-
ity k using

k =
γwCR cv

ln(10)σ ′
(3)

A value of ρsat = 1700 kg m−3 was adopted for the saturated
mass density of the sediments. Table 2 lists parameter val-
ues for selected model runs that provide a fair fit with the
GPS-based subsidence in Daan Mogot (Fig. 4). The runs dif-
fer in terms of parameter values for the clay layers. The first
four runs (Fig. 4a) include creep in the sense that Cα > 0.
Preconsolidation stress is set using the overconsolidation ra-
tio OCR= σp/σ

′. These runs will be referred to as IM-runs.
The last three runs (Fig. 4b) use Cα = 0 and will be referred
to as TM-runs (elastoplastic). Preconsolidation stress in the
TM-runs is set using the pre-overburden pressure (or over-
consolidation) σp = σ

′
+POP. This is the general approach

in subsidence modelling using the existing USGS land sub-
sidence packages such as SUB-WT.
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Figure 3. Borehole and well-data. (a) Geological borehole de-
scription and depth of screens of the “nearby” observation well.
(b) Modified borehole layering used in the modelling and depths
where drawdowns are applied. (c) Observed drawdown (squares)
and model time series of drawdown (lines) for the three drawdown
levels.

Table 2. Parameters for clay and sandy clay per run.

Run∗ RR CR Cα OCR POP
(–) (–) (–) (–) (kPa)

SCR01 0.03 0.17 0.005 1.5 –
SCR02_3k 0.03 0.15 0.005 1.6 –
SCR05 0.03 0.15 0.002 1.25 –
SCR06_2k 0.03 0.13 0.002 1.3 –
SCR12 0.03 0.17 0 – 50
SCR13 0.03 0.15 0 – 50
SCR15_2k 0.03 0.11 0 – 0

∗ _2k and _3k indicate that cv, and hence k is multiplied by a factor 2
and 3, respectively.

Figure 4. Observed and modelled subsidence. (a) IM-runs with
non-zero secondary compression ratio. (b) TM-runs; IM model in
elastoplastic mode (zero secondary compression ratio).

Figure 5. Preconsolidation stress of clays as a function of depth for
model runs.

4 Discussion and conclusions

4.1 State of overconsolidation

Figure 4 illustrates that the observed subsidence at Daan
Mogot can be accounted for by both IM-runs (Fig. 4a) and
TM-runs (Fig. 4b). The key difference is that the two types
of runs require very different preconsolidation states (Fig. 5).

For TM-runs the required overconsolidation σp− σ
′
=

POP of the clayey units is very small (0–50 kPa). This ap-
plies to shallow as well as to deep levels. For larger POP val-
ues, TM-runs yield insufficient inelastic (plastic) compres-
sion and underpredict the observed subsidence. For the IM-
runs, by contrast, a constant low POP describes an incompat-
ible state, because OCR then decreases rapidly with depth to
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very low values, and low values of OCR correspond to very
high creep rates (Eq. 1). Very high creep rates at great depth
in the undisturbed situation in the year 1925 are unrealistic.

In the IM-runs a constant OCR was assumed (increasing
POP with depth), which corresponds to a constant rate of
creep with depth. Model results are very sensitive to OCR.
Too high values yield insufficient inelastic compression and
insufficient subsidence. Too low values yield too high initial
creep rates and overprediction of subsidence during the ear-
lier phase of groundwater development (1925–1970).

The main lesson to be learned is that the IM requires high
overconsolidation levels (POP) for deep clay units whereas
the TM suggests that overconsolidation levels are low. Quan-
tification of the overconsolidation state of deep clays in areas
that have not been impacted by large drawdown would, there-
fore, provide invaluable information to evaluate the IM and
shed more light on the potential role of creep in land subsi-
dence in northern Jakarta and land subsidence in general. Un-
fortunately, preconsolidation stress data are hardly available
in Jakarta in lab-test reports. Using reported undrained shear
strength data for a borehole elsewhere in Jakarta (Sunter),
Kooi and Tyrsa Yuherdha (2018) inferred OCR estimates
varying between 1.1 and 2.5 for clays between 25–80 m
depth using an empirical relation of Mayne (2006). Although
the high values cannot be readily reconciled with the TM,
these estimates are considered to be insufficient to provide
clear evidence for or against the IM and the role of creep.

4.2 Role in delayed subsidence

The modelled subsidence in the period 2025–2100 (Fig. 4)
reflects the continued consolidation of clayey units while
drawdowns in pumped sandy units are stable (Fig. 3c). In the
TM-runs (Fig. 4b) the delayed subsidence is solely caused by
the low permeability of the aquitards, a phenomenon known
as hydrodynamic lag (e.g. Riley, 1969). In SCR15_2k, the
hydraulic conductivity is double that of the other two TM-
runs. This results in more efficient drainage of the aquitards
and less (0.39 m) delayed subsidence (0.98 and 1.09 m for the
other runs). In the IM-runs, the delayed consolidation is more
complex and reflects the interplay between hydrodynamic
lag (low-permeability effect) and creep. Even if hydrody-
namic lag would be absent, creep would cause delayed sub-
sidence in the form of secondary consolidation. The role of
creep is most apparent in run SCR02_3k in which hydraulic
conductivity is thrice the default value with still 0.81 m of
delayed subsidence. Further research is required to clarify to
what extent this extended delay due to creep is truly present
in the natural system.

Code availability. The SUB-CR package is currently being eval-
uated by a third party. The source code of the package is planned
to be made public in the course of 2020 by Deltares, but may be
provided earlier on reasonable request to the authors.
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Abstract. With the rapid growth of data volume and the development of artificial intelligence technology, deep-
learning methods are a new way to model land subsidence. We utilized a long short-term memory (LSTM) model,
a deep-learning-based time-series processing method to model the land subsidence under multiple influencing
factors. Land subsidence has non-linear and time dependency characteristics, which the LSTM model takes
into account. This paper modelled the time variation in land subsidence for 38 months from 2011 to 2015. The
input variables included the change in land subsidence detected by InSAR technology, the change in confined
groundwater level, the thickness of the compressible layer and the permeability coefficient. The results show
that the LSTM model performed well in areas where the subsidence is slight but poorly in places with severe
subsidence.

1 Introduction

The continuous over-pumping of groundwater can result in
dramatic drawdown and regional land subsidence, threaten-
ing the living environment. Land subsidence is often related
to anthropogenic factors that can cause economic losses and
casualties, such as municipal infrastructure damage, cracks
in transport facilities, and building fractures.

Land subsidence is a complex process influenced by the
interaction of anthropogenic activities and the hydrogeolog-
ical environment. It often develops unevenly and seasonally
and can display hysteresis depending on the soil mechanical
properties (Ezquerro et al., 2014; Miller and Shirzaei, 2015;
Bonì et al., 2016; Gao et al., 2018; Haghighi and Motagh,
2019).

Previous studies on the mechanism of land subsidence
were based on the well-understood constitutive model, and
the numerical simulation model was established to simu-
late the future displacement. However, explicit description
of hydrogeological information which may have space–time
sparseness is required to do so accurately. This constrains its
application for large areas. The grey model (GM) based on

grey theory is an alternative model to predict the short-term
land subsidence, but it ignores the non-linear characteristic
of land subsidence. Some researchers proposed the modified
GM model combined with artificial neural network (ANN)
or other algorithms to deal with the non-linear features (Li et
al., 2007). These methods can have a good short-term predic-
tion and perform well when data volume is small, while the
deep information cannot be mined when the data volume is
large and cannot be used in long-term prediction.

The long short-term memory (LSTM) model is a deep-
learning method that can process a large volume of time-
series data and forecast the value of the next moment. It con-
structs a multilayer neural network to excavate the tempo-
ral dynamic features of historical data, considering the non-
linearity and temporal dependency characteristics. The pre-
diction period depends on the time interval of the input data.
It has been successfully applied to PM2.5 concentration fore-
casting, which is a temporal–spatial phenomenon (Qi et al.,
2019), but no research used this method to simulate the land
subsidence.

With the rapid growth of land subsidence data volume ob-
tained by InSAR technology, the application of deep-learning
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Figure 1. The location of the study area and land subsidence from
2011 to 2015 derived from RadarSat-2 images (the digital elevation
model data are from the Shuttle Radar Topography Mission – SRTM
– website).

methods of recent studies shows its potential in time-series
land subsidence modelling (Yu et al., 2018). In this paper,
we utilized the LSTM method to model the land subsidence
under multiple influencing factors.

2 Study area and datasets

2.1 Study area

The study area is located in the Beijing Plain, where the
largest cumulative land subsidence from 2011 to 2015 had
been reached at 624.42 mm, as shown in Fig. 1. Due to urban
sprawl and groundwater extraction, land subsidence in Bei-
jing has become a matter of concern and is threatening the
sustainable development of the city.

2.2 Available datasets

As noted in the literature, excessive exploitation of ground-
water is the main trigger of land subsidence, and compress-
ible layers are geologically responsible for the land subsi-
dence in the Beijing Plain region (Zhu et al., 2015, 2017;
Chen et al., 2016). This study considered these two aspects to
be the influencing factors of land subsidence. The available
datasets include the confined groundwater level, the thick-
ness of the compressible layer, the permeability coefficient,
and the cumulative land subsidence from 2011 to 2015 de-
rived from 38 RadarSat-2 descending images. Constrained
by accessible groundwater data, we got 16 487 persistent

Figure 2. Diagram of an RNN network and LSTM computing cell
(from Wikipedia).

scatterer (PS) points. Therefore, we have in total 626 506
samples recording the LOS subsidence and the related in-
fluencing factors to simulate the land subsidence.

2.3 Data processing

The confined groundwater level observed by the monitor-
ing stations was interpolated using the kriging interpolation
method into a raster with a 20m× 20m grid size by a batch
process. The thickness of the compressible layer and the per-
meability coefficient of the study area were both represented
by a contour. So, they were converted into points and inter-
polated using the kriging method. The change in the confined
groundwater level was calculated and used as the input vari-
able of the LSTM model together with the other two factors.
The cumulative land subsidence was also converted into the
variation to eliminate its tendency. All the data were normal-
ized using the min–max scaling method. All these attributes
were extracted to the PS points by a spatial analysis tool in
ArcGIS.

3 Methodology

3.1 InSAR technology

InSAR technology records the phase and amplitude of the
electromagnetic waves of ground objects. The phase infor-
mation is used to inversely determine the extent of land sub-
sidence. PS-InSAR (PSI) is the most common and effective
method for detecting regional time-series land subsidence by
calculating the differential interferometric phase and gener-
ating lots of PS points. PSI technology overcomes the prob-
lems of temporal and geometrical decorrelation and mini-
mizes the atmospheric and noise phase contributions. The
outputs include (1) the coordinates of land subsidence points,
(2) the LOS cumulative land subsidence and (3) the land
subsidence rate. Increasing availability of the long-term and
large amount of land subsidence data detected by InSAR
technology has provided the chance for data-driven mod-
elling.
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Figure 3. The LSTM model structure of this study.

Table 1. Details of the experimental settings.

Parameter Value

Number of records 626 506
Training set 70 %
Test set 30 %
Time series 2010–2015, 38 months
Learning rate 0.001
Batch size 38
Hidden layers 8
Input size 4
Output size 1
Optimization function Gradient descent optimizer

3.2 LSTM algorithm

A RNN (recurrent neural network) is a kind of deep neu-
ral network for processing sequence data considering the im-
pact of last moments on the present. Parameter sharing on
a time domain with a loop structure is its important char-
acter. As shown in Fig. 2a, Xt represents the input char-
acteristics at time t , A is the computing unit which is also
known as the hidden layer, and ht is the output value. The
hidden layer controls the information conversion process of
the sequence data. It fits the mapping relations between the
input multidimensional features and the labels and learns the
weight matrix and bias to calculate the corresponding output
value. However, RNN suffers from vanishing gradient or gra-
dient explosion problems when dealing with long-term time-
series data.

The LSTM proposed by Hochreiter and Schmidhu-
ber (1997) is a computing unit in a RNN structure. It intro-
duced a gating function to avoid the long-term dependency
problem. As shown in Fig. 2b, f t , it , and ot are three non-
linear gate functions and named the forget gate, input gate,
and output gate in each memory block, respectively. The key
to the LSTM is the cell state Ct , which has only a small
amount of linear interaction during the entire operation. It
can effectively record history information for a long time

Figure 4. The distribution of the train and test data (the administra-
tive map is from the Beijing Institute of Geo-Environment Monitor-
ing).

through the three gates. For an input vector xt , the calcu-
lation equations for an LSTM unit with the three gates are as
follows:

f t = σ (Wf · [ht-1,xt ]+ bf), (1)
it = σ (Wi · [ht-1,xt ]+ bi), (2)
ot = σ (Wo · [ht-1,xt ]+ bo), (3)

Ct = f t ×Ct-1+ it × C̃t , (4)

C̃t = tanh (WC · [ht-1,xt ]+ bC), (5)
ht = ot × tanh (Ct ), (6)

where Wf, Wi, Wo, and WC are the weight matrices for input
vectors and bf, bi, bo, and bC are the bias vectors at time t ,
respectively. C̃t is the cell state of xt involving the hidden
state value ht-1 from a previous block at time t-1. Ct is the
current unit state controlled by f t and it . ht is the current
output value controlled by the output gate and the current unit
state. σ and tanh are the activation functions, a non-linear
calculation process.

3.3 Subsidence modelling

The LSTM model structure established in this study was
drawn in Fig. 3. The orange dots are the PS points, which
record the time-series land subsidence derived from synthetic
aperture radar (SAR) images and corresponding attributes
that influence the land subsidence. The green block which
contains the LSTM computing cell is the memory block of
the RNN model. Xt = {V1t , V2t , Vit} are the input data at
time t . Vit is the ith attribute of each PS point at time t . The
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Table 2. The RMSE of the 14 validation points.

Test points P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12

RMSE 15.77 13.95 16.69 12.60 15.19 16.07 16.32 11.30 13.49 10.01 5.97 4.48

Figure 5. The fit curve between modelled and InSAR-derived change in land subsidence.

model would extract the characteristics of the multiple at-
tributes through the time-series data from the input samples.

In this study, Xt = {V1t , V2t , V3t , V4t}= {the change in
land subsidence, the change in confined groundwater level,
compressible layer thickness, permeability coefficient}. It
was a four-dimensional vector. The subsidence data were as
the input labels and the attribute data were as the input fea-
tures in the model-learning period. The model simulates the
relationships between the change in subsidence and influenc-
ing factors.

4 Results and discussion

4.1 Experimental settings

The detailed experimental settings are listed in Table 1. The
datasets were randomly divided into 70 % for the training set
and 30 % for the test set to verify the accuracy of the model.
The distribution of these data is shown in Fig. 4. The model
training stage used the sum of variance between the mod-
elled and accurate values to calculate the loss. The gradient
descent optimizer was used for the parameter optimization.
The activation function was the common one Tanh. Limited
by the data volume, the learning rate was set to 0.001 and
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Figure 6. The deviation between the modelled and InSAR-derived
cumulative land subsidence at the last moment.

the hidden layers were set to eight. A higher value can be set
when the data volume is larger.

4.2 Experimental results

We got 13 190 points, in total 501 220 records as the train-
ing data, and 3297 points, in total 125 286 records, to test
the model.

4.2.1 Results of LSTM modelling

To evaluate the performance of the model, 12 PS points were
selected randomly as the validation point (the black triangle
legend in Fig. 1). We compared the modelled land subsidence
with the InSAR-derived results and evaluated the errors with
root-mean-square error (RMSE). As shown in Table 2, the
southern points (P11, P12) with less of a cumulative subsi-
dence have a small error, while those points located in the
severe land subsidence areas (P1, P3, P5, P6, P7) have a
high RMSE.

To evaluate the impact of land subsidence severity on the
model results, we chose P11 and P12 located in the south-
ern area where the subsidence is small, P4 and P10 at the
edges of the subsidence regions and P1 and P7 in the se-
vere land subsidence areas. The fitting curves between the
modelled and InSAR-derived land subsidence of these points
were plotted in Fig. 5.

The results show that the LSTM model performed well in
areas where the subsidence is slight but poorly in places with
severe subsidence.

Overall, the RMSE and MAE are 14.412 and 10.539, re-
spectively. Notably, the results recorded the change in land
subsidence, which means that the RMSE represented the er-
ror of the change in land subsidence.

We calculated the change amount of land subsidence back
to a cumulative quantity to assess the accuracy of the mod-
elled cumulative land subsidence. The RMSE is 67.599. Fig-

ure 6 plotted the deviation between the modelled and InSAR-
derived cumulative land subsidence. The deviation is small
when the cumulative land subsidence is less than 100 mm.
As the land subsidence increases, the deviation increases.

4.2.2 Analysis of the error source

As the results show, the severe land subsidence regions got a
poor fit. These are areas of intense human activities (e.g. ur-
ban construction) and complex hydrogeological conditions,
which are not reflected completely in the model.

There are two main error sources. One comes from inaccu-
rate data and the selection of the input variables. In this study,
we chose the confined groundwater level, the compressible
layer thickness and the permeability coefficient as the influ-
encing factors. The input groundwater level data were inter-
polated by the kriging method which may ignore the influ-
ence of the geological environment. The permeability coef-
ficient has very little impact on the result. The selection of
the input variables should include the main factors that affect
land subsidence, such as the compressibility. These data are
unpublished in our study area. It may be inverse to geotech-
nical test and geophysical methods in the future.

The other comes from the imperfect method. The LSTM
model can process the time-series data well, but cannot deal
with spatial phenomena. However, besides the groundwater
level, the other two factors are almost constant in the time
domain and spatially heterogeneous. This may be solved by
combining the convolutional neural network (CNN) model
which can extract spatial characteristics. In addition, the
LSTM extracts characteristics from data, ignoring the physi-
cal process of land subsidence. This may also reduce its ac-
curacy.

5 Conclusion and future work

This study constructed an LSTM model to simulate the land
subsidence using the PS data detected by InSAR technology.
Three factors were considered, which are the change in con-
fined groundwater level, compressible layer thickness, and
permeability coefficient. The model performed well in the
southern areas where the subsidence is slight but poorly in
the northern places with severe land subsidence. Land sub-
sidence is a temporal–spatial phenomenon, and the LSTM
model is a data analysis method with no consideration of
physical mechanisms. In the future, we should combine the
CNN model to solve the spatial heterogeneity and consider
the physical process such as the consolidation theory in the
model. Compared with the numerical simulation model and
other grey models, this method requires fewer hydrogeologi-
cal parameters and can be used for long-term large-area land
subsidence modelling.
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Abstract. Earth fissures accompanying anthropogenic land subsidence due to excessive aquifer exploitation
create significant geohazards in China. Numerical models represent a unique scientific approach to predict the
generation and development of earth fissures. However, the common geomechanical simulators fail to reproduce
fissure development because they cannot be effectively applied in discontinuous mechanics. An innovative mod-
elling approach developed recently is applied to develop a software to simulate fissure development. The pressure
changes are used as forcing factors in a 3D geomechanical model, which combines Finite Elements and Interface
Elements to simulate the deformation of the continuous aquifer system and the generation and sliding/opening
of earth fissures. The approach has been applied to simulate the earth fissures at Guangming Village in Wuxi,
China with land subsidence of more than 1 m caused by the overexploitation of the second confined aquifer.
The modelling results highlight that the earth fissures at Guangming Village have been caused by tension and
shear stresses. Based on the developed modelling approach and the application case study, a software platform is
developed to provide a fast preliminary evaluation of the risk of fissure occurrence associated to land subsidence.
The software allows for the simulation of a simplified 2D conceptual geologic model of earth fissures, which can
be used to investigate how the main factors controlling the geomechanical response of the aquifer system, such
as pressure changes, geometry of aquifer system, geomechanical properties, and depth of bedrock/fault etc.

1 Introduction

Earth fissures accompanying anthropogenic land subsidence
due to excessive aquifer exploitation create significant geo-
hazards in China (Ye et al., 2016, 2018) and worldwide (Con-
way, 2016; Peng et al., 2016; Teatini et al., 2018). In China,
there are more than 1000 earth fissures identified in densely
urbanized regions, specifically Fenwei Basin, North China
Plain, and Yangtze River delta (Ye et al., 2016). As an ex-
ample, the direct and indirect economic loss in Guangming
Village of Wuxi city was about USD 20 million in a 1 km2

area crossed by two earth fissures (Wang et al., 2016).

Understanding the generation of earth fissures and mod-
elling their occurrence and propagation are important issues
to be addressed. Recently, Ye et al. (2018) proposed a novel
modelling approach to simulate earth fissure generation and
propagation in 3D complex geological settings. A nested
two-scale approach associated with an original non-linear
elasto-plastic finite element/interface element simulator al-
lows modeling the mechanics of earth fissures. The approach
was successfully applied to the Guangming Village in Wuxi,
China, where groundwater pumping since 1980 have caused
more than 2 m of land subsidence, and two main earth fis-
sures with maximum sliding and opening of 10 to 40 cm. The
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model outcomes highlight that the main factors contributing
to the earth fissure generation include the shallow bedrock
with a sharp ridge, the uneven thickness of the sedimentary
deposits at the two sides of the bedrock ridge, piezometric
decline and the mechanical parameters of the porous mate-
rial.

The analysis of the failure processes requires advanced nu-
merical modeling capabilities, and the stable and accurate
simulation of earth fissure generation and motion is still an
open issue. So it is necessary to develop a software platform
to model earth fissures caused by extensive aquifer exploita-
tion based on the approach developed by Ye et al. (2018),
which can be easily used by experts working on earth fis-
sures. It can provide a fast preliminary evaluation of the
risk of fissure occurrence associated to land subsidence and
the main factors that typically control the geomechanical
response of the aquifer system, including the geometry of
bedrock ridge and aquifer system, pressure changes, mechan-
ical parameters and time scale. The software is developed to
simulate simplified 2D conceptual geologic models of earth
fissures.

The paper is organized as follows. The numerical models
are initially introduced. Then, the developed software and its
application are presented. In this study, only the simplified
aquifer systems, which represent a conceptual schematiza-
tion of a real-world hydrogeologic setting at Guangming Vil-
lage in Wuxi, China, are taken into account. For this kind
of conceptual model, earth fissures are generated by tensile
fractures above a bedrock ridge (Sheng et al., 2003). A sum-
mary section closes the paper.

2 Numerical models

Based on the pressure changes are known, modelling of earth
fissures is carried out with the use of two separate simula-
tions, which are described as: a geomechanical model for the
computation of the displacement and stress fields in a con-
tinuous domain, and an earth fissure model that addresses the
possible generation and propagation of discontinuities within
the porous media (Ye et al., 2018).

2.1 Geomechanical (GM) model

Based on classical poroelastic theory, the equilibrium equa-
tions governing the deformation of a mechanically isotropic
medium is:
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,
P the pressure change and ∇2 the Laplace operator.

The strain ε and stress σ fields can be obtained from the
solution u provided by the GM model using the following
relationships:

ε = Lu (2)

σ = D−1ε (3)

D is the so-called constitutive matrix. The analysis of the
stress and strain fields is important to interpretate the earth
fissure development.

2.2 Earth fissure (EF) model

A fissure can be considered as an inner boundary embedded
in the continuous body, with a contact condition acting on
the opposed surfaces, 0top and 0bottom , that allows for a rel-
ative displacement between corresponding points whenever
the stress state violates the classical Mohr-Coulomb failure
criterion:

σn < 0 (4)
τ < τL = C− σn tanϕ (5)

with σn and τ the normal and shear stresses, respectively, act-
ing on the fissure surfaces, τL the limit shear strength, φ and
c the fissure friction angle and cohesion, respectively. Any
failure criterion prescribes that the perfect continuity of the
displacement across the fissure is preserved if both Eqs. (4)
and (5) are satisfied. Otherwise, the contact surfaces are free
to develop relative movement ur:

ur = ubottom−utop (6)

with ur conventionally defined as the movement ubottom of
0bottom surface with respect to utop occurring on 0top.

The standard Galerkin Finite Element (FE) method is used
to solve the 3D geomechanical models with the presence
of active/inactive fissure elements. Fissures are discretized
by means of Interface Elements (IEs), with shape functions
compatible to those of the surrounding solid elements. The
displacements at each time step are calculated using the pore
pressure gradient presumed as a known body load. Within
each iteration of the non-linear Newton scheme, the result-
ing 3D displacements are used to compute the stress field and
the failure criterion is checked on the IEs: if Eqs. (4) and/or
(5) are violated, IE opening and sliding may occur and the
fissure develops. More details of the models and numerical
methods can refer to the paper by Ye et al. (2018).
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Figure 1. Conceptual schematization of geological setting (a) Plan
view of the model grid in this case. (b) Vertical view of the grid.
The height of rock ridge (red areas) is 375 m.

Figure 2. Simulated vertical displacements of the aquifer at the
(a) 10th and (b) 20th time step.

3 Software and its application

3.1 Software

The software consisting of the GM and EF models, which is
developed for simulating the simplified 2D conceptual cross
section models of earth fissures at Guangming Village. The
software provides a preliminary evaluation of generation and
development of the rupture and the main contributing fac-
tors leading to the rupture. The software platform allows for
changes in the geologic configuration including the depth of
the ridge, and the geometry and thickness of the deposits.
It also supports modifying other controlling factors such as
pressure, mechanical properties of the lithological units, and
time scale. The mathematical models for displacement and
stress, and earth fissure development, and their correspond-
ing numerical methods of FE and IE are described in Sect. 2.
Fortran (2003) is used to code the models. The software in-
cludes modules for Input, Geomechanical properties, Fissure
conditions, and Output. All the input files are divided into
two folders, INPUT and INPUT_IE. If all the input struc-
ture allocation completes and the program runs properly, the
outcomes are saved in two folders of OUTPUT and OUT-
PUT_IE.

Figure 3. Ratio of simulated normal stress to the pressure change.

Figure 4. Results of the depth (active in red and inactive in blue)
and horizontal displacement (black line) of rupture by IE model at
the (a) 10th and (b) 20th time step.

3.2 Application

To demonstrate the applicability of the software, a sim-
plified conceptual schematization of hydrogeologic setting
in Guangming Village where the ruptures occur is pre-
sented. The domain extends horizontally 2000 m in X direc-
tion, 50 m in Y direction and vertically 500 m in Z direc-
tion (Fig. 1). A continuous element mesh is discretized by
288 000 tetrahedral elements and 59 326 nodes. In the soft-
ware, coarse, medium and fine grids are optional. A medium
grid is chosen in this application.

Displacements are prevented along the direction orthog-
onal to x–z plane. So the software actually simulates the
conceptual 2D cross section, although fissure development is
3D by nature. Roller constraints are prescribed on the lateral
boundaries with a traction-free top plane and zero displace-
ments on the bottom. The values of mechanical parameters
of materials are shown in Table 1. The aquifer (blue layer)
is 350 m thick (Fig. 1). In this layer, the pore pressure varia-
tion is uniform and varies linearly from 0 to −1 Mpa during
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Table 1. Mechanical parameters.

Material cM (Mpa−1) ν

rock 1× 10−6 0.25
aquifer 2× 10−2 0.25
aquitard 0.2 0.25

a 10 year simulation and recovers inversely to 0 Mpa over the
next 10 years. Every year represents a time step, so the whole
period contains 20 steps. No pressure change develops in the
overlying aquitards (green layer) and in the sharp bedrock
ridge (red area). The contact interface (yellow line) has 108
triangular elements which are inserted directly above the tip
of the bedrock and reaches the land surface.

The simulation outcomes demonstrate that when the pres-
sure decreases and the presence of the bedrock ridge in-
duces differential subsidence (Fig. 2). The deformation of
the compressing sediment above the ridge causes tension
(Fig. 3), which is large enough for the generation of the rup-
ture (Fig. 4a). However, the rupture only remains at a shallow
depth as its downward propagation is terminated. Figure 4a
shows the maximum fissure opening. The vertical displace-
ment of the sediment and the opening both decrease along
with the pressure recovery (Figs. 2b, 4b).

4 Summary

This research aims to develop a software platform to numer-
ically simulate earth fissures caused by groundwater with-
drawal in a simplified 3D hydrogeological setting of a cross
section with a bedrock ridge. The original mathematical
models and numerical formulation developed by Frances-
chini et al. (2016) and Ye et al. (2018) has been used as the
mathematical framework for developing the Fortran codes.

The software allows for changes in the geologic config-
uration of the system including the depth and shape of the
bedrock ridge, the geometry and thickness of the deposits,
pressure, mechanical properties of the lithological units, and
time scale. A case study of a simplified 2D cross section
of the hydrogeological setting at Guangming Village, China,
demonstrates that the software can be applied to make a pre-
liminary evaluation of the generation and development of a
rupture.

Data availability. The software is still at alpha version. One can
contact the corresponding author to get access to the software.
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Abstract. This study was undertaken in order to accurately analyze the land subsidence that is caused by the
change in the seepage and stress fields during the pumping and recharge of groundwater. Based on Biot’s con-
solidation theory and groundwater seepage theory (combined with theory regarding the nonlinear rheology of
soil), the constitutive relationship of soil was extended to viscoelastic plastic; concurrently, considering the
dynamic changes in hydraulic parameters and soil mechanical parameters, a three-dimensional fully coupled
model of groundwater seepage and soil deformation was established. Using the groundwater recycling pumping
and recharge test conducted by Land Subsidence Monitoring and Early Warning Center in Cangzhou City as an
example, the site was divided into four loose porous aquifers. A constantly circulating pumping–recharge flow
was simulated numerically, and numerical simulation was carried out on the third and fourth confined aquifers.
The influence of groundwater seepage on soil deformation was analyzed, and the variation in hydraulic parame-
ters and soil mechanical parameters were studied under the influence of the abovementioned cyclic pumping and
recharge. The results show that soil deformation lags behind the change in the groundwater level, and that perma-
nent residual deformation of soil is produced by water level fluctuations during groundwater pumping–recharge
cycles. The effective porosity, the permeability coefficient and the Poisson ratio are positively correlated with
the water level fluctuation in groundwater pumping–recharge cycles, whereas the modulus of deformation is
negatively correlated with the water level fluctuation in groundwater during this process. All parameters change,
and this change is permanent. The simulated results are in good agreement with the measured values.

1 Introduction

In recent years, groundwater recharge has become an emerg-
ing method for controlling the groundwater level (causing
it to drop substantially) and alleviating the development of
land subsidence. It uses artificial measures to inject water
from surface water or other sources into the ground to fill
the groundwater funnel. Recently, experts have began ex-
ploring the changing characteristics of the soil state during
groundwater recharge. In a preliminary study, Zhu (1982)
explored the deformation characteristics of soil mass during
pumping and recharge under unidirectional osmotic pressure
conditions. Su (1979) put forward the concept of the “swell–
shrinkage ratio” and analyzed the residual denaturation char-

acteristics of each soil layer under the action of pumping and
recharge. Wu and Miao (1995) and Miao et al. (1996) pro-
posed a linear viscoelastic stress–strain constitutive model
suitable for revealing the mechanics of pumping compaction
and recharge expansion of the aquifer soil skeleton. Zhang et
al. (2006) and Wu et al. (2009) constructed a model in which
the spring body and Bingham body were connected in paral-
lel and then another spring body was connected to the series;
this model can obtain the deformation parameters of the sand
layer and then, in turn, allow for the study of the trend in
the variation of land subsidence. Phien-Wej et al. (1988) ex-
pounded the relationship between groundwater seepage and
land subsidence using a single-well recharge test. In this pa-
per, the stress–strain relationship of soil is extended to vis-
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Figure 1. A three-dimensional (3-D) mesh of the model.

coelastic plasticity, a three-dimensional fully coupled model
of groundwater seepage and soil deformation is established,
the relationship between the aquifer water level and compres-
sive deformation in the process of pumping and recharge is
studied quantitatively, and the dynamic response mechanism
of the aquifer water level and compressive deformation dur-
ing the process of pumping and recharge is revealed.

2 Fundamental theory

2.1 Biot’s consolidation theory

Based on the effective stress principle, Biot derived a three-
dimensional consolidation equation that correctly reflects the
relationship between pore water pressure dissipation and soil
skeleton deformation (Luo and Zeng, 2011):
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In the above formula,G is the shear modulus; ωx , ωy and ωz
are displacement components in three different directions; u
is the pore water pressure; γ is the weight of soil; γw is the
weight of water; and kx , ky , kz are permeability coefficients
in three different directions.

2.2 Biot’s consolidation finite element equation

In this study, the finite element governing equation of
Biot’s consolidation theory is established using the Galerkin
weighted residual method, where displacement is replaced
by a displacement increment in 1t , pore water pressure is
expressed in its full form, and Biot’s three-dimensional finite

element equation is deduced. Thus,[
K C

CT θ1tH+G

]{
1δ

ui(n+1)

}
={

1F +Cui(n)
θ1t1Q− (θ1tH+G)ui(n)

}
,

where, K is the infiltration flow matrix, C is the elastoplas-
tic flexibility matrix, 1δ is the joint displacement increment,
1F is breaking the increment of the criterion function, 1Q
is the traffic increment matrix, H is the water level matrix and
θ is the lode angle.

A fixed head boundary is used in the simulation. The ini-
tial displacement value is set to zero, and the displacement
of the three directions is also zero in this simulation. Ac-
cording to the abovementioned mathematical model (solv-
ing the model using the Galerkin finite element method), a
three-dimensional fully coupled numerical analysis program
for groundwater seepage and soil deformation has been de-
veloped using the Fortran 95 language.

3 Application example

3.1 Conceptual model

The study area is located in the urban area of Cangzhou City,
Hebei Province. The terrain is low and flat. A four-layer
aquifer model with a length of 2000 m, a width of 2000 m
and a height of 400 m is established. This four-layer model
can be divided into four aquifer groups according to the layer
order from top to bottom. The first aquifer formation is from
the Holocene, its floor is 30 m deep, and its lithology is dom-
inated by fine sand and silt. The second aquifer formation
is from the Upper Pliocene, its floor is 170 m deep, and its
lithology is mainly medium sand and coarse medium sand.
The third aquifer group is from the Middle Pleistocene, its
floor is 290 m deep, and its lithology is mainly sub-clay and
clay. The fourth aquifer group is from the Pleistocene, its
floor is 400 m deep, and the lithology is mainly sub-clay and
clay. An eight-node hexahedral element is adopted for dis-
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Table 1. Parameter zones and values.

Parameter Hydraulic Specific Specific Deformation Poisson Cohesive Friction Expansion Severity Effective
Zones conductivity (m d−1) yield µ storage Ss modulus E ratio ν force c angle ϕ angle ψ of soil γ porosity n

Kx Ky Kz (m−1) (MPa) (KPa) (◦) (◦) (kN m−3)

1 5 5 5× 10−5 0.06 22.36 0.47 6.5 17 0 20.73 0.351
2 3.5 3.5 1× 10−5 0.00078 22.79 0.47 6.2 20 0 20.03 0.350
3 9 9 1× 10−5 0.00035 23.48 0.47 6.5 21 0 20.68 0.340
4 5.5 5.5 1× 10−5 0.0001 23.54 0.47 6 21 0 21.04 0.328

Figure 2. Compressed volume and water level with stress period
in the third confined aquifer group under the first pumping and
recharge scheme.

cretization. The plane is divided into 3672 units, which re-
sults in a total of 14 688 units. Each layer is a parameter par-
tition, which results in a total of four parameter partitions.
The boundary of the model is generalized to a definite head
boundary, the bottom of which is an impermeable boundary,
and there is no hydraulic connection between the bottom of
the model and the aquifers. The three-dimensional mesh of
the model is shown in Fig. 1, and the zones and values of the
parameters are shown in Table 1.

4 Model computation and analysis

4.1 Settlement calculation and analysis

Three rounds of pumping–recharge cycles are carried out
in the model. Each round is divided into four stages, total-
ing 12 stages, and each stage has the same time step. The
first scheme uses 10 d as a stress period and one stress pe-
riod is a time step, resulting in 12 stress periods. The second
scheme uses 100 d as a stress period and one stress period as
a time step, resulting in 12 stress periods. Pumping wells and
recharging wells have the same well locations, which are lo-
cated in the third and fourth aquifer groups, respectively; the

Figure 3. Compressed volume and water level with stress period
in the fourth confined aquifer group under the first pumping and
recharge scheme

Figure 4. Compressed volume and water level with stress period
in the third confined aquifer group under the second pumping and
recharge scheme.

wells are referred to as “Well HIII” and “Well HIV”, and the
two wells are in unit 9959 and unit 13 575, respectively. The
pumping time is the first stress period, the fifth stress period

proc-iahs.net/382/515/2020/ Proc. IAHS, 382, 515–520, 2020



518 Z. Luo et al.: 3-D fully coupled study of groundwater seepage and soil deformation

Figure 5. Compressed volume and water level with stress period
in the fourth confined aquifer group under the second pumping and
recharge scheme.

Figure 6. Parameter and water level with stress period in the
third confined aquifer group under the first pumping and recharge
scheme.

Figure 7. Parameter and water level with stress period in the
fourth confined aquifer group under the first pumping and recharge
scheme.

and the ninth stress period; the recharging time is the third
stress period, the seventh stress period and the eleventh stress
period. During the remaining stress periods, wells HIII and
HIV are closed and the water level is restored. The single-
well pumping and recharging water flow is 200 m3 d−1.

The compression and water level of the third and fourth
aquifers under the two pumping and recharge schemes vary
with stress period as shown in Figs. 2–5.

4.2 Calculation and analysis of parameters

During the pumping and recharge process, the seepage field
of groundwater, the state of soil, and the mechanical prop-
erties all change accordingly. Whether the dynamic change
process of the parameters corresponds to the consolidation
process of soil depends on the correctness of the model. The
calculation results from the model are pore water pressure.
The parameters and the groundwater level with respect to
stress period under the two pumping–recharge schemes are
shown in Figs. 6–9.
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Figure 8. Parameter and water level with stress period in the third
confined aquifer group under the second pumping and recharge
scheme.

5 Conclusions

The main outcomes of this work are as follows:

1. Based on Biot’s consolidation theory, a three-
dimensional fully coupled model of groundwater
seepage and soil deformation is established that fully
considers the changes in the groundwater seepage field
and soil mechanical parameters during soil deforma-
tion. The calculation results of this model are in line
with the real situation, and its accuracy is better than
other numerical models.

2. The soil deformation calculated by the three-
dimensional fully coupled model of groundwater
seepage and soil deformation lags behind the change
in the water level. After the three pumping–recharge
cycles, the water level is restored to the initial water
level, and there is residual settlement of the soil layer,
which is in accordance with the actual situation.

3. The trend in the variation of the effective porosity, the
permeability coefficient, the deformation modulus and
the Poisson ratio corresponds to the deformation trend
in soil. The groundwater level changes periodically with

Figure 9. Parameter and water level with stress period in the fourth
confined aquifer group under the second pumping and recharge
scheme.

the development of pumping and recharge: first de-
creasing, restoring and rising, and then rising, restor-
ing and falling. Soil deformation shows a trend where
it first compresses and then rebounds. The total trend
in the variation of the effective porosity, the perme-
ability coefficient and the Poisson ratio first decreases
and then increases. The overall trend in the variation
of the deformation modulus increases first and then de-
creases. However, all parameters lag behind the change
in groundwater level.

Data availability. As this research is ongoing, the data are cur-
rently not available to the public.
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Abstract. This paper describes the application of an EVP one-dimensional constitutive soil model to analyse
regional subsidence. The model was modified assuming that the boundary conditions vary over time, as well
as considering the stratification of the subsoil. It adequately simulates the consolidation process caused by the
exploitation of the aquifers that underlie the Mexico basin, and is validated at a site in the former Texcoco Lake,
some 14 km north of Mexico City, where geotechnical and piezometric information is available together with
records of past subsidence. Settlement predictions were carried out for different periods of time, assuming that
pore pressure depletion rates at the permeable borders of the compressible strata remain constant over time.

1 Introduction

Regional subsidence affecting the lacustrine zone of the
Mexico Basin is the result of effective stress increments
brought about by the depletion of pore pressure due to ex-
tensive extraction of water from the aquifers that underlie
the compressible clay strata. Pore pressures have been grad-
ually decreasing and trends in the evolution of pore pres-
sures in the sands and sandy silts have been identified from
records obtained from a number of piezometric stations in-
stalled throughout the city. High resolution levellings in the
former Texcoco Lake area have shown that during the last
decades the northern portion of the site is settling at about
6 to 8 cm yr−1 whilst the settlement rates in its southwest
sector reach 22 to 22 cm yr−1, average settlement rate has
been estimated to be 13.2 cm yr−1 (II-UNAM, 2016). Wa-
ter pumped from the aquifers provides about two-thirds of
the city’s supply and it is highly unlikely that pumping be
stopped or even reduced in the future, given the trends of ur-
ban expansion observed over the last decades (Ovando Shel-
ley et al., 2007).

Surface settlements are the result of changes that occur
within the soil mass due to the consolidation process trig-
gered by the depletion of pore pressures, as mentioned previ-
ously. These changes result from effective stress increments
that have been taking place slowly and gradually for over

150 years in an on-going process of regional consolidation
(Ovando Shelley et al., 2007; Ovando et al., 2013).

2 Simulation of excess pore pressure and
settlements evolution

The evolution of excess pore pressure and settlements due
to regional consolidation are studied using an EVP one-
dimensional model proposed by Yin and Graham (1996)
which overcomes some of the limitations of Terzaghi’s the-
ory. In this model, the total strain is the sum of the elastic
and viscoplastic components. Hence, the soil is an elastic
and viscoplastic material and consolidates according to the
following equations:
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where, cve = k/(mveγw) is the consolidation coefficient asso-
ciated to elastic deformations, mve = (κ/v0)/(σ ′z) is the vol-
umetric compressibility modulus along the elastic portion of
the one-dimensional stress–strain curve, v0 = (1+ e0) repre-
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sent the specific volume, k is the soil permeability and t0 is a
reference time, set to 24 h or tEOP (the time at which primary
consolidation takes place). Further, the ratios κ/v0 and λ/v0,
are defined as the slopes of the swelling and normally com-
pression lines in a εv vs. lnp′ plane. In the EVP model, κ/v0
and λ/v0, represent the instant time line and the reference
time line, respectively. Finally, ψ/v0 is the slope of the com-
pression delay line.

Equations (1) to (3) comprise a system of non-linear dif-
ferential equations that can be solved through the finite dif-
ference method using the implicit Crank–Nicholson scheme.
This system must be solved under boundary conditions that
simulate the evolution of the pore pressures in the perme-
able materials that confine the compressible clay strata. Ini-
tial conditions represent the distribution of pore pressures at
a given site at the beginning of the study period. To specify
the boundary conditions, it is necessary to know pore pres-
sure depletion rates in the upper and lower ends of the con-
fined stratum. Once these rates are determined, the functions
defining the boundary conditions of the clay stratum can be
specified from simple linear relationships such as:

u(0, t)= u(0,0)−Vs × t

u(2H,t)= u(2H,0)−Vi × t (4)

where, Vs and Vi are the pore pressure depletion rates at the
upper and lower boundaries of the clayey stratum respec-
tively and 2H is thickness of the clay stratum and t is the
time. Conceivably pore pressure depletion rates can in gen-
eral be expressed as polynomial functions of time.

To describe more realistically the consolidation process,
soil permeability is assumed to vary with depth and time,
considering the sketch shown in Fig. 1 (Nash and Ryde,
2001), where the value of the permeability at pointX located
at the interface between strata p and q is expressed as the
ratio between their permeabilities as indicated below:

k′x =
2kpkq
kp + kq

. (5)

2.1 Validation of the EVP model

To validate the EVP model, the evolution of pore pressure
depletion and settlement rates were simulated at site 7Pi lo-
cated inside the area of the former Texcoco Lake as shown
in Fig. 2. This site offered a wealth of historical, geotech-
nical, and piezometric data that resulted from three explo-
ration surveys carried out between 2001 and 2014 as well as
from records of regional subsidence rates obtained from di-
rect high precision topographic surveys at 90 points during
October 2013 and April 2014 (II-UNAM, 2016).

As indicated in Fig. 3, the stratigraphy of site 7Pi consists
of two compressible strata: the upper clay formation (FAS)
and the lower clay formation (FAI), both interspersed with

Figure 1. Finite difference scheme.

Figure 2. Regional subsidence rates and location of site 7Pi (II-
UNAM, 2016).

lenses of sand and silt. The superficial crust and the hard
layer represent the upper and lower borders of the FAS, re-
spectively, while the hard layer is constituted by a sequence
of hard and soft lenses, and the deep deposits represent the
lower border of the FAI. The deep deposits were consid-

Proc. IAHS, 382, 521–524, 2020 proc-iahs.net/382/521/2020/



E. Ovando-Shelley et al.: Regional subsidence at the former Texcoco Lake 523

Figure 3. Geotechnical and piezometric conditions.

Table 1. Geotechnical properties at the 7Pi site.

z γ w e κ λ ψ k

(m) (kN m−2) (%) (m d−1)

3.00 12.00 270 6.6 0.055 0.930 0.062 8.99× 10−4

10.32 11.80 360 9.4 0.179 2.510 0.086 8.99× 10−4

17.30 12.20 318 8.1 0.104 2.620 0.101 8.99× 10−4

24.50 12.20 295 7.6 0.096 2.270 0.094 8.99× 10−3

33.92 13.50 172 4.4 0.023 0.650 0.105 8.99× 10−3

37.19 13.60 150 3.7 0.036 0.420 0.041 8.99× 10−4

OCR= 1.3, t0 = 1 d.

ered as an incompressible layer. For numerical modelling, the
compressible soil deposit were divided into 20 sub-layers,
having the geotechnical properties listed in Table 1.

2.1.1 Definition of the initial and boundary conditions

The evolution of the pore pressure was modeled to simulate
the piezometric behavior of the site 7Pi. The initial pore pres-
sure condition was fixed according to piezometric data col-
lected at station EPA-1 during 2001 (see Fig. 3). The results
obtained after five years were compared with data collected
in 2013 from station 6-PZA, located near EPA-1.

Figure 4. Measured and simulated pore pressures.

Table 2. Geotechnical properties at the site 7Pi.

Compressible Permeable Pore pressure
strata borders depletion rate

(t m−2 yr−1)

Superficial crust 0
FAS Hard layer 0.837
FAI Deep deposits 0.978

On the other hand, pore pressure depletion rates Vs and Vi
in the upper and lower boundaries of the compressible clay
series were calculated from the piezometric records of the
EPA-1 and EPA-3 stations from 2001 to 2013, and are pre-
sented in Table 2.

2.1.2 Evolution of the piezometric conditions

Figure 4 shows the evolution of the pore pressure distribution
calculated using the EVP model for the period 2001 and 2013
and compared with the data recorded at the EPA-1 and EPA-
3 piezometric stations during the same period. As seen in this
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Figure 5. (a) Pore pressure evolution and (b) accumulated settle-
ment, site 7Pi.

figure, there is quite a good agreement between the measured
data and the pore pressures calculated with the EVP model.

Our results also indicated that settlements rates calculated
at the top of the superficial crust closely matched the settle-
ment rate measured at site 7Pi, 12 cm yr−1, as indicated in
Fig. 1.

2.2 Evolution of pore pressure and settlements

Having calibrated the model, a complementary analysis was
performed to estimate the evolution of pore pressures and
surface settlements at the site between 2013 and 2061.

As indicated in Fig. 5, the total settlement, estimated be-
tween 2013 and 2061 was 4.59 m. Settlements in the FAS
will be 56 % of the total settlement; the remaining 44 % is
associated to the compression of the FAI.

3 Conclusions

The elasto-viscoplastic model EVP can be readily applied to
model soil consolidation as shown in this paper. Furthermore,
the model can be adapted to estimate the evolution of pore
pressures and settlements in soil strata subjected to a water
extraction process by pumping.

Predicted settlements due to the regional subsidence at
site 7Pi are significant and should be accounted for in the
design of the structures in and around it.
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Author contributions. EOS defined the main goal of the investi-
gation, AOL developed the model code, RG performed the simula-
tions and prepared the first version of the manuscript with contri-
butions from all co-authors. EOS and AOL revised and edited the
document.

Competing interests. The authors declare that they have no con-
flict of interest.

Special issue statement. This article is part of the special is-
sue “TISOLS: the Tenth International Symposium On Land Sub-
sidence – living with subsidence”. It is a result of the Tenth Inter-
national Symposium on Land Subsidence, Delft, the Netherlands,
17–21 May 2021.

Acknowledgements. The authors acknowledge the valuable sup-
port provided by the Grupo Aeroportuario de la Ciudad de Mexico
during the development of this work.

References

II-UNAM: Investigaciones y estudios especiales relacionados con
aspectos geotécnicos del Nuevo Aeropuerto Internacional de la
Ciudad de México (NAICM) en el vaso del exlago de Texcoco,
Zona Federal, Final Report presented to Grupo Aeroportuario de
la Ciudad de México, unpublished data, Diciembre 2016.

Nash, D. and Ryde, S.: Modelling consolidation accelerated by ver-
tical drains in soils subject to creep, Géotechnique, 51, 257–273,
2001.

Ovando, E., Ossa, A., and Santoyo, E.: Effects of regional subsi-
dence and earthquakes on arquitectural monuments in Mexico
City, Boletín de la Sociedad Geológica Mexicana, 65, 157–167,
2013.

Ovando Shelley, E., Ossa López, A., and Romo, M. P.: The sink-
ing of Mexico City its effects on soils properties and seismic re-
sponse, Soil Dynam. Earthq. Eng., 27, 333–343, 2007.

Yin, J. H. and Graham, J.: Elastic visco-plastic modelling of one
dimensional consolidation, Geotechnique, 46, 515–527, 1996.

Proc. IAHS, 382, 521–524, 2020 proc-iahs.net/382/521/2020/



Proc. IAHS, 382, 525–529, 2020
https://doi.org/10.5194/piahs-382-525-2020
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

Open Access

Tenth
InternationalS

ym
posium

on
Land

S
ubsidence

(TIS
O

LS
)

Predicting land deformation by integrating
InSAR data and cone penetration testing

through machine learning techniques

Melika Sajadian1, Ana Teixeira2, Faraz S. Tehrani2,3, and Mathias Lemmens1

1Faculty of Architecture and the Built Environment, TU Delft, Delft, the Netherlands
2Deltares, Delft, the Netherlands

3Faculty of Civil Engineering and Geosciences, TU Delft, Delft, the Netherlands

Correspondence: Ana Teixeira (ana.martinsteixeira@deltares.nl)

Published: 22 April 2020

Abstract. Built environments developed on compressible soils are susceptible to land deformation. The spatio-
temporal monitoring and analysis of these deformations are necessary for sustainable development of cities.
Techniques such as Interferometric Synthetic Aperture Radar (InSAR) or predictions based on soil mechanics
using in situ characterization, such as Cone Penetration Testing (CPT) can be used for assessing such land
deformations. Despite the combined advantages of these two methods, the relationship between them has not
yet been investigated. Therefore, the major objective of this study is to reconcile InSAR measurements and CPT
measurements using machine learning techniques in an attempt to better predict land deformation.

1 Introduction

Built environments developed on unconsolidated and/or or-
ganic sediments are susceptible to land deformation due to
the weight of buildings, roads and fluctuation of ground wa-
ter level (Kempfert and Gebreselassie, 2006; Peduto et al.,
2016). Hence, the spatial and temporal monitoring and anal-
ysis of ground deformation is necessary for the sustainable
development of cities.

More specifically, in case of roads, the deformation causes
failure in serviceability and performance of the infrastruc-
ture and induces high maintenance and repair costs (Peduto
et al., 2016; Du et al., 2018). Unevenly deformed roads are
dangerous, damaging and inconvenient for both the vehicles
and passengers (Wijeyesekera et al., 2016). Furthermore, the
partial closures of the transportation networks during main-
tenance periods have adverse socioeconomic impacts. For
these reasons, predicting and continuous monitoring of the
ground deformation along infrastructure networks is of sig-
nificant importance for improving the network resilience (Pe-
duto et al., 2016; North et al., 2017).

For monitoring the rate of land deformation, advanced In-
terferometric Synthetic Aperture Radar techniques such as

Differential InSAR (DInSAR) can be used. SAR data cur-
rently has sufficient temporal resolution and by applying
DInSAR techniques, land deformation can be monitored on
the order of millimeters (SkyGeo, 2018). However, there are
always gaps in the final deformation results due to occlusion
and coherence loss in SAR imagery.

The potential of Cone Penetration Testing (CPT) for esti-
mating land deformation has been extensively studied in the
Geotechnical Engineering community (Koster et al., 2018a,
b; Verruijt and Van Baars, 2007; Kempfert and Gebreselassie,
2006). The CPT measurements provide quantitative informa-
tion about the characteristics of the soil layers including the
compressibility. However, CPT-based methods in estimat-
ing land deformation suffer primarily from empiricism and
spatial-temporal discontinuity.

Despite the application of these two methods in estimating
ground deformation, the direct relationship between the CPT
measurements and the rate of deformation acquired from
DInSAR has not yet been investigated. Therefore, the ma-
jor objective of this study is to reconcile DInSAR measure-
ments and CT measurements using Machine Learning (ML)
techniques to better predict land deformation. In Sect. 2, the
proposed methodology for solving this problem is explained.
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In Sect. 3, the proposed methodology is applied on an exam-
ple case study of a road in the Netherlands. Finally, in Sect. 4,
the final conclusions are stated and followed by the acknowl-
edgements.

2 Methodology

The overall methodology consists of four main steps – see
Fig. 1 (Sajadian, 2019). The first two steps are mainly con-
cerned with gathering and pre-processing of the datasets, in
which the relevant parameters for the next steps are extracted.
In the third step, the correlations and similarities are investi-
gated. In the fourth step, we use Machine Learning to define
the relationship between soil properties, loading/unloading
history and the linear rate of deformation.

2.1 Steps 1 and 2: Data Gathering and Extracting
Parameters

The relevant parameters from CPT measurements such as
depth, cone resistance qc, sleeve friction fs, friction ratio Rf,
etc. and soil types are extracted. These parameters are con-
sidered as soil properties in this research. The Z coordinate
of the CPT indicates the elevation of the terrain before con-
struction of the road. The current elevation of the road is de-
rived from the Digital Elevation Model (DEM), which is ex-
tracted from the LiDAR point cloud of the highway. Assum-
ing a uniform thickness of 90 cm for the surface, base, sub-
base and sub-grade of the road (based on the road construc-
tion standards), the difference between the current (DEM)
and old elevation (CPT) indicates the amount of removed or
added stress due to excavation or backfilling. The SAR im-
ages are processed by combining a sequence of radar images
(Terrasar-X with the spatial resolution of 3.00 m × 2.80 m
and revisit period of 11 d) from 2016 till 2019 to measure the
ground deformation using D-InSAR techniques. The main
product is the time series representing the amount of defor-
mation with respect to the first acquisition. Each of the time
series is decomposed to a linear trend over the 3-year period
and a seasonal pattern using a least squares linear regression
model. For each CPT measurement, the nearest InSAR mea-
surement (within a distance of less than 5 m) is extracted as
the deformation time series corresponding to that CPT point.

2.2 Step 3: Correlations and Similarities between Soil
Properties, Loading/Unloading and Deformation

In this step, the similarities and correlations between soil
properties, loading/unloading history and the resulting defor-
mation are being studied. Serra and Arcos (2014) presents
number of similarity measures for clustering and classifica-
tion of time series. The qc and fs profiles are series of mea-
surements in depth and can be treated as time series. Hence,
we can use the similarity measures discussed in Serra and
Arcos (2014) to measure the similarities of qc and fs profiles

on the road. In this research, the hypothesis is that if two CPT
measurements are similar in terms of both qc and fs profiles
and the loading history is the same, the deformation behav-
ior should be the same. Here, we used the simplest similarity
measure, i.e. the Euclidean (Serra and Arcos, 2014) distance
between the time series, which is computationally efficient
and suitable for comparison of samples that are at exactly
the same depth location. By our definition, two CPT are con-
sidered similar if the sum of normalized distances of their
qc and fs is less than 0.2 and the difference between their
loading/unloading stress is less than 10 kPa (these thresholds
are based on expert’s knowledge and trial and error). If the
aforementioned hypothesis is correct, the deformation rate
of a reference point in the dataset should be more or less the
same as the mean of the linear rates of deformation of the
similar points (with similar CPT profiles). The coefficient of
determination between the deformation rate of the reference
point and the similar points is regarded as a measure that de-
scribes the degree that the deformation rate can be taken as
a function of soil properties (CPT measurements) and load-
ing/unloading stress.

2.3 Step 4: Feature Extraction and Modeling Using
Machine Learning

In this step, first we extract quantitative descriptors from CPT
profiles. (Coerts, 1996) lists the possible quantitative features
and their interpretation and shortcomings for CPT segments.
Ultimately, he introduces a set of the most suitable and in-
terpretable descriptors for CPT measurements, which we use
in our case study: the Interquantile range (IQR), Indicator
of simple trend (T), Indicator of convexity or concavity (C),
Normalized number of fluctuations around the median (R)
and Sharpness of upper boundary (B). The quantitative fea-
tures are extracted from the CPT profiles to the depth of
15 m under the ground surface. The choice of 15 m is due
to the good trade-off between having the maximum possible
depth and not losing too many CPT measurements shallower
than that depth, as well as the fact that peat and clay layers
are mostly present above this depth. The loading/unloading
stress is another feature. The goal is to establish the relation-
ship between the these features and the linear rate of defor-
mation, which is predicted. In the research work of Sajadian
(2019) a qualitative as well as a qualitative Machine Learning
(ML) are shown and compared.

There are multiple ML algorithms one could use
(Breiman, 2001). However, there are no previous studies for
our case study, so the choice of the proper set of features
is unknown. The ML algorithm should provide information
about the significance of each of the features and the es-
tablished model through the ML algorithm should be in-
terpretable. Taking this into account we selected tree-based
algorithms, which satisfy all these conditions, which are
Gradient-Boosting and Random Forest (Hastie et al., 2005).
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Figure 1. Overall methodology applied in this paper.

3 Case Study and Results

The required data for modeling land deformation signif-
icantly depends on the case study. In this research, the
newly constructed part of A4 highway connecting Delft
to Schiedam (the Netherlands) is studied (https://www.
wegenwiki.nl/A4_(Nederland), last access: October 2019).
For the sake of brevity, we will only present the results of
the last part of step 4 of the methodology. For the complete
study readers are referred to Sajadian (2019).

The soil properties and loading/unloading history influ-
ence the rate of deformation in different directions. The com-
plicated interactions between the driving mechanisms sug-
gests that the relationship is definitely not linear to be recog-
nized by the simple correlations. This led us to using ML to
model the relationship between these datasets. The location
under study is about 5 km long and and has 368 CPT’s for
which deformation measurement points are available.

Figure 2 shows the quantitative features extracted, at dif-
ferent depths, for one CPT. These features are the descriptors
of the segments of every 5 m. In this research, rather than be-
ing interested in importance of each of these descriptors in
estimating the target value, we are more interested in investi-
gating which of the profiles and which depth of measurement
is more significant in estimating the linear rate of deforma-
tion.

For the A4 highway case study, and using the features
mentioned above, the two ML algorithms are tested on the
dataset: Gradient-Boosting and Random Forest. Eighty per-
cent of the measurements are taken for training each of the
algorithms and 20 % of the measurements are used to validate
the results. Table 1 summarizes the performance metrics for
each method.

As shown in Table 1, the outcomes of the two ML algo-
rithms are very similar and the histograms show a very simi-
lar distribution. The estimated deformation rates are between
−1 and 4 mm yr−1, meanwhile the measured values are be-
tween −7 and 8 mm yr−1 – see Fig. 3. This means that both
algorithms fail to detect subsiding patterns and extreme heav-
ing patterns. The errors (mostly between −3 and 3 mm yr−1)
could be explained by the fact that the data set is imbalanced

(15 % subsiding and 85 % heaving), the total number of data
points is not enough and/or the features selected are not rep-
resentative of the observed deformation.

Nevertheless, both ML algorithms give consistent results
in terms of generalization performance and feature impor-
tance with negligible differences. When we look at the sig-
nificance of each feature on predicting the target deforma-
tion rate, both algorithms showed that features extracted from
CPT’s qc are the most dominant ones. After this, the load-
ing/unloading stresses are also important.

4 Conclusions

In this research, the main focus was studying and modeling
the deformation on roads due to loading/unloading and based
on soil characterization using ML algorithms. The desired
output of the research was an ML model trained by stan-
dard data that enabled the prediction of surface movements
of roads susceptible to soil deformation. The case study was
the newly constructed part of A4 highway (Delft-Schiedam)
in the Netherlands.

It was concluded, for this case study, that:

– the available data sources on soil data do not provide
all the necessary information, e.g. information on pres-
ence of certain expansive minerals or information about
ground water conditions in the soil are missing. Here,
only the latest (simplified) loading/unloading step was
estimated while information on the previous stress con-
ditions (which were discontinuous in time) were miss-
ing;

– the InSAR measurements only provided information
about the first three years after the construction of the
road and, therefore, the information on the amount of
deformation was limited to this time span;

– and finally, although this case study showed diverse de-
formation behavior (both heave and subsidence), which
made it interesting for investigating more influential pa-
rameters of road deformation, it presented another limi-
tation. i.e. the diversity of the behavior in this case study
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Figure 2. Example of the quantitative features extracted from one CPT, per depth level: shallow, middle and deep.

Table 1. Performance metrics “Average over 10-folds” and “Best Performing Model” of Gradient Boosting and Random Forest ML algo-
rithms with quantitative features.

Gradient Boosting Random Forest

Performance metrics: Averaged Best Averaged Best

Mean Absolute Error (mm yr−1) 1.1 1.1 1.2 1.2
Mean Squared Error (mm yr−1) 2.4 2.2 2.6 2.5
Root Mean Squared Error (mm2 yr−2) 1.6 1.5 1.6 1.6
R2 0.5 0.5 0.4 0.5

Figure 3. Deformation rates in mm yr−1 for the case study. (a) The true rates of deformation. (b) The estimated rates of deformation of
Gradient Boosting model with quantitative features. (c) The error of estimated rates.
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was due to the special construction history and therefore
it could not be easily generalized to the other roads.

In this study, the trained ML algorithm, rather than pre-
senting a general relationship between InSAR data and CPT
data, helped to investigate the effectiveness of the gathered
data in explaining the studied phenomena. The results this re-
search study could be improved by adding more data points
and features as well as more accurate boundary conditions.
This could help to explain the diverse deformation pattern of
A4 highway.
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Abstract. Mining induced subsidence in the Netherlands is often associated with small gas fields (less than
5 km diameter), or discrete sources (converging salt caverns). As most of the areas experiencing this subsidence
are close to sea level, and the effects of gas exploitation in Groningen may be considered a national trauma,
there is strong emphasis on control and regulation of the related mining activities and their effects at the surface.
The relatively small subsidence (often less than 10 cm), combined with inherent prediction uncertainty involving
geological parameters, introduces a monitoring challenge to both mining companies and the regulator. A large
initial uncertainty can be reduced during production by a carefully designed monitoring strategy, including eval-
uation of the results and clear communication on the effects on the uncertainty of the prognosis. In the same
process, one may quantify remaining uncertainties and the limitations on predictability. In this contribution, we
discuss the nature of some specific uncertainties associated with small source subsidence, and the effects on the
regulatory process. The description is based on a realistic assessment of the expected accuracy of subsidence pre-
dictions. This allows for a clean comparison between different measurement techniques, and may help prevent
overly optimistic claims on predictability. A description of uncertainty in terms of scenarios and parameter sen-
sitivity studies should be used in communicating the expected level of subsidence control to water management
boards and the general public.

1 Introduction

Mining and mining induced subsidence in the Netherlands
is often first associated with the Groningen gas field, a large
area where as much as 50 cm total subsidence is expected. In
addition to the primary effects of subsidence in the gas field
there are secondary effects that are equally important. These
secondary effects include the effects on water management,
agricultural qualities of the land, and the way people perceive
mining as an activity that acts to deteriorate their living envi-
ronment.

More than two hundred gas fields under the Dutch soil
have been, or are currently being exploited (see Fig. 1). A set
of regulatory activities are being implemented that focus on
quality of prediction, monitoring and control of the induced

ground movement (primarily subsidence). Additionally, salt
mining activities in the northwest, northeast, and east of the
country cause the most concentrated areas of subsidence,
with decimetres movement, in rather isolated patches with
strong gradients, often in areas that are also near active gas
fields.

Here, we discuss some of the specific difficulties of pre-
dicting and monitoring subsidence caused by small or dis-
crete sources. We keep in mind the purpose of regulation,
which is to assure a balance of technical control, and estab-
lishing reliability and perception of control on the effects of
mining activities. The latter are expressed by realistic uncer-
tainties on any prediction given.

We show that an assessment leading to a large initial un-
certainty is not necessarily problematic, when periodic eval-
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Figure 1. Gas fields in the Netherlands.

uations and measurements are used to update the assessment
and constrain the uncertainty of the effects for the near future
within smaller bandwidths.

2 Small or discrete sources

2.1 Small fields?

Only one of the currently producing gas fields in the Nether-
lands, the Groningen field, is officially called “not small”. All
the other fields are considered “small fields”. If we summa-
rize the extent of these fields by an effective radius, which
is here defined as the radius of a circular area that covers the
same area as the outline of the field, we get the picture shown
in Fig. 2.

The bulk of these fields has a radius of around 1–2 km,
which corresponds to about 5 square kilometre in areal ex-
tent. People living near these fields often feel treated with-
out the proper respect when policy makers refer to a field
as “small” while they consider it a potential threat to their
property or quality of life. The naming therefore is not par-
ticularly well chosen.

Here, what we call a small source is a field that has a spa-
tial extent (represented by its effective radius Reff) smaller
than or comparable to its depth (d). For the Netherlands,
that would qualify indeed almost all fields except Groningen
and perhaps some of the larger Wadden Sea fields. The rela-

Figure 2. Distribution of the size of the gas fields in the Nether-
lands, portrayed by their effective radius. With common reservoir
depths of 2–3 km, the bulk of the fields are sized well below twice
their depth.

tion Reff < d is clearly met for these fields, mostly located at
depths of 2–3 km.

2.2 Discrete sources

Salt mining in the Netherlands is done by solution mining.
This implies that caverns are created by flushing fresh wa-
ter inside a layer of rock salt. The subsidence effects are
usually modelled as discrete sources, located at the centre
of the cavern location. Subsidence occurs when salt flow to-
wards the cavern is induced by lower pressure than the litho-
static gradient outside. The single-source modelling is justi-
fied by the small effective radius of the area affected by the
salt flow. This radius is in the order of a few hundred meters,
so Reff� d.

3 Characteristics of modelled subsidence

3.1 An estimate of compaction

Any subsidence prognosis begins with an assessment of the
field and the proposed gas production from that field in the
case of gas production, or of the salt layer and squeeze char-
acteristics in the case of salt solution mining. For salt squeeze
towards a cavern, the volume loss is usually modelled at a
single central location, where the total squeeze is concen-
trated. With squeeze diminishing quickly within the first few
hundred meters from the pressure sink (the cavern), this is
usually justified by the same Reff < d relation mentioned
above.

The compaction expected in a gas reservoir is derived from
the pressure depletion in the reservoir (1P ), the geometry,
and the visco-elastic characteristics of the reservoir material.
In many cases, a simple one-dimensional relation for the ver-
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tical compaction (C) is used:

C =H ·1P ·Cm, (1)

where H is the height of the reservoir, and Cm is a dimen-
sionless compaction coefficient for compaction per bar of
pressure depletion. This coefficient is typically valued be-
tween 10−7 and 10−4. The vertical compaction C is then the
difference in height of the reservoir between the start of pro-
duction and when the effects caused by production have equi-
librated with 1P . With these values, a 100 m thick reservoir,
experiencing 100 bar of pressure depletion would experience
between 1 mm and 10 cm of (vertical) compaction.

3.2 Compaction to subsidence

The translation from compaction at reservoir depth to subsi-
dence at the surface is, either explicitly or implicitly, a spatial
convolution. The compaction at reservoir depth is convoluted
with a response (Green’s) function that can often be charac-
terized by a one-dimensional profile. This profile character-
izes the result of a unit compaction at the depth of the reser-
voir, as a function of the distance from the projection to the
surface (e.g. van Thienen-Visser and Fokker, 2017).

3.3 Horizontal homogeneity

Horizontal heterogeneities in the overburden are usually not
modelled. Orlic and Wassing (2013) show subtle effects that
arise from subsurface conditions deviating from ideal hori-
zontally layered (a layer cake) conditions. Also, an investi-
gation into the effect of a strong gradient in the thickness
of a viscous salt layer by Pluymaekers et al. (2018) showed
very little effect even for a rather extreme horizontal inho-
mogeneity. Here, we assume horizontal homogeneity. Also,
a linear scale dependence of the one-dimensional profile of
the subsidence due to a unit of compaction with the depth of
the reservoir is often assumed. Such dependence is a charac-
teristic of modelling approaches that consider a single depth
for the reservoir. An excellent overview of these and other
methods of forward subsidence modelling is given in van
Thienen-Visser and Fokker (2017).

3.4 All volume accounted for

A common starting point for subsidence modelling is the as-
sumption that all subsurface volume lost at depth, is found
somewhere as subsidence at the surface. Deviations from this
one-to-one match are usually attributed to temporal effects in
the compaction or inadequacies of the volume measurement
at the surface. Such measurements are intrinsically difficult,
as a large part of the total volume is found at larger distance
from the centre of the subsidence bowl: small movements
over large areas can represent a considerable volume, while
being hard to measure with the precision needed to confirm
a one-to-one match with the compaction volume. The com-
pacting volume is itself not often known with an accuracy.

3.5 Delayed response

These are several known causes for delays in the response
of surface deformation to mining activities. These delays can
arise from either the pressure adjustment, the compaction re-
sponse to pressure depletion, or translation between reservoir
depth and the surface. A summary of effects investigated in
the scope of the Dutch Wadden Sea is given in de Waal and
Schouten (this issue).

In the remainder of this contribution, we discuss some of
the difficulties in discriminating a temporal delay from un-
certainties in the determining the eventual total subsidence
caused by small or discrete sources.

4 Notable effects for small fields

4.1 Size of field determines deepest point subsidence

Depending on the width of the influence function, the size
of the compacting reservoir determines not only the areal ex-
tent of subsidence at the surface, but also the amplitude. For
a large field (Reff� d) 10 cm of reservoir compaction yields
10 cm of subsidence, and the influence function determines
only the shape of the profile at the field edge. However, when
the gas field is smaller than the surface footprint of a single
nucleus of strain or point-source compaction contribution,
the maximum subsidence is smaller than the compaction at
reservoir depth. How much smaller, depends both on the in-
fluence function and on the size of the field.

In Fig. 3, we show for a circular uniformly compacting
reservoir and a given influence function, the shape of the sub-
sidence response between the centre of the bowl and the un-
affected periphery. The profiles are centred at the edge of the
field, and normalized by the depth of the reservoir and the
compaction at reservoir depth.

The profile itself is based on a Geertsma (1966) and van
Opstal (1974) solution with a rigid basement form-factor of
1.4 times the depth of the reservoir. For field radii between
0.3 and 2.5 times the depth of the field, the subsidence in the
middle of the bowl increases from a mere 15 % to about al-
most 100 % of the field compaction. A similar plot for a pro-
file with a rigid-basement form-factor of 1.1 (resulting in a
smaller but steeper bowl) gives similar values between 20 %
and 100 % for similar values of field radius to depth ratios
(Fig. 4).

4.2 Profile determines depth of deepest point

As was clear from the comparison between Figs. 3 and 4, the
shape of the profile (and thereby the overburden properties
and modelling approach chosen) for smaller fields strongly
affect the total subsidence. The difference between a small
and a larger field is illustrated in Fig. 5, where for a larger
field (a radius of 3 times the depth) the profile only sub-
tly changes the edge of the subsidence bowl (for a range of
form factors), but for a smaller field (of comparable radius to
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Figure 3. For various relevant field radius / depth ratios (plotted to
the left of each line) the subsidence profile between the centre of
the resulting bowl (centred at the edge of the field), show how for
smaller fields, the maximum subsidence is only a fraction of the
compaction at reservoir depth. The subsidence effects are minimal
at 1–2 depths distance from the field edge.

Figure 4. As Fig. 3, but for a steeper bowl form factor. Due to the
now smaller surface expression of a point source, fields larger than
twice the depth will see the full compaction as subsidence.

reservoir depth) the same profiles determine where the max-
imum subsidence ends in a five-fold range between 0.1 and
0.5 times the compaction at reservoir depth.

Clearly, most gas fields in the Netherlands fall in the range
where the total subsidence is strongly affected by the size
and shape of the field. This leads to a mixed effect of reser-
voir properties (the Cm value in the simplest expressions) and
overburden properties (which determine the steepness of the
profile).

5 Unknown compaction and time dependence

As for small fields or discrete sources of subsidence the total
subsidence expected for a given pressure depletion is clearly
hard to predict within a narrow bandwidth, time dependent
effects (a delay in subsidence) may initially be misinterpreted
as indications of smaller than expected compaction. When
such interpretations are used to adjust an initial prognosis,

Figure 5. For a smaller field (black lines), the choice of the one-
dimensional profile strongly determines the maximum subsidence,
whereas in the case of a large field the profile only affects the gra-
dients ad the edge of the field (green).

one may later have to return to an original – often higher
– subsidence prognosis. This strongly reduces the reliability
and (over time) the credibility of subsidence predictions. It
adversely affects the public confidence in the level of control
by the operator and the regulatory bodies.

Here, we provide a simple example to illustrate the mixed
effect of uncertainty in both the delayed response of subsi-
dence, and in the total amount of subsidence that will even-
tually occur, and which we have seen to be difficult to as-
sess beforehand, even with good knowledge of the reser-
voir characteristics. We model a simple square reservoir
sized 4× 4 km, located at a depth of 2.5 km, yielding a ra-
tio Reff/d of just over 2. The “true” reservoir compaction
amounts to just over 20 cm, for 1P = 200 bar, H = 40 m and
Cm = 7.5× 10−5. The reservoir compaction has a temporal
delay modelled by a 2 year decay scale. The reservoir deple-
tion occurs over a production period of 20 years.

We use this scenario, and an initial uncertainty in the im-
portant parameters of total subsidence and time decay, to in-
vestigate the effects of measurements in reducing the initial
uncertainty. As measurements, we consider a single obser-
vation point in the middle of the subsidence bowl. Measure-
ments away from the centre might help determine the profile,
but we have seen that there is little sensitivity of the profile
on the flanks of the bowl, and measurements may not be ac-
curate enough to reduce an initial uncertainty here.

The initial combined uncertainty in terms of the total sub-
sidence in the middle of the resulting bowl summarizes the
effects of H, Cm, and characteristics of the over- and under-
burden through the 1D profile (or the form factor), is mod-
elled by varying the estimate of Cm between 6× 10−5 and
12×10−5. The initial uncertainty in time-dependence is mod-
elled by a time decay coefficient between 0 (for immediate
response) and 5 years. The initial uncertainty at the start of
production is modelled through an ensemble of possible sce-
narios, all of which are somewhat likely. In Fig. 6, we show
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Figure 6. The a priori ensemble of possible subsidence scenarios
(green lines), given an initial uncertainty in the value of the deepest
point, and in the time path towards this value (given different values
for a possible time-delay coefficient). The “true” scenario is plotted
as an orange dashed line, the mean of the ensemble (or best a priori
estimate) as a black line.

the complete ensemble of possible outcomes for a period of
30 years, which is 10 years longer than the period of produc-
tion. The time lag uncertainty yields several paths towards
the same total deformation values. This rather large range of
uncertainty yields a mean (“estimated”) value of 25 cm sub-
sidence.

During production, subsidence measurements (n) are
made at the centre of the bowl, at fixed intervals of five
years. We show in Fig. 7 the resulting range of scenarios fit-
ting the measurements as green, with the initial bandwith in
grey to illustrate the increase in predictive confidence, that is
achieved by making the measurements. We will not go into
the exact ways of selecting the likely scenarios, but suffice
to mention the measurement accuracy which can be used to
value the likelihood of each member, and a 90 % confidence
band, which is chosen to contain the 90 % of likeliness-
weighted members of the initial ensemble.

After five years, this yields a measurement in full agree-
ment with the prediction, but without any predictive power,
in the sense that the full range of possible outcomes is still
possible: with a single measurement, some of the more ex-
treme scenarios are discarded (now colored gray in Fig. 7),
but there is no way of knowing whether the deformation has
been delayed and headed towards a larger value, or more im-
mediate and headed towards less subsidence.

After the second measurement (n= 2) at ten years (and
note that we are already halfway through the 20 year pro-
duction period) the bandwidth of likely scenarios begins to
narrow, and the total subsidence estimate is adjusted towards
the “true” value. At n= 3, fifteen years into production (third
panel of Fig. 7) the uncertainty range is strongly reduced.
Now that about 80 % of the production is in the past, and peak
production is also some time ago, the measurement leads to
a strong improvement in the estimate of the final 25 % of the
subsidence.

Figure 7. At five-year intervals, measurements in the deepest point
of the subsidence bowl are used to constrain the initial ensemble
(grey) to a 90 % confidence band (green) and a new weighted esti-
mate of the future subsidence (black line).

One way to reduce the uncertainty earlier, measuring more
often, only slightly helps to reduce the bandwidth. In Fig. 8,
we show the equivalent of the middle panel in Fig. 7 at ten
years, but now for measurements acquired every 2.5 years,
thus n= 4. The resulting bandwidth is very similar to that in
Fig. 7 at ten years.

6 Control issues

At the State Supervision of Mining (SSM) in the Nether-
lands, we exercise the Dutch mining laws and regulations,
which state that a prognosis of effects at the surface must be
determined before operations can be allowed. This prognosis
includes an assessment of its uncertainty. Ministerial consent
with these prognosed effects is given after consulting the lo-
cal water management boards, municipalities and technical
advisors.

During production the mining operator periodically mea-
sures the effects (the most visible of which is subsidence), to
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Figure 8. As the middle panel of Fig. 7, but now for more frequent
measurements, taken every 2.5 years.

ensure that operations are within the predicted bandwidths.
With uncertainty being inherently large (in relative terms at
least – in absolute terms, for most gas fields in the Nether-
lands the uncertainty is well below 5 cm) it is not imme-
diately clear when regulatory actions are required. What is
“the prediction” to compare with measurements, and when
is a measurement no longer in agreement with prognosed ef-
fects? These questions require a proper description of uncer-
tainties in both the prognosis and the measurements.

That said, the uncertainty in measurements is not to be ig-
nored, but also not to be exaggerated: compared to the un-
certainty in a priori modelling, the measurements are rather
exact. Levelling in a well-designed network results in stan-
dard deviations for individual benchmarks that are often well
below the 1 cm level. Especially for these smaller fields, a
1 cm deviation measured over a substantial area is a signal
that cannot be ignored as “possible measurement error”.

The modelling of subsidence, on the other hand, involves
assumptions that are realistically inaccurate on another scale.
This involves uncertainties that can easily exceed the cm
level. This realisation may lead to descriptions of a “high
case” that is conservative in many ways, and describes an
edge case that is unlikely to occur. Based on this “high case”
prognosis of the effects, local governments plan their reme-
dial works (if necessary).

Dealing with the large uncertainty in a prediction, leads
to questions as to the proportionality of preventive measures.
For example, how realistic is the case illustrated in Sect. 5,
where local governments may start preparations for almost
35 cm of subsidence in year 1, when for all scenario’s evalu-
ated this effect may not be realized for another fifteen years
or more, during which many other things may happen? In the
remainder of this contribution, we discuss an alternative way
of dealing with uncertainties on different timescales, and on
ways to communicate these uncertainties to local authorities
and the public.

7 Consequences for regulation and communication

7.1 Regulatory issues dealing with uncertainty

Given the large uncertainties of subsidence predictions due to
production from small fields (in the case of gas) or discrete
sources (in the case of salt solution mining), we propose to
stimulate an open discussion of these uncertainties at the start
of production. The nearly 35 cm maximum subsidence in the
example in Sect. 5 should be mentioned as a possibility to
local authorities, who can then investigate the measures re-
quired to deal with both the minimum and maximum effects.

However, the uncertainty on shorter timescales may be
much smaller than that on the timescale associated with the
full production lifetime of a field. In the example, the uncer-
tainties in a five-year prediction are almost always less than
5 cm. At the start of production, one may ask whether it very
likely that 5 cm subsidence will be reached after five years of
production, or is this likely to happen anywhere between five
and ten years from start of production? There is ample time
to take the necessary management measures. At year 5, the
prediction for year 10 is no longer the 5–18 cm wide range
that it was at the beginning, but is now an 8–12 cm window
(see Fig. 7). Also, it is now very likely that 15 cm will be
reached within the next ten years, so management measures
for an expected 15 cm of subsidence are appropriate at this
point. After ten years, one may discuss several options: mea-
sure more frequently, or prepare for 25 cm of subsidence.

Shared knowledge about the large a priori uncertainty may
thus avoid unnecessary investment in management measures
for situations that may not occur. By implementation of a
well-designed control cycle, management measures are taken
when necessary and in due time. However, this requires
somewhat more concertation between the mining operator,
the regulatory bodies and local governments. This requires a
degree of trust.

7.2 Communicating uncertainty

Once the effects deviate from those expected, the operation
certainly deviates from planned operation. This implies a
lack of control by both the operator and the government in
its dual role as permit provider and supervisor. Not only is
the prognosis and measurement cycle meant to keep the ef-
fects within a predefined acceptable range, it is also meant to
maintain and demonstrate control over the operation.

Adjusting a prognosis should be avoided. Narrowing down
a prognosis from a large initial uncertainty to a more fo-
cussed expected final outcome during production is explain-
able and transparent. A formal analysis step after doing pe-
riodic measurements can provide a good means of commu-
nication to the public and local governments. Interpretation
of measurements in terms of reducing the uncertainties is of-
ten ignored, but may help explain how the effects of mining
activities are kept under control.
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One should avoid stimulating overly conservative prog-
noses meant only to seek permission for a larger operating
range. In that case, the effects are exaggerated, and public
concern and costs of mitigating measures for both the opera-
tor and the government may be raised beyond what is neces-
sary.

The permitting process, and the associated planning and
control cycle should incorporate the large initial uncertainty,
but also provide reasonable limits on the shorter timescale,
assuring timely measurements and evaluation of the impact
of these measurements. Such a system can be used to find a
balance between realistic assessment of what is known and
what is not, and a cautious decision on measures and contin-
ued operation.

8 Conclusions and recommendations

The uncertainties of total subsidence predictions from pro-
duction out of small gas fields or discrete sources (of salt
squeeze production) are large compared to the predicted sub-
sidence itself, and also large when compared to the predic-
tions for a large field, even with good knowledge of the
field characteristics. Acknowledgement of these uncertain-
ties is essential in maintaining public understanding of min-
ing under a densely populated country near sea level. A well-
designed and well communicated measurement and analysis
cycle can help maintain control without excessive costs or
unnecessary preventive measures.
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Abstract. A critical issue concerning geomechanical safety for UGS (underground gas storage) in compart-
mentalized reservoirs is fault reactivation. Indeed, the displacement (land subsidence, land upheaval) and the
stress fields caused by the seasonal injection and production of CH4 into and from deep reservoirs is peculiar.
The need of improving our understanding of compartmentalized reservoir behavior and to define safe bounds
for the pressure fluctuation in order to prevent undesired land movements and induced seismicity is becoming
even more important. This also in view of the expected energy transition when large amount of green energy
will potentially be stored and recovered through UGS of compressed air or hydrogen. In this framework, an in-
depth modelling investigation has been carried out for the typical UGS geological setting and operations in The
Netherlands. The specific goals of the study are the following: (i) explaining the possible mechanisms responsi-
ble for seismic events unexpectedly recorded during UGS phases; (ii) understanding which are the critical factors
(e.g. the geological configuration, the geomechanical properties, and the reservoir operations) that increase the
probability of fault reactivation during the various UGS stages; and (iii) advancing possible guidelines for safe
UGS operations. This contribution summarizes the main outcomes obtained by the modelling simulations: the
combinations of factors causing fault reactivation during primary production (PP) are also more prone to gener-
ate fault failure during cushion gas injection (CG) and UGS. In fact, fault activation during PP leads to a stress
redistribution and a new (deformed) “equilibrated” configuration that is newly loaded, in the opposite direction,
when the pressure variation changes the sign because of CG and/or UGS. Finally, the various combinations have
been ranked to highlight the conditions where the fault system is most likely reactivated during CG and UGS
operations: the initial stress regime of the system, the geomechanical properties of the fault, and dislocation of
the reservoir compartments are the major influencing drivers to fault instability.

1 Introduction

Induced seismicity is become a major issue in fluid produc-
tion from and injection into deep formations. Apart from
fracking, where low-permeability formations are intention-
ally fractured to increase productivity, thus (micro-) seis-
micity are an inevitable consequence of a successful project
(e.g., Farahbod et al., 2015), several seismic events caused
by “conventional” removal or injection of diverse fluids
are listed in specific databases, such as HiQuake (https:
//inducedearthquakes.org/, last access: 1 March 2020), and
related publications (e.g., Foulger et al., 2018).

Seismicity induced by fluid removal from faulted forma-
tions is somehow “expected” when the extracted volumes
or the associated pressure decline overcome a certain bound
(Fig. 1a). McGarr (1991) suggested that net extraction of oil
and water reduced the average density of the upper crust,
thus decreasing the normal stress that prevents slip of faults.
In compartmentalized gas reservoirs, seismicity has been re-
ported when large pressure declines cause significant differ-
ential compaction between produced and unproduced blocks,
i.e. large increase of the shear stress on the sealing faults be-
tween the compartments (van Eck et al., 2006). Nicholson
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Figure 1. Sketch of “expected” and “unexpected” seismic events.
“Expected” seismicity can occur during (a) hydrocarbon primary
production (PP) and (b) during fluid injection when the pore pres-
sure depletion or increase, respectively, overcomes a certain thresh-
old. (c) “Unexpected” seismicity can occur during cushion gas in-
jection (CG) and underground gas storage/injection (UGS) UGS
when the pore pressure is comprised between the value in initial
undisturbed condition and the minimum at the end of PP.

and Wesson (1992) suggested that an earthquake might oc-
cur in response to larger stresses imposed by fluids migrating
into the mid-to-lower crust. The change in pressure resulting
from withdrawal of oil induces fluid migration within non-
sealing faults that brought the faults closer to failure because
of the reduced effective stress normal to the discontinuity sur-
faces and the deterioration of the fault mechanical properties
(i.e., a decrease of the friction angle).

According to the Mohr-Coulomb criterion, also the intro-
duction of fluids into faulted reservoirs is expected to en-
courage fault failure (Fig. 1b). A number of cases of seis-
mic activity has been associated to geologic CO2 sequestra-
tion (e.g., Verdon et al., 2013) and wastewater disposal (e.g.,
Ake et al., 2005). The explanation of these seismic occur-
rences has been provided by Vilarrasa et al. (2019): the over-
pressurized fluid flows within the faults, decreasing the nor-

mal stress acting on the discontinuities that are consequently
re-activated.

Induced seismicity cannot be explained by “simply” in-
voking the Mohr-Coulomb criterion when an event develops
in correspondence to a fluid pressure distribution already ex-
perienced by the geologic system. This is the typical con-
dition of UGS reservoirs where the pore pressure fluctuates
seasonally between a maximum Pmax and a minimum Pmin
values due to CH4 injection during summer and withdrawal
during in winter (Fig. 1c). A certain seismic activity has been
recorded in a few faulted UGS fields in The Netherlands, to-
ward the end of the primary production (PP), at the end of
the cushion gas (CG) injection (when the pressure returns
approximately to the natural value because a volume of gas
is injected in an underground storage reservoir to provide the
necessary pressure to deliver working gas volumes to cus-
tomers), or during injection of gas within the UGS cycles
(TNO, 2015; NAM, 2016).

In this framework, the main goal of the study is (i) to
understand which the mechanisms are responsible for this
“unexpected” seismicity, and (ii) consequently provide some
considerations about the possibility of safe UGS activities,
i.e. seasonally storing gas into and producing gas from UGS
fields reducing the risk of re-activating the faults bounding
and/or crossing the reservoir.

2 Methodological approach

2.1 Conceptual model

A set of numerical simulations has been carried out to inves-
tigate the processes of interest. The geological setting, geo-
metric features, and production history typical of UGS reser-
voirs in The Netherlands have been used (e.g., Fokker et al.,
2016; Wassing et al., 2017).

The reservoir is made of two adjacent square blocks,
2000×2000 m wide, confined laterally by four faults, namely
F1, F2, F4 and F5 (Fig. 2). Another fault, F3, subdivides
the reservoir in two compartments, so that the pore pressure
changes 1P1 and 1P2 in the two compartments can differ.
The reservoir is embedded in a 30 km wide square domain.
Faults F4 and F5 are vertical, F1 and F2 are inclined with a
dip angle equal to ±10◦. The dip angle of fault F3 can vary.
The reservoir is 200 m-thick and 2000 m deep. The bottom of
the model is 5000 m deep and the land surface has an eleva-
tion of 0 m. The faults extend from−3000 to−1500 m depth,
i.e. they terminate within the caprock sealing the reservoir
(Zeichestein formation). Block 2 can be offset in the vertical
direction of 100 and 200 m, corresponding to half the thick-
ness and the entire thickness of the reservoir (Fig. 2).

2.2 Set-up of the numerical model

A 3D hexahedral finite element (FE) – interface elements
(IE) mesh is developed (Fig. 2). The mesh consists of
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Table 1. Scenarios addressed in the sensitivity analysis. M1 and M2 are the ratios between the minimum and maximum horizontal principal
component of the natural effective stress regime and the vertical principal component, respectively.

Scenario # Parameter/Mechanism

1 reference
2 Biot coefficient set = 1 (instead of the actual value)
3a the intra-field fault F3 is characterized by a dip = 65◦ (instead of being vertical)
3b the intra-field fault F3 is characterized by a dip =−65◦ (instead of being vertical)
3c offset in the vertical direction = 100 m between the two reservoir blocks (instead of zero offset)
3d offset in the vertical direction = 200 m between the two reservoir blocks (instead of zero offset)
4a the natural stress regime in the horizontal plane is rotated by 90◦

4b M1 = sh/sv = 0.40 and M2 = sH/sv = 0.47 (instead of 0.74 and 0.83, respectively)
5a faults characterized by a cohesion c = 0 bar (instead of 20 bar)
5b faults characterized by a static friction angle ϕs = 20◦ (instead of ϕs = 30◦)
5c faults characterized by a linear weakening with ϕd = 10◦ and dc = 2 mm
5d faults characterized by a linear weakening with ϕd = 20◦ and dc = 20 mm
6a reservoir stiffness E = 8 GPa (instead of 11 GPa)
6b reservoir stiffness E = 20 GPa (instead of 11 GPa)
7a uneven pressure changes in the two reservoir blocks during UGS: 1P1 =−100 bar and 1P2 =

0 bar (instead of 1P1 =1P2 =−100 bar)
7b uneven pressure changes in the two reservoir blocks during UGS: 1P1 =−100 bar and 1P2 =

−200 bar (instead of 1P1 =1P2 =−100 bar)
8 pressure changes during UGS 1P1 =1P2 =−150 bar (instead of −100 bar)
9 viscous caprock (instead of elastic)

253 165 nodes and 236 208 FEs with a finer discretization in
the reservoir layers, i.e., at depth between 1800 and 2200 m.
The element size within the reservoir is 100× 100× 20 m.
IEs, which are zero-thickness FEs composed of two surfaces
that can slide or move apart one from each other when a fail-
ure criterion is overcome, have been integrated into the 3D
FE mesh. Figure 2b shows the fault system embedded in the
continuous 3D grid. An overall number of 5215 IEs is used
to discretize the five faults.

Stress and strain fields associated to UGS have been
simulated using the M3E_GEPS3D (Geomechanical visco-
Elasto-Plastic Simulator – 3D) simulator, an in-house devel-
oped code (Spiezia et al., 2017; Isotton et al., 2019). The
code simulates the possible activation of pre-existing faults
with a quasi-static approach. The discontinuity surfaces are
modelled according to the principles of contact mechanics
as inner boundaries embedded in the continuous body. IEs
are implemented for fault discretization (Franceschini et al.,
2016, 2019).

The rupture activation is governed by the Mohr-Coulomb
failure criterion (Labuz and Zang, 2012), i.e. a fault reacti-
vation occurs whenever the shear stress exceeds the limiting
value τL:

τ > τL = c− σn tan φ (1)

with σn and τ the normal and shear stresses, respectively,
acting on the fissure surfaces, φ and c the fault friction angle
and cohesion, respectively. The principle of “Maximum Plas-
tic Dissipation” is used to define the direction of the limiting
shear stress. The pore pressure variation within the faults is

the average between the values experienced by the two adja-
cent portions separated by the discontinuity.

Standard conditions with zero displacements on the outer
and bottom boundaries are prescribed, and the land surface
is a no-stress boundary.

2.3 Simulated scenarios

The model has been initially applied to the so-called refer-
ence scenario, i.e. a scenario based on the typical characteris-
tics of the UGS reservoirs in the Netherlands. The two reser-
voir blocks experience a pressure change 1P amounting to
−200 bar over a 10-year PP phase. PP is followed by a 2-year
CG injection phase when the pressure recovers to the initial
(undisturbed) value Pi and then UGS cycles characterized by
a 6-month production phase, during which 1P =−100 bar,
and a 6-month injection period when the pressure returns to
Pi. For a detailed description of the reference scenario, see
Teatini et al. (2019).

Then, a sensitivity analysis has been developed to under-
stand the geometric features, geomechanical parameters, and
pressure distributions that make the fault system likely to
be reactivated during CG and UGS. Firstly, each parameter
characterizing the system has been varied at a time. In a sec-
ond stage, simultaneous modifications of various parameters
of the reference set-up have been addressed. The various sce-
narios addressed by the sensitivity analysis are summarized
in Table 1. Notice that only likely configurations have been
tested. The aim of the study is not to analyse “extreme” con-
ditions.
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Figure 2. Conceptual model and model discretization: (a) plan
view of the model with the FE (in black) and IE (in blue) discretiza-
tion; (b) IE discretization of the fault discontinuities. F1, F2 and F3
are parallel to the y-axis whereas F4 and F5 to the x-axis; (c) per-
spective view and (d) vertical cross section through the reservoir of
the model domain with the various geologic units highlighted by
different colours.

Figure 3. Scenario 3d: distribution of (a) |τ | and (b) criticality in-
dex χ on the fault system at the end of PP. The depth distribution of
χ along fault F1 is shown in (c).

3 Results

3.1 Outcome of the numerical model

The model results provide the 3D displacement and stress
fields on each nodes of the 3D grid. In this study, the main
interest is focused on the IE solution and, specifically, on the
stress conditions and eventually sliding of the discontinuity
surfaces.

Two parameters are used to quantify the fault state in re-
lation to their possible reactivation. Firstly, the criticality in-
dex χ = τ/τL, which represents the ratio between the actual
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Table 2. Fault F2: ranking of the simulated scenarios, from the most
to the least prone to induce subsidence during CG and UGS phases,
using criterion 1a. χmax is the maximum value of the criticality
index during the whole reservoir life, i.e. including PP. The fonts
bold-italic, bold, and italic are used to characterize a critical, almost
critical, and safe condition, respectively.

Scenario χmax Max Activation
# UGS δavg (m) year χmax

5c 1.00 0.026 7 1
7b 0.97 0.010 9 1
4b 0.96 0.018 6 1
3d 0.84 0.008 9 1
5b 0.81 0.010 7 1
3c 0.80 0.007 9 1
6a 0.79 0.010 8 1
5a 0.78 0.008 8 1
1 0.78 0.007 8 1
7a 0.78 0.007 9 1
8 0.78 0.007 9 1
3a/b 0.77 0.007 8 1
2 0.76 0.008 8 1
4a 0.74 0.007 10 1
9 0.70 0.009 10 1
5d 0.70 0.009 8 1
6b 0.78 0.005 – 0.79

tangential stress τ acting on a fault and the limit tangential
stress τL according with the Mohr-Coulomb criterion. When
χ = 1.0 the fault starts sliding. The second one is t80, i.e. the
fault thickness with a criticality index χ > 0.8.

An example of |τ | and χ distribution at year 10 for the
scenario 3d is provided in Fig. 3. Consistent with previous
modelling outcomes (e.g., Wassing et al., 2017), fault reac-
tivation develops mainly at the top and bottom of the reser-
voir formation and propagates over a short distance into the
caprock.

3.2 Processes responsible for “unexpected” seismicity

The modelling outcome reveals that the scenarios causing
fault reactivation during PP are more prone to fault failure
during CG injection and UGS. Indeed, reversing the sign of
the pressure change when only elastic deformations devel-
oped (i.e., no fault has been activated) causes the system to be
unloaded, returning to the original stress regime. Conversely,
fault activation during primary production (generally at the
end of this development phase in the scenarios addressed
in this study) leads to a stress redistribution and a new (de-
formed) “equilibrated” configuration that is newly loaded, in
the opposite direction, when the pressure increases due to CG
injection.

The faults approach a critical stress state during CG and
UGS generally at the end of the injection/production phases

Table 3. Fault F2: ranking of the simulated scenarios, from the most
to the least prone to induce subsidence during CG and UGS phases,
using criterion 1b.

Scenario Max Activation
# χ* δavg (m) year χmax

4b 1.00 0.018 6 1
5c 0.62 0.026 7 1
7b 0.52 0.010 9 1
5b 0.51 0.010 7 1
8 0.39 0.007 9 1
5a 0.29 0.008 8 1
6a 0.27 0.010 8 1
3d 0.26 0.008 9 1
3c 0.26 0.007 9 1
7a 0.26 0.007 9 1
3a/b 0.26 0.007 8 1
2 0.25 0.008 8 1
5d 0.23 0.009 8 1
4a 0.22 0.007 10 1
9 0.17 0.009 10 1
6b 0.17 0.005 – 0.79
1 0.17 0.007 8 1

when the cumulative pressure change – both decreasing and
increasing – reaches the largest value.

Inspection of the results allows pointing out that the initial
stress regime can play a major role: a significant decrease of
the horizontal principal components, as tested in scenario 4b,
favours an early fault reactivation. Other main factors yield-
ing the faults close to failure are a reduced friction angle
(scenarios 5b and 5c), a large dislocation between producing
compartments (scenario 3d), a significant difference between
the reservoir stiffness and that characterizing the caprock,
sideburden, and underburden (scenario 6a), and an uneven
pressure change within adjacent compartments (scenarios 7a
and 7b).

3.3 Ranking the conditions prone to “unexpected”
seismicity

Post-processing of the modelling outcomes has been aimed
at defining a methodology to rank the mechanisms, geologi-
cal settings, geomechanical and production parameters in re-
lation to their potentiality of inducing “unexpected” seismic
events. The sensitivity scenarios have been ranked following
these nested criteria:

1. (a) χmax during UGS; or (b) χ∗ =
∑

element
(te·χ |χ>0.8 nor-

malized over max(χ∗) |scenarios where te is the element
area. χ∗ is indicative of the fault extent where activation
is close to occur;

2. maximum value of average sliding (δavg), evaluated on
active elements only;
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Table 4. Fault F3: ranking of the simulated scenarios, from the most
to the least prone to induce subsidence during CG and UGS phases,
using criterion 1a. χmax is the maximum value of the criticality
index during the whole reservoir life, i.e. including PP. The fonts
bold-italic, bold, and italic are used to characterize a critical, almost
critical, and safe condition, respectively.

Scenario χmax Max Activation
# UGS δavg (m) year χmax

3d 0.84 0.033 7 1
3c 0.81 0.007 – 0.85
7a 0.53 0.000 – 0.53
7b 0.53 0.000 – 0.53
3a/b 0.32 0.000 – 0.46
1, 2, 4a/b, 0.00 0.000 – 0
5a/b/c/d,
6a/b, 8, 9

3. loading step of activation, i.e. the minimum pressure
change causing fault activation.

The analysis has been carried out for the central fault F3 and
fault F2 that is representative of the discontinuities bounding
the reservoir. Notice that fault F3 is inactive in some of the
investigated scenarios because of symmetry in the geological
setting and driving forces.

The results of the two ranking procedures are reported in
Tables 2 and 3 for fault F2, and in Tables 4 and 5 for fault F3.
It is interesting to note that the ranks obtained with the two
criteria are similar which means that, when 0.8τL < τ < τL,
fault reactivating is very likely to occur. As expected, the
critical factors influencing fault activation during CG and
UGS cycles arranges differently for the boundary and central
faults. On fault F2, the stability is mainly jeopardized by the
initial stress regime of the system, the geomechanical proper-
ties of the system (e.g., reservoir stiffness) and the character-
istics of the faults (cohesion, static friction angle, presence of
fault weakening). Due to symmetry conditions of fault F3 for
most of the scenarios, the major influencing drivers to fault
instability are given by geometrical parameters characteriz-
ing the fault/reservoir system (Tables 4 and 5). Dislocation
of the reservoir compartments, non-vertical fault plane, dif-
ferent pressure changes in the two compartments, and fault
dip are the features threating the stability of the fault F3.

It is worth noting the results of the scenario with a vis-
cous caprock (scenario 9). Conversely to results obtained by
previous modelling studies (e.g., Wassing et al., 2017), Ta-
bles 2 and 3 reveal that the presence of a salt viscous forma-
tion sealing the top of the reservoir is not a key parameter
in favoring fault reactivation. This difference with previous
outcomes, which were focused on production reservoirs, is
likely due to the short-term (seasonal) fluctuation of the pres-
sure change in the underlying UGS reservoir that limits the
full development of the viscosity effect. However, it must be
specified that the caprock discretization used in this 3D mod-

Table 5. Fault F3: ranking of the simulated scenarios, from the most
to the least prone to induce subsidence during CG and UGS phases,
using criterion 1b.

Scenario Max Activation
# χ* δavg (m) year χmax

3d 1.00 0.033 7 1
3c 0.71 0.007 – 0.85
3a/b 0.50 0.000 – 0.46
7b 0.31 0.000 – 0.53
7a 0.29 0.000 – 0.53
1, 2, 4a/b, 0.00 0.000 – 0
5a/b/c/d,
6a/b, 8, 9

elling study (20 m along the vertical direction) is one order of
magnitude larger than those used in 2D investigations specif-
ically devoted to the caprock behavior. The relatively large
mesh could smooth the viscous effects.

4 Conclusions

The numerous scenarios investigated within the study have
clearly revealed that fault reactivation can occur during CG
(cushion gas) injection and UGS (underground gas storage),
and is more likely if seismicity has been recorded during PP
(primary production). Although the results are qualitative be-
cause of the theoretical/general framework of the modelling
applications, preliminary “suggestions” can be sketched to
avoid potential induced seismicity during CG and UGS.

A limitation on the maximum pressure Pmax (below the
initial pore pressure) at the end of CG and UGS injec-
tion should be prescribed depending on the geometry of
the fault/reservoir: the presence of sloped faults, disloca-
tion of the reservoir compartments, differential pore pressure
between adjacent reservoir compartments and within each
reservoir block are critical factors to be accounted for to de-
fine a safe Pmax bound. A large difference between the reser-
voir and caprock stiffness is also a criticality factor that can
threaten the fault stability. In these conditions, limitations on
the operational pressure fluctuation during a UGS cycle and
on the rate of pressure recovery during CG injection should
be properly prescribed depending on the specific reservoir
features.

Specific investigations are also fundamental to character-
ize the reservoir setting and thereby to avoid or reduce the
risk during operations. Importance should be given to im-
prove the knowledge on the following aspects (from the most
to the least importance):

– the initial stress regime of the faulting system;

– the reservoir stiffness;
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– the geomechanical parameters of the faults (failure cri-
terion);

– the reservoir permeability (or, equivalently, the pore
pressure distribution within the reservoir compartment).
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Abstract. Autonomous subsidence plays a major role in the landscape of the western parts of the Netherlands.
For a lot of municipalities and waterboards this autonomous subsidence brings immense maintenance costs and
discussions about sustainable land use. For the municipality of Woerden the autonomous subsidence is assessed
for both rural and urban areas. For the rural areas the oxidation of peat and the consolidation due to gradually
lowering of the water table are the main contributors. Using the modified “Phoenix” model the autonomous
subsidence is predicted to be approximately 5 to 6 mm yr−1. In the urban areas the water table is stable and
therefore the ageing of clay and creep are the driving forces for the autonomous subsidence. Using satellite data
the autonomous subsidence is determined to range from 0 to 4 mm yr−1 for most parts of the city.

1 Introduction

The subsoil of the western and northern parts of the Nether-
lands consists mainly of weak Holocene peats and clays.
These soils are very susceptible for settlements and subsi-
dence. The larger settlements are caused by embankments
for raising the surface level for infrastructure, for example.
In the recent years autonomous subsidence continues to play
a bigger role in the maintenance costs for the municipalities,
as it causes damage, but also the uncertainty of the extent
of this subsidence is substantial. Autonomous subsidence is
described as the subsidence of the surface which occurs nat-
urally. It is becoming increasingly important to know more
about this phenomenon and to predict the subsidence veloc-
ity. This paper provides some insights. The municipality of
Woerden has asked Sweco to investigate and predict the rate
of autonomous subsidence for the next 100 years.

The processes of autonomous subsidence and the predic-
tions will be analysed for both the rural and urban areas, as
the processes in the two areas differ greatly.

2 Mechanisms

In the case described in this paper the subsidence caused
by maintaining the water level in the polders is, despite be-
ing managed by man, also to be investigated as being a au-

tonomous subsidence. In the next subsections the different
mechanisms that cause subsidence will be described and la-
belled as a contribution to autonomous subsidence or not.

2.1 Consolidation

The most common known mechanism of settlements is con-
solidation. Consolidation is caused by an increase of total
stress on low permeable soils and the following dissipation
of the excess pore pressures. The draining of the pore wa-
ter causes an increase in effective stress and, consequently, a
volume change of the layers. This volume change manifests
mainly in a change in thickness of the layers which causes
settlements of the surface.

Most of the time this consolidation is caused by a recently
realized embankment for infrastructure or site preparation
for the realization of a new building project. Consolidation
settlements are commonly known as primary settlements or
primary consolidation. A change in the water table can also
be the cause of the change of effective stresses in the sub-
soil. The water table normally has a fixed offset compared
to surface level to sustain the current function of the mead-
ows. The consolidation caused by the lowering of the water
table is taken into account when the autonomous subsidence
is calculated.
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Figure 1. Visualisation of the processes of autonomous subsidence in rural and urban areas with clay cover.

2.2 Creep

The definition of creep is the deformation of soil which oc-
curs without a change of effective stresses. This is observed
when the primary settlements and consolidation have taken
place. The embankments keep settling although the excess
pore pressures have dissipated. Creep is more commonly
known as secondary settlement and is considered to con-
tribute to autonomous subsidence.

2.3 Oxidation and shrinkage of peat

Peat mainly consists of organic material. In this material the
shrinkage and oxidation go hand in hand.

As the peat dries due to lowering of the water table, during
dry periods or because of the withdrawal of water by vegeta-
tion, the structure changes. Because of the loss of water the
peat is subjected to volume decrease which results in subsi-
dence.

The drying of the peat also makes a path for air into the
peat. When this material comes into contact with oxygen,
oxidation will occur. The chemical reaction of oxidation de-
composes the organic matter into CH4 and CO2. The loss of
organic matter results in a loss of volume. These mechanisms
are also taken into account when calculating the autonomous
subsidence.

2.4 Ageing

The ageing of clay is thought to be the rearrangement of clay
particles, which will make the material more dense and in-
crease it’s strength. This mechanism can be responsible for
quite a large part of the subsidence in areas where young
clay layers can be found (in polder areas for example). The
ageing is only a process in relatively young clay layers and
becomes a less prominent mechanism as the age of the clay

layer increases. For this mechanism all Holocene clay layers
(< 10 000 years old) are taken into account.

2.5 Tectonics and isostasy

Tectonics and isostasy also play a role in the subsidence or el-
evation of the surface. The geological processes in the deeper
subsoil (plate tectonics etc.) in the Netherlands causes addi-
tional subsidence but is small compared to the other mech-
anisms. This mechanism differentiates itself from the other
mechanisms in the fact that also sand layers are subjected to
it. Therefore tectonics and isostacy do not introduce differen-
tial settlements between constructions with pile foundations
and the surface. Because of this these mechanisms are not
taken into account for the autonomous subsidence in this pa-
per. According to Van Asselen et al. (2018) the tectonic sub-
sidence and isostasy is 0.3 mm yr−1 in the area of Woerden.

2.6 Summary

The autonomous subsidence is caused by creep, oxidation
and shrinkage of peat, ageing of clay and the tectonics and
isostasy. The consolidation processes which are also caused
by the lowering of the water table are included in the analysis
of the autonomous subsidence in this paper.

3 Autonomous subsidence in rural areas

3.1 General

Different mechanisms of subsidence play a dominating role
in the rural areas. In the rural areas in the municipality of Wo-
erden the oxidation of organic material and the primary con-
solidation (due to lowering of the water table) are the main
driving forces of the autonomous subsidence. In the follow-
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Figure 2. Visualisation of the calculation results using all available borings and the modified Phoenix model. Background: Esri Nederland
& community maps contributors©.

ing paragraphs the different mechanisms for the rural areas
will be discussed.

3.2 Shrinkage, oxidation, creep and consolidation

Shrinkage is mainly a seasonal process. During the winter
the peat will be completely saturated due to a surplus of pre-
cipitation compared to the evaporation of water. During this
saturation a part of the volume decrease due to shrinkage will
be reversed (like elastic behaviour). Unfortunately a part of
the deformations of the peat are plastic and are therefore ir-
reversible.

Oxidation is logically also a seasonal process as in summer
the peat is much dryer and more subjected to air. According
to Stouthamer et al. (2008) and Van Asselen et al. (2018)
the contribution to autonomous subsidence of oxidation of
organic matter is up to approximately 60 %.

The contribution of shrinkage to the subsidence is un-
fortunately difficult to separate from other processes like
creep (Van Essen et al., 2011). According to Stouthamer et
al. (2008) the contribution of shrinkage and creep to the sub-
sidence in The Netherlands is on average between 15 % to
20 %. At the moment there are no numerical formulas avail-
able for the assessment of shrinkage.
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Figure 3. Deviation of the model from measured surface levels with Tophoogte (a), AHN1 (b) and AHN 2 (c).

To assess the amount of consolidation some calculations
were made using the historic levels of the water table and
the historic surface levels. These calculations showed that up
to 27 % of the subsidence is caused by consolidation. These
values of contributions can be expected in the western parts
of the Netherlands (Van Asselen et al., 2018).

3.3 Ageing of clay

In the rural areas of Woerden thicker clay layers can be found
at some locations but in a large extent the subsoil mainly con-
sists of peat. As the contribution of the processes in the peat
layers is by far greater than the contributions of the processes
in the clay layers, the contribution of the ageing of clay is
negligible and therefore not taken into account for the rural
areas.

3.4 The model

For the rural areas the subsidence will be calculated using
empirical formulas. An empirical formula (Eq. 1) is called
“Phoenix” and is based on Van den Akker et al. (2007) using
test locations in Zegveld, a village in the municipality of Wo-
erden. At this location both the subsidence and the changes
in the water table are recorded. This means that in this empir-
ical formula all different mechanisms discussed in Sect. 3.2
are lumped into one. This formula can be applied on any bor-

ing that are found in rural areas.

1M = a ×MLG × b ×K × c (1)

where 1M is the subsidence in m yr−1, MLG being the mean
low groundwater level in m relative to surface level, K being
the thickness in m of the clay cover over the peat layer and
a, b and c being constants.

Other research shows that the change of the groundwater
level between the canals is less than the change of water level
in the canals of the polder (Wind, 1986). The change of the
groundwater level is taken into account using Eq. (2). In this
equation the adjustment of the water level over time depends
on the subsidence.

1MLG=W × (1M −1P ) (2)

where 1M−1P is the change in the depth of the water table
relative to the surface level and W being a factor which is 1
when the groundwater level follows the subsidence. When W
is lower than one, the groundwater will rise over time. In this
case W = 75 % as the municipality wants to reduce the rate
of autonomous subsidence. A consequence of this decision
is that the meadows will become wetter and therefore the use
of the meadows will need to change.

In Geisler (2015) a recommendation has been done to en-
hance the Phoenix-model, as can be seen in Eq. (3).

M =−0.023537× (S−MLG)+0.01263 ×K+0.0066 (3)

where S is the surface level in m.
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Figure 4. Visualisation of measurement points and trends. Includes material ©2019 SkyGeo Netherlands BV. All rights reserved.

Figure 5. Difference of autonomous subsidence due to the different
soil stratigraphy. For the meaning of the colours of the pixels see
Fig. 4. Includes material ©2019 SkyGeo Netherlands BV. All rights
reserved.

3.5 Results

By using the Phoenix model and GIS it is possible to create a
map which shows the amount of autonomous subsidence for
each boring. This map is shown in Fig. 2.

The results of the model are verified by calculating the sur-
face levels back to the 1960s. As surface levels were recorded
in the past (Tophoogte, AHN1, 2 and 3) it is possible to com-
pare the surface levels from the model to the height of the
surface in 1967 (Tophoogte), 2000 (AHN1), 2008 (AHN2)
and 2014 (AHN3). The comparison is shown in Fig. 3.

As the figure shows, the deviation of the model from the
measured values of the surface level is never greater than the

measurement errors of the measured values. The results of
the model are therefore reliable for this area.

4 Autonomous subsidence in urban areas

4.1 General

In the urban areas of the city of Woerden the processes of au-
tonomous subsidence are quite different from the rural areas.
The water levels in the canals in the municipality are kept
constant and therefore the groundwater table is also main-
tained at a constant level (within a certain bandwidth). This
results in no increase in effective stresses in the urban areas.

Only locations where no maintenance of the road has taken
place in the last 15 years were taken into consideration for
this project. This amount of time has been chosen to make
sure that primary consolidation does not contaminates the
calculations as the goal of the analysis is to assess the au-
tonomous subsidence.

4.2 Ageing of clay and creep

Due to the fact that peat, if present, is always fully saturated,
both oxidation or shrinkage does not take place in the urban
areas. Therefore the only mechanisms taken into account for
the weak layers are the ageing of clay, as they are Holocene,
and creep.

Unfortunately there are no scientific or empirical formu-
las which describes the ageing of clay. There are formulas
to calculate the amount of creep but as the parameters and
stress-histories of the clays are not well known and due to
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natural variation in the layers, the results of the analysis will
not give a good match with reality.

4.3 Methodology

To assess the autonomous subsidence in the urban areas satel-
lite data was used. The data consists of change in height for
certain points in the period November 2013 to June 2017 ob-
tained by the TerraSAR-X satellite. In Fig. 4 the measure-
ment data from some points are shown. These points are gen-
erated by using both descending as ascending measurements.
The blue points in the graphs represent the measured data,
the black lines give an average over the year, which clearly
shows the seasonal fluctuation, and the red line shows the
trend through the years.

As the satellite data requires reflection points and constant
surfaces, the satellite data has a poor quality in rural areas
and high quality in urban areas.

As can be seen in Fig. 4. there are many measurement
points on houses due to high reflection and low amount of
noise. The data from these points is filtered out because the
buildings have a pile foundation and therefore the data can-
not be used for the determination of the mechanisms of au-
tonomous subsidence in the shallow clay layers.

Garden design and layout are subjected to change over
time so gardens were also filtered out. As stated earlier also
roads maintained in the last 15 years were filtered out of the
data. Therefore, only roads that were not maintained in the
last 15 years are used to assess the autonomous subsidence.

4.4 Results

The satellite data shows a variation in autonomous subsi-
dence between 0 and ±10 mm yr−1. The largest part of Wo-
erden has shallow clay layers with a maximum of 3 m thick-
ness. In these areas the autonomous subsidence has been de-
termined to range between 0 to 4 mm yr−1. The amount of
autonomous subsidence does not only depend on the thick-
ness of the clay layer but also on the stress-history, composi-
tion of the clay layer and the time of urbanization.

Figure 5 shows the increase of the deformations, and there-
fore the autonomous subsidence, from left to right. The avail-
able lithological investigations show that the clay layer in
the left of the figure is 3 m thick while on the right of the
figure clay and peat layers were found up to a thickness of
5.5 m. The autonomous subsidence ranges, from left to right
in Fig. 5, from approximately 2 to 10 mm yr−1.

5 Conclusions

The present contribution shows that the dominant mecha-
nisms in the rural and urban areas of Woerden are very dif-
ferent.

In the rural areas the oxidation of peat and consolidation
due to the lowering of the water table are the main contribu-

tors to the autonomous subsidence. The modified “Phoenix”
model shows that the most polders subside at 5 to 6 mm yr−1.

For the urban areas especially the ageing of clay and
creep are responsible for the autonomous subsidence. Be-
cause there are no calculation models available for the as-
sessment of these mechanisms, PSI data was used to assess
the rate of autonomous subsidence. In the larger part of the
city the clay/peat layers are up to 3 m thick. The expected au-
tonomous subsidence for the largest part of Woerden ranges
from 0 to 4 mm yr−1 with some exceptions which are subsid-
ing up to 10 mm yr−1.
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Abstract. To achieve a more sustainable management of the subsiding Dutch peatlands, adaptations such as
progressively higher surface water levels, pressurized field drains and a transition from dairy farming to paludi-
culture are considered. However, a clear understanding of implementation pathways for adaptive management
strategies is lacking. Therefore, we used the RE:PEAT tool to elucidate the short-term and long-term impacts dur-
ing 2025–2100 of two adaptive management strategies in Polder Zegveld and how to fairly distribute the costs
and benefits of these strategies among the stakeholder groups. The strategies resulted in marked differences
in soil subsidence and temporal trends in societal costs and benefits that affected stakeholders unequally. The
adaptations were shown to reduce soil subsidence and enhance the sustainability of peatland management. We
explored several options for a collective implementation of the adaptative management strategies. In addition, we
discuss several ideas to further capitalize on the potential of the RE:PEAT tool to support peatland management.
Currently, we are developing additional features that enable high spatio-temporal resolution simulations of the
integrated dynamics of the surface water system, the shallow groundwater system, rainfall-runoff processes and
solute transport. In combination with the PCDitch model, this will also enable detailed ecological assessments.
This will pave the way for implementation pathways for adaptive management strategies that will contribute to
a more sustainable peatland management.

1 Introduction

Unsustainable human exploitation has resulted in the degra-
dation of peatlands worldwide (Joosten and Clarke, 2002).
The drainage of peatlands results in short-term benefits such
as agricultural production, but also causes long-term prob-
lems such as soil subsidence, emission of greenhouse gasses,
loss of biodiversity, and increasing management costs (Bragg
and Lindsay, 2003; Van Hardeveld et al., 2018). To arrest and
reverse the unsustainable exploitation of peatlands, manage-
ment strategies must address the complex interrelations be-

tween their biophysical dynamics and their socio-economic
context.

The Dutch peatlands are a prime example of drained peat-
lands which are faced with multiple long-term problems and
the challenge of implementing a more sustainable manage-
ment. In response to this complex challenge, experimental
collaborate adaptive management strategies are increasingly
put into practice. The building blocks for these experiments
reflect wetter conditions which can preserve the peat, such as
(a) increasingly higher surface water levels, (b) novel appli-
cations of field drains, and (c) a transition in land use from
dairy farming to paludiculture, i.e., the cultivation of species
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such as Common reed (Phragmites) and Bulrush (Typha) in
permanent wet conditions. Although these experiments in-
crease our knowledge of the effects of these adaptations, a
clear understanding of implementation pathways is still lack-
ing. The design of implementation pathways requires an in-
tegrated assessment of time-and-place specific peatland con-
ditions and feasible management options with a fair distribu-
tion of costs and benefits.

The RE:PEAT tool (Van Hardeveld et al., 2019) is espe-
cially suited to deal with complex challenges like this. It
simulates time-and-place specific effects of interventions and
provides support for the negotiation processes needed to de-
sign pathways towards sustainable peatland management. In
this paper, the RE:PEAT tool is used to contribute to our un-
derstanding of feasible implementation pathways for adap-
tive peatland management. The illustrative context for this
endeavour is Polder Zegveld, a Dutch peatland polder of
18 km2 located between the cities of Amsterdam, Rotterdam
and Utrecht. The questions we seek to answer are: (1) What
are the major short-term and long-term impacts of adaptive
management strategies? (2) How can the costs and benefits
of the management strategies be fairly distributed among the
stakeholder groups?

2 Methods

The RE:PEAT tool is embedded in the Tygron Geodesign
Platform (TGP), an interactive software platform for 3D
modelling of spatial development projects. The TGP inte-
grates a broad range of spatial data and allows the user to
combine these data with practical and scientific knowledge.
For example, RE:PEAT combines spatial explicit data on soil
properties and groundwater tables with an empirical soil sub-
sidence equation (Van den Akker et al., 2008). As a result,
spatially and temporally explicit assessments can be made of
the integrated dynamics of water management and soil subsi-
dence, including a broad range of societal costs and benefits.
See Van Hardeveld et al. (2019) for further details.

In this research, we assessed the following impacts
of adaptive management strategies: (a) soil subsidence,
(b) management cost of the water system, (c) management
costs of the infrastructure of roads and sewers, (d) damage to
the foundations of real estate, (e) Net Value Added of agricul-
ture, (f) terrestrial emission of greenhouse gasses, and (g) ex-
pected dominant type of vegetation in the drainage ditches.
Regarding impacts (b)–(e), we used empirical data provided
by the water authority, the municipality, and the local farmers
to calibrate the simulation parameters of RE:PEAT to the lo-
cal conditions. Regarding the emission of greenhouse gasses,
we used the equations of Van den Akker et al. (2008) to as-
sess the emission of CO2 and the equations of Cauwenberg
et al. (2011) to assess the emission of CH4 and N2O.

We assessed the impacts in the years 2025, 2050, 2075,
and 2100 of the business-as-usual strategy (1) and two adap-
tive peatland strategies (2 and 3):

1. Current surface water levels, which reflect the business-
as-usual strategy. The surface water levels are main-
tained at 30–70 cm below the ground surface and must
be lowered periodically to compensate for the soil sub-
sidence.

2. Progressively higher water levels. The surface wa-
ter levels are maintained at the current absolute level
throughout time. This implies that, as soil subsidence
progresses, the surface water levels will become shal-
lower, leading to increasingly wetter conditions, and
lower soil subsidence rates.

3. Progressively higher water levels with pressurized field
drains. The field drains are connected to a water reser-
voir which regulates the pressure head in the drains. As
a result, the groundwater tables are maintained at 25–
45 cm below the ground surface.

We assumed land use would change from dairy farming to
paludiculture when, due to high groundwater tables, a dimin-
ished crop yield would result in a lower Net Value Added for
dairy farming than for paludiculture. Assuming the current
market for dairy products would remain unchanged, we used
a maximum Net Value Added of dairy farming of EUR 1518
per hectare per year. Drawing on the preliminary results of
experiments with paludiculture in Germany and the Nether-
lands, we assumed a range of maximum Net Value Added
of paludiculture of EUR 550–1550 per hectare per year. The
lower boundary of the range reflects the cultivation of fodder
crops, the upper boundary reflects the use of biomass from
paludiculture as building material.

3 Results

The management strategies result in marked variations in the
spatial patterns of soil subsidence, ranging from several cm at
locations with shallow groundwater tables and/or thick clay
deposits, more than 80 cm at locations with deeper ground-
water tables and/or thin clay deposits (Fig. 1). The applica-
tion of pressurized field drains effectively reduces the cumu-
lative soil subsidence compared to the other two strategies
at most locations, except the small village in the centre and
several non-agricultural plots on which no field drains were
installed.

The management strategies also result in marked tempo-
ral trends (Fig. 2). Compared to the business-as-usual strat-
egy pressurized field drains will reduce soil subsidence in
the short-term as well as the long-term, whereas progres-
sively higher surface water levels will reduce soil subsidence
in the long-term only (Fig. 2a). As a result, the scenario
with pressurized field drains results in marked lower manage-
ment costs for subsiding infrastructure of roads and sewers

Proc. IAHS, 382, 553–557, 2020 proc-iahs.net/382/553/2020/



H. van Hardeveld et al.: Impact assessment of adaptive management in a peatland polder 555

Figure 1. Cumulative soil subsidence in 2019–2100 in the research area resulting from the three management strategies.

(Fig. 2c), a higher Net Value Added for agriculture (Fig. 2e),
lower emissions of greenhouse gasses (Fig. 2g), and higher
percentages of ditches with good water quality, i.e., with a
dominance of submerged rooted vegetation over duckweed
and algae (Fig. 2h).

For all scenarios, the damage costs to real estate are
markedly higher in the short-term than in the long-term
(Fig. 2d) because at present, the foundations of 33 % of the
houses are already damaged. In the scenarios with current
surface water levels (1) and pressurized field drains (3), there
is little incentive for farmers to switch from dairy farming
to paludiculture (Fig. 2f). In the scenario with progressively
higher surface water levels (2), the Net Value Added for dairy
farming will drop from EUR 919 to 558–593 per hectare in
2100. As a result, 24 %–36 % of the farmland will switch
to paludiculture. This explains why the trend in Net Added
Value of this scenario does not continue downwards but sta-
bilizes at EUR 600–700 per hectare.

4 Discussion

4.1 Designing sustainable pathways

The results show that adaptative management can reduce soil
subsidence and enhance the sustainability of peatland man-
agement. The remaining challenge is to distribute the costs
and benefits fairly among the stakeholder groups. Regarding
pressurized field drains, the annual costs of interest, depreci-
ation, and maintenance amounts to approximately EUR 425
per hectare. Regarding progressively higher surface water
levels, the implementation costs are zero, but the reduction
in the agricultural Net Added Value amounts to EUR 478 per
hectare per year in the long-term.

The RE:PEAT tool is especially suited for the task of bro-
kering deals that enable a collective strategy. Interactive ap-

plications of the tool with real-world stakeholders has shown
that RE:PEAT enhances their understanding of peatland dy-
namics and simultaneously increases the cooperation among
them, strengthening their resolve to collectively implement
sustainable management strategies (Van Hardeveld et al.,
2019).

The simulations show that several benefits result from
the collective management strategies. Regarding pressurized
field drains, the agricultural benefits are EUR 142–279 per
hectare. In addition, the management costs of the municipal-
ity will decrease by EUR 192 per hectare. However, these
benefits are overstated, because we did not assess subsi-
dence due to compaction resulting from the added weight
of roadbeds and traffic, which has a bigger impact on the
management costs of the municipality than drainage-related
soil subsidence. The benefits for the water authority were as-
sessed with a higher accuracy. In the long-term, the manage-
ment costs are EUR 416 per hectare lower compared to the
business-as-usual scenario. However, in the short-term, the
management costs of both scenarios are very similar.

Because in the short term, the sum of financial benefits
is either too uncertain or too small to cover the adaptation
costs, the implementation of adaptive peatland management
will require additional contributions. In particular, the non-
financial benefits of improved water quality (Fig. 2h) and re-
duced greenhouse gas emissions (Fig. 2g) may merit some
financial contribution. For instance, a subsidy of EUR 38 per
reduction of 103 CO2-equivalents would cover all implemen-
tation costs of pressurized field drains, whereas a compensa-
tion for the decrease in agricultural Net Added Value due
to progressively higher surface water levels would require a
subsidy of EUR 188 per reduction of 103 CO2-equivalents.
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Figure 2. Effects of the three management strategies. The upper and lower limits to the range of agricultural values (e, f) reflect the uncer-
tainty regarding paludiculture. The uncertainty regarding dairy products is not reflected in the results (e, f).

4.2 Towards a higher level

Our results show that in theory, the collective stakeholder
groups can design adaptive management strategies with
fairly distributed costs and benefits. However, the implemen-
tation of these strategies requires more certainty regarding
the effects of the adaptations. Most urgently, more certainty
regarding the viability of paludiculture, i.e., empirical evi-
dence of crop yields at a range of groundwater tables, and
an economic business case of the expected Net Value Added
are needed. In addition, more long-term empirical data are
needed regarding the emission of greenhouse gasses from

agricultural areas with paludiculture and/or pressurized field
drains.

The RE:PEAT tool was shown to be well suited to support
peatland management The results compared well to empiri-
cal data of management costs, agricultural Net Value Added,
and soil subsidence rates in the research area. However,
the assessment of water quality needs improvements. Most
likely, we overestimated the improvement of water quality,
because we did not adequately consider the spatial hetero-
geneity of hydrological discharges throughout the dense net-
work of small ditches, nor did we consider the detailed dy-
namics of solute transport from the soil to the ditches and
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subsequently, from the ditches to the main pumping station
of Polder Zegveld.

We are improving the water quality assessment with
RE:PEAT by incorporating additional features in the TGP,
which enable high resolute spatially and temporally explicit
simulation of the integrated dynamics of the surface water
system, the shallow groundwater system, rainfall-runoff pro-
cesses and solute transport. These additions to the TGP en-
able the assessment of nutrient and water flows. Currently,
we are linking these outputs to a set of over 1 million runs
of the PCDitch model (Janse and van Puienbroek, 1998),
which consists of combinations of hydraulic loading, nutrient
loading, sediment type, water depth, water background ex-
tinction, water temperature, and management impacts such
as mowing and dredging. The linkage with PCDitch simu-
lates the ecological status of every water course under vary-
ing conditions. While such an implementation does not allow
for full dynamically coupled calculations, it has the advan-
tage of providing near instant feedback between the decision
support system and the user.

5 Conclusions

Pressurized field drains will reduce soil subsidence in the
short-term as well as the long-term, resulting in marked
lower management costs, a higher Net Value Added for agri-
culture, lower emissions of greenhouse gasses, and better wa-
ter quality. Progressively higher surface water levels will re-
duce soil subsidence in the long-term, resulting in a lower
Net Value Added for dairy farming and a transition of 24 %–
36 % of the farmland to paludiculture.

The costs of the adaptive management strategies amount
to EUR 425–478 per hectare per year in the long-term. In
the short term, the financial benefits for farmers, the munic-
ipality and the water authority are too small to cover these
costs. Therefore, implementation of the adaptations will only
be feasible if the non-financial benefits of improved water
quality and reduced greenhouse gas emissions are consid-
ered. A subsidy of EUR 38–188 per reduction of 103 CO2-
equivalents would cover all implementation costs.

The implementation of adaptive management strategies re-
quires more certainty regarding the effects of the adaptations
and additional features of the RE:PEAT tool. This will im-
prove decision support for peatland management and facili-
tate adaptive management strategies that will contribute to a
more sustainable peatland management.
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Abstract. Subsidence induced by human activity and urbanization is distributed in an area or along a line. In
Shanghai, China, land subsidence is distributed along the belt near a subway line. The subsidence is caused
by train vibration as well as regional land subsidence and other engineering activity. In order to figure out the
mechanical response of the tunnel surroundings, the PFC2D software based on a discrete element method is
introduced to simulate a section of the metro tunnel. The linear contact bond model was employed to reflect
the characteristics of clay. Based on the analysis of stress and settlement caused by dynamic cyclic loading, the
mechanical response law and subsidence mechanism were investigated. In addition, the influence of frequency
on settlement was also analyzed: the greater the frequency, the more particles were rearranged and the larger the
settlement. The fraction of sliding contacts was introduced to explain this phenomenon. The results can be used
to understand, predict and control land subsidence to protect the geological environment.

1 Introduction

With the fast development of urbanization in China, more
and more subway lines will be constructed to relieve traf-
fic pressure. It is inevitable for subway lines to encounter a
soft soil foundation and surrounding rock. The train vibration
load is a kind of long-term cyclic load, which can cause the
accumulation of settlement and contribute to regional land
subsidence. Large subsidence of soft foundation often occurs
under repeated loading of subway trains, which may induce
cracks in adjacent buildings (Tang et al., 2008; Zhang and Li,
2015). According to Ye et al. (2007) and Liu et al. (2009), the
settlement of a section exceeds 200 mm during the operation
of the metro line 1 in Shanghai. Therefore, lots of scholars
have studied the dynamic response of soil under cyclic load-

ing. Seed et al. (1955) investigated the strength and defor-
mation of compacted clay by a series of triaxial compression
tests in the early stage. Yasuhara et al. (1992) studied the
influences of undrained cyclic loading on clay behavior us-
ing triaxial tests. Based on cyclic triaxial tests results, Zhou
et al. (1996) proposed an empirical model for predicting the
residual deformation of soft clay, which can be used to es-
timate additional settlement of soft clay foundation under
partially drained cyclic loading. Chai and Miura (2002) pre-
sented a prediction method of road on soft subsoil with a low
embankment under a traffic load. Xie et al. (2008) considered
the factors of soil constitutive modeling, tunnel-foundation
structure modeling and simulation of the subway load to in-
vestigate the dynamic response of foundation soil. Zhang et
al. (2011) analyzed the dynamic response and settlement law
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Table 1. Material parameters of numerical simulation.

Parameters Value

Density (kg m−3) 1800
Friction coefficient 0.3
Normal stiffness Kn (MPa) 200
Shear stiffness Ks (MPa) 140
Tensile strength (kN) 10
Shear strength (kN) 10

of foundation soil under different loading numbers based on a
three-dimensional finite element method. Jiang et al. (2013)
analyzed the triaxial test results of saturated soft clay and
proposed a new empirical model to simulate the cumulative
plastic strain of soft clay under K0-consolidated condition.
Lei et al. (2019) used the three-dimensional finite element
method to study settlement law of foundation soil under dif-
ferent train velocities. The above research is focused on the
dynamic response of foundation soil under cyclic loading,
and less analysis of settlement mechanism was performed,
especially from the microcosmic point of view.

In order to investigate the settlement mechanism of soft
soil under cyclic loading, a discrete element method (DEM)
was employed in this paper to establish subway tunnel mod-
els, and a semi-sinusoidal load was selected as the subway
vibration load. The settlement mechanism and response law
were analyzed by monitoring the changes of microscopic pa-
rameters, which is significant for the prediction of long-term
subsidence of the subway foundation.

2 Numerical model

The radius of the subway tunnel is 3 m in this model, and
44 m in length to keep a distance of 3 times the tunnel di-
ameter to the boundary. The tunnel depth is 10 m, and the
width is 38 m. Due to the restricted computing capability, it
is scarcely possible to simulate the clay with real particle size
based on DEM. In addition, according to Zhou et al. (2009),
the appropriate enlargement of average particle size did not
affect the macroscopic mechanical properties of the sample
when the calculated particle number exceeded 2000 based on
DEM. The particle radii are uniformly distributed between
the minimum and maximum values of 0.06 to 0.1 m, respec-
tively. The total number of particles are 66 405. The linear
contact bond model is employed in the model to simulate
typical clay, and its parameters are shown in Table 1.

There are many factors that affect the vibration frequency
of traffic loading, such as train speed, train type, etc. It is
difficult to determine the real frequency for traffic loading.
According to published results, different vibration frequen-
cies were used to investigate the dynamic response of subsur-
face layers under traffic loading. McDowell et al. (2005) per-
formed laboratory simulation of train loading at a frequency

Figure 1. Section model of the metro tunnel.

of 3 Hz. Zheng and Liu (2007) carried out field testing on a
section of Shanhgai metro line 1, and it was found that the
vibration frequency was mainly at a low frequency of 10 Hz.
Tang et al. (2008) studied the characteristics of deformation
of saturated soft clay in Shanghai under a subway load with
2.5z frequency. Aursudkij et al. (2009) found that the typi-
cal loading frequency of traffic loading in the track is nor-
mally around 8–10 Hz for a normal train (by assuming axle
wheel spacing of 2.6 m and train speed of 75–94 km h−1)
and may reach 30 Hz for a high-speed train. The average
value (6 Hz) of lower limit frequencies from the above ref-
erences was adopted in this paper, which can represent the
average level of traffic loading to some extent. Hence, the
semi-sinusoidal load with frequency 6 Hz and dynamic stress
amplitude 20 kN simulates train vibration loading (Pu et al.,
2019).

In order to study the spatial distribution law of stress
caused by cyclic loading, the stresses at different distances
from the central line of the tunnel were measured with M11
(0 m), M12 (1.5 m), M13 (3.5 m), M14 (6 m) and M15 (9 m)
in the horizontal direction and M11 (1 m), M21 (2 m), M31
(4 m), M41 (7 m) and M51 (11 m) in vertical direction. The
section model of the subway tunnel is shown in Fig. 1.

3 Results and discussions

There are lots of factors that affect the vibration frequency
of traffic loading, such as train speed, train type, etc. It is
difficult to determine the real frequency for traffic loading.
According to published results, different vibration frequen-
cies were used to investigate the dynamic response of subsur-
face layers under traffic loading. McDowell et al. (2005) per-
formed laboratory simulation of train loading at a frequency
of 3 Hz. Zheng and Liu (2007) carried out field testing on a
section of Shanhgai metro line 1, and it was found that the
vibration frequency was mainly at a low frequency of 10 Hz.
Tang et al. (2008) studied the characteristics of deformation
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Figure 2. Cyclic loading at the bottom of the tunnel.

Figure 3. X-direction stresses at different distances from the central
line of the tunnel.

of saturated soft clay in Shanghai under subway load with
2.5 Hz frequency. Aursudkij et al. (2009) found that the typ-
ical loading frequency of traffic loading in the track is nor-
mally around 8–10 Hz for a normal train (by assuming axle
wheel spacing of 2.6 m and train speed of 75–94 km h−1)
and may reach 30 Hz for a high-speed train. The average
value (6 Hz) of lower limit frequencies from the above ref-
erences was adopted in this paper, which can represent the
average level of traffic loading to some extent. Hence, the
semi-sinusoidal load with frequency 6 Hz and dynamic stress
amplitude 20 kN simulates train vibration loading (Pu et al.,
2019).

In order to study the spatial distribution law of stress
caused by cyclic loading, the stresses at different distances
from the central line of the tunnel were measured with M11
(0 m), M12 (1.5 m), M13 (3.5 m), M14 (6 m) and M15 (9 m)
in the horizontal direction and M11 (1 m), M21 (2 m), M31
(4 m), M41 (7 m) and M51 (11 m) in vertical direction. The
section model of subway tunnel is shown in Fig. 1.

3.1 X -direction stress distribution

X-direction stress of M11, M12, 13, M14 and M15 was mea-
sured and plotted in Fig. 3 between the steps from 18 960 to
22 460, and the matched cyclic loading is shown in Fig. 2.

The variations of x-direction stresses at different distances
from the central line of the tunnel were basically the same

Figure 4. Variations of x-direction maximum stress at different lo-
cations.

Figure 5. Y -direction stresses at different distances from the bottom
of the tunnel.

(Fig. 3), which were similar to the cyclic loading at the bot-
tom of the tunnel. The maximum stress amplitude was shifted
to the right with increasing distance from the central line of
the tunnel. According to Fig. 4, a critical value existed in
x-direction maximum stress with increasing distance from
the central line of the tunnel. When the distance was less
than the critical value, the x-direction maximum stress in-
creased with increasing distance while maximum stress re-
duced with growing distance. In addition, the x-direction
maximum stress amplitude was pretty small when the dis-
tance exceeded 9 m.

3.2 Y -direction stress distribution

Y -direction stress of M11, M21, M31, M41 and M51 was
measured and plotted in Fig. 5 from step 18 960 to step
22 460, and the matched cyclic loading is shown in Fig. 2.

From Fig. 5, the changes of y-direction stress with increas-
ing depth was similar to that of x-direction stress. They were
similar to the semi-sinusoidal load with the same frequency.
The difference was that they have different dynamic stress
amplitudes with increasing depth. Figure 6 plots the variation
of y-direction maximum stress with increasing depth from
the bottom of the tunnel, which shows the maximum stress

proc-iahs.net/382/559/2020/ Proc. IAHS, 382, 559–564, 2020
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Figure 6. Variations of y-direction maximum stress with different
locations.

Figure 7. Cumulative settlement under different cyclic times.

increased nonlinearly along increasing depth generally. The
y-direction maximum stress increased sharply when the dis-
tance was between 2 and 4 m, which was similar to the char-
acteristics of x-direction maximum stress at the same dis-
tance. Therefore, the maximum stress of the tunnel surround-
ings under cyclic loading was not at the nearest position, but
a certain distance from the tunnel.

3.3 Y -direction cumulative settlement

The cumulative settlement at different depths with increasing
cyclic times is shown in Fig. 7. With increasing distance from
the bottom of the tunnel, cumulative settlement reduced grad-
ually, and the subsidence tendencies were basically the same.
The settlement was large in the early stage and then gradu-
ally smoothed. The maximum cumulative settlement at M11
was 0.204 mm, while the settlement at M51 was only 0.074.
Figure 8 presents the cumulative settlement curves under dif-
ferent depths between 18 960 and 21 960 steps. The shapes of
cumulative settlement curves were basically both influenced
by cyclic loading. However, the amplitude of cumulative set-

Figure 8. Cumulative settlement curve with steps.

Figure 9. Cumulative settlement with different frequencies.

tlement varied greatly under different depths. When the depth
from the bottom of the tunnel was greater than 7 m, the curve
of cumulative settlement approached a straight line, which
means cyclic loading has little effect.

3.4 Cumulative settlement and mechanism

The cyclic numbers 20 was taken as the starting point, and
M11 was selected as the research location. The cumulative
settlement corresponding to different frequencies is plotted
in Fig. 9, where the cumulative settlement increases with in-
creasing frequency. When the frequency was 2 Hz, the cumu-
lative settlement was a positive value, which means rebound
occurs and there was no settlement.

The cumulative settlement of soil was mainly caused by
the rearrangement of particles without considering the frag-
mentation. From a microscopic point of view, fraction of slid-
ing contacts, Fs, can characterize the sliding of particles to
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Figure 10. Fraction of sliding contacts with different frequencies.

some extent (Huang et al., 2015), and it can be expressed as
follows:

Fs =
Ns

N
, (1)

where Ns represents the number of sliding contacts and N

is the number of total contacts. The fractions of sliding con-
tacts in soils with different frequency are shown in Fig. 10.
The fraction of sliding contacts increased with the increase
in frequency. This is similar to the relationship between cu-
mulative settlement and frequency. The larger the fraction of
sliding contacts, the more particles were rearranged and the
larger the settlement.

4 Conclusions

Based on DEM, a section model of a subway tunnel was es-
tablished, and semi-sinusoidal load was used to simulate the
vibration load of a subway train. By analyzing stresses and
settlement caused by cyclic loading, the mechanical response
law and settlement mechanism were investigated. With the
increasing distance from the central line and bottom of the
tunnel, both the stresses and settlement are reducing grad-
ually, while they have similar shape to the cyclic loading.
In addition, frequency has an influence on cumulative set-
tlement. The greater the frequency, the more particles were
rearranged and the larger the settlement. The phenomenon
is reflected in the fraction of sliding contacts. Therefore, the
reduction of train speed is helpful to control subsurface sub-
sidence under traffic loading.
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Abstract. The extensive loss of land elevation and the consequent exposure to flood hazards are seriously
threatening the long-term survival of the Mississippi Delta. Shallow compaction of the top soil is one of the
major components contributing to the relative sea level rise. In the last decades, more subsidence measurements
have become available and recent studies demonstrate that compaction of Holocene strata is dominant. Here we
propose a novel application aimed at modeling the present-day shallow compaction due to consolidation pro-
cesses in the top soil. Soil compaction is properly computed and accounts for the large soil grain motion and
the delayed dissipation of pore-water overpressure. The grain motion is described by means of a Lagrangian
approach with an adaptive mesh where the grid nodes follows the accretion/compaction processes. Model cal-
ibration is obtained from stratigraphic and geochrology information collected at the Myrtle Grove Subsidence
Superstation, where a nearly 40 m-deep sediment core that penetrates the entire Holocene succession allows
testing model results over long (millennial) timescales. Model validation with available observations from rod
surface-elevation table – marker horizon (RSET-MH) data enables the model to predict future scenarios.

1 Introduction

High rates of land subsidence are seriously threatening the
long-term survival of the Mississippi Delta. The extensive
loss of land elevation and the consequent exposure to flood-
ing hazard put at significant risk vulnerable and highly
populated deltaic areas. In the Mississippi delta reduction
in aggradation plus accelerated compaction is substantially
greater than global sea-level rise due to climate change
(Syvitski et al., 2009). Shallow compaction of the top soil is
one of the major components contributing to relative sea level
rise (Törnqvist et al., 2008). In the last decades, more subsi-
dence measurements have become available demonstrating
that shallow compaction occurs mainly in the uppermost 5–
10 m depth range (Jankowski et al., 2017).

Quantification of the spatio-temporal evolution of shallow
deposits over the Holocene is crucial to predict land subsi-
dence and to support decision making on sustainable coastal
management. Here we propose a novel application aimed at
modeling the present-day shallow compaction due to con-
solidation processes in the Mississippi delta. A groundwater

flow simulator is coupled to a vertical geomechanical mod-
ule to simulate the consolidation process and estimate the soil
compaction. The model properly computes and accounts for
large soil grain motion and the delayed dissipation of pore-
water overpressure (Zoccarato and Teatini, 2017). This ap-
proach is suitable for applications in coastal environments
where high rates of shallow compaction requires the adoption
of a large soil deformation model (Zoccarato et al., 2018).
The system of equations are solved with the aid of a Finite
Element discretization by employing an adaptive mesh that
follows the accreting and compacting movements of the soil
grains.

Data available from a nearly 40 m-deep sediment core
that penetrates the entire Holocene succession at the Myr-
tle Grove Subsidence Superstation (located at 29◦37′06.4′′ N,
89◦56′47.8′′W) enables the calibration of the model re-
sults over millennial timescales (Bridgeman, 2018). Fur-
thermore, a validation with available observations from rod
surface-elevation table – marker horizon (RSET-MH) data
(Jankowski et al., 2017) allows to predict future scenarios
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of subsidence. Finally, a restoration project planned for the
next 10 years is simulated showing the impact of the artifi-
cial nourishment on the surface elevation change.

The paper is structured as follow. Section 2 describes the
modeling approach with a brief overview of the governing
equations and the data used for calibration and validation.
Section 3 discusses the results and their possible implication
for future subsidence predictions. Section 4 draws the con-
clusions to the paper.

2 Modeling approach

Figure 1 shows the modeling approach used to investigate the
imprint of the Holocene sediments to actual rates of subsi-
dence and provide for future predictions of relative sea level
rise. The analysis is subdivided into three main steps, which
define the objectives of this study. First, the simulation of
the Holocene sequence deposition and the related quantifica-
tion of the sediment compaction is carried out by modeling
the accreting and consolidation processes occurred during
the Holocene. This is done by first applying a decompaction
model to compute the average accretion rates and then apply-
ing a geomechanical model of soil consolidation. The model
is calibrated based on available data of litho-stratigraphy, ra-
diocarbon dating, and hydro-geomechanical properties of the
deposition units. Then, the model is validated against 10-
years records of vertical accretion (VA) and surface elevation
change (SEC). At this stage, prediction of subsidence rates
are possible by employing the calibrated model. In particu-
lar, we simulate the land surface evolution due to a potential
restoration project planned for the time period 2018–2028
CE to discuss the system response depending on the type of
soil used for restoration. The importance of reconstructing
the entire Holocene stratigraphy for subsidence evaluation
and future predictions is crucial. Indeed, actual rates of sub-
sidence depend on the lithology of the strata underlying the
deposition of new sediments and the amount of consolidation
occurred.

In the following a brief overview is given of the decom-
paction and geomechanical models and a description of the
available data for calibration and validation purposes.

2.1 Decompaction model

Decompaction of the actual core allows to compute the av-
erage accretion rate ω over time spans during the Holocene
(Kooi and de Vries, 1998). The result is then used as input
into the geomechanical model. Decompaction is obtained by
combining the relationship between void index e and depth
z with an age-depth model. In this study, the relationship e-
vs-z is available from oedometric tests collected at the Myrtle
Grove core I. The age-depth model is obtained by collecting a
number of 14C datings of organic remnants at different eleva-
tions within the sedimentary column (Bridgeman, 2018). The
simplified chrono-stratigraphy is shown in Fig. 3a. Generally,

decompacted thickness of the soil column presently com-
prised between depth z1 and z2 can be computed as (Gam-
bolati and Teatini, 1998):

H0 = (1+ e0)

z2∫
z1

dz
1+ e(z)

(1)

where e0 is the initial void index. Denoting with t1 and t2 the
deposition times of the sediments at depth z1 and z2, the av-
erage accretion rate within the time interval [t1–t2] is simply
obtained as

ω =H0/(t2− t1) (2)

2.2 Geomechanical model

Accretion and consolidation of the Myrtle Grove core I is
simulated with the aid of the numerical model NATSUB-2D
developed by Zoccarato and Teatini (2017). The original for-
mulation provides the solution of a coupled system of equa-
tions of 2-D groundwater flow and a 1-D consolidation pro-
cess. A cartoon of NATSUB-2D modeling approach is shown
in Fig. 2. The surface elevation changes according to accre-
tion and consolidation processes, i.e., shallow subsidence.
Over a compaction-free Pleistocene basement, deposition of
unit 1 occurs during time1T1 and the evolution of pore over-
pressure p is computed by means of the groundwater flow
model. Over-pressure dissipation causes the consolidation of
the same unit. Then, over time 1T1 unit 2 deposits. Unit 2
is generally characterized by different hydro-geomechanical
properties. Consolidation continues in unit 1, also because of
the new load on its top, and starts in unit 2 as well. The model
may also include the contribution of deep subsidence due to
glacial isostatic adjustment, regional sediment loading, fault-
ing or subsurface fluid withdrawal.

In this preliminary application, the flow equations are
solved in a 1-D framework that represents the Holocene se-
quence of the Myrtle Grove core I. The rigorous equations
of the 1-D flow in an elastic saturated compacting porous
medium was originally developed in the late 70s (Gambolati,
1973a, b), where the hypothesis of infinitesimal displacement
of the grains is relaxed and large soil deformations are ac-
counted for introducing a geometric non-linearity. The gov-
erning equations of the groundwater flow and consolidation
are described in detail in Zoccarato and Teatini (2017). The
model solution depends on the hydro-geomechanical proper-
ties of the soils such as porosity φ, oedometric compressibil-
ity cb, and hydraulic conductivity kz. They are functions of
the intergranular effective stress σz to account for their vari-
ability with the progressive deformation of the soil matrix,
i.e., cb, kz, and φ diminish at increasing values of σz.

The numerical solution of the equations is implemented in
NATSUB-2D by a Finite Element (FE) discretization, using
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Figure 1. Modeling framework for the simulation of shallow compaction of Holocene sediments in the Mississippi delta. This study is
subdivided into three modeling steps: Holocene stratigraphy reconstruction, model validation and future subsidence prediction. Each step
is achieved using available data from the the Myrtle Grove Subsidence Superstation (Allison et al., 2016) and the Coastwide Reference
Monitoring System (CRMS) (siteweb).

Figure 2. Schematic drawing of the approach taken in the geomechanical model where the consolidation equation is solved assuming large
soil deformations.

a back Euler method for the time integration and a fixed-
point iteration scheme to solve the material non-linearity.
Moreover, a Lagrangian approach where a dynamic mesh
follow the grains in their accretion/consolidation movements
is employed to include large deformations without introduc-
ing a geometric non-linearity. A constant time step equal to
10 years has been adopted. A new finite element is added
on the top of the column when the soil accretion amount to
10 cm.

2.3 Myrtle Grove Subsidence Superstation and CRMS
database

Data available from the Myrtle Grove Subsidence Supersta-
tion (Allison et al., 2016) are used to calibrated the model
outcome. The Superstation is a subsidence monitoring sta-
tion near the Mississippi River, southeast of New Orleans. It
provides insight into the stratigraphic and geotechnical prop-
erties of the Holocene succession with subsidence data col-
lected at different spatio-temporal resolution by means of
fiber-optic strainmeter/extensometer, GPS antennas and In-
SAR reflectors. In this study, the litho-stratigraphic descrip-

tion and the age-depth model of the Myrtle Grove I core
(Bridgeman, 2018) has been used to model the formation of
Holocene sequence. The core is about 40 m-deep and char-
acterized by four main units of deposition. The age of the
Holocene basal peat is estimated at 11.3 ka (where ka refers
to kiloannum with respect to 2100 CE). Preliminary results
obtained in this investigation consider only the upper two
units, which mainly represent the entire core from the sur-
face down to 35 m. This simplification is due to the lack of
geochronological data at the bottom core. Moreover, the het-
erogeneity of unit 1 is not properly modeled assuming a ho-
mogeneous silty loam unit, except for the top core character-
ized by a ∼ 1.2 m-thick peat bed that represents the modern
marsh (Bridgeman, 2018).

The behavior of e(z) in Eq. (1) and in the geomechanical
model is described using a virgin loading model with

e(z)= e0−Cclogσz

withCc the compression index. The parameters e0 andCc are
taken from oedometric tests performed on the Myrtle Grove
I core (Bridgeman, 2018). The modeled Holocene sequence
is shown in Fig. 3a. Table 1 reports the parameters Cc and e0
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Table 1. Parameters of the virgin compression model and actual
thickness of the units characterizing the Holocene sequence.

Unit Cc e0 H

peat 4.7 8.0 1.0
1 0.2 0.8 10.0
2 0.5 1.0 25.0

Figure 3. (a) Representation of the modeled Holocene sequence
with available age-depth data. The first meter is characterized by a
peat formation while unit 1 and 2 are modeled as silty loam and
silty clay layers. (b) Result from the decompaction model where
elevations of the compaction-free Holocene units are given.

of the virgin compression models and the actual thickness H
of each deposition units.

VA and SEC data available from the Coastwide Reference
Monitoring System (CRMS) (site 0276 nearby the Super-
station) over the time period 2008–2017 are employed for
validation purposes. The CRMS site is equipped with rod
surface-elevation tablemarker horizon (RSET-MH) measure-
ments. The database provides records over the last 10 years.
VA and SEC allow for the calculation of shallow subsidence
(SS) (Törnqvist et al., 2008):

SS= VA−SEC (3)

3 Results

3.1 Reconstruction of the Holocene sequence

Figure 3b shows the result of the application of the decom-
paction model to peat formation, unit 1 and unit 2. The re-
sults provide a compaction-free thickness H0 of about 1.10,
11.89 and 40.76 m, respectively. The corresponding defor-
mations, computed as (H0−H )/H0, are 9 %, 16 %, and 40 %.
Peat formation is the more compressible unit but provides the

lower deformation because it lies at near-surface elevations
yielding to low gravitational load of overlying sediments.
The higher compaction is due to unit 2 having higher com-
pressible material compared to unit 1 (see Table 1) and larger
loading conditions. On average, the soil column undergoes a
deformation of about 34 % over ∼ 11 ka.

Using the values of H allows computing the average ac-
cretion rates ω using Eq. (2). Values of ω equal to 1.1, 4.0,
5.1 mm yr−1 for peat formation, unit 1 and 2, respectively,
are used as input values to the geomechanical model, which
allows to estimate the deposition and compaction processes
of the Holocene sequence. The model outcome in terms of
thicknesses is 1.07, 10.07 and 23.83 m for peat formation,
unit 1 and unit 2, respectively, with a slight overestimation
of compaction in unit 2. The mismatch between measured
and reconstructed Holocene sequence is due to different as-
sumptions in the decompaction and geomechanical models.
Indeed, the compaction-free thickness resulting from decom-
paction does not take into account the process of overpres-
sure dissipation, which is properly accounted for in the ge-
omechanical model.

3.2 10-years validation

In this section, the calibrated model is used and further 10-
years of accretion are simulated. The total simulation time
spans 11.01 ka.

VA of 12.5 mm yr−1 are obtained from records collected
at site 276 of the CRMS database as an average value over
the time period 2008–2017 CE. It is assumed that the deposi-
tion is similar to process responsible for the accretion of the
near-surface sediments. Thus, the compressibility is derived
from the same parameters of the peat formation (Table 1).
Although only consolidation process is considered here, in
peat formations other processes may play a role in vertical
dynamics of surface change, such as those related to the loss
of organic matter due to peat oxidation (Rao et al., 2016).

Figure 4 shows the comparison between model outcome
and data. On the left subpanel of Fig. 4 a zoom of the mesh
grid is provided where the grid nodes are shown only for the
peat formation. In particular, the black mesh refers to the
calibration period until 2008 CE, i.e., the simulation of the
last 11 ka. The red FE represents the new elements added to
the previous mesh due to aggradation over the period 2008–
2017 CE. Each mesh row is characterized by different ele-
ment thickness as direct consequence of the ongoing con-
solidation process with elements at the bottom of the peat
formation slightly more compacted than the element at the
top. Notice that the simulated process is 1-D even tough the
computational mesh is 2-D.

Modeled SEC rate is 9.9 mm yr−1, i.e., 7.5 % lower than
the corresponding measured value of 10.7 mm yr−1. Positive
SEC means the surface elevation is accreting. SS is evalu-
ated using Eq. (3). Measured SS equals 1.8 cm over 10-years
validation whereas the model SS estimation is 2.6 cm. The
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Figure 4. Validation of the model using the CRMS data at the 276 site where rate of surface elevation changes can be compared. The
validation considers the 10-year period 2008–2017 CE. In the left subpanel the mesh grid is shown distinguishing by red color the new
elements added over the top of column as consequence of the aggradation process. Right panel: CPRA (2020).

model overestimation may probably due to the assumption
on the characterization of the peat formation. However, the
model seems to predict quite well the system response under
the above-mentioned assumptions.

3.3 Predictions of subsidence as result of marsh
restoration

In the Louisiana coast, restoration projects are carried out by
the Coastal Protection and Restoration Authority (CPRA).
Among different types of restoration projects, marsh cre-
ation and diversion implies material handling by sediment
dredging and placement in the restoration area or by di-
version of sediment and fresh water from the Mississippi
and Atchafalaya Rivers into adjacent basins (http://coastal.
la.gov, last access: 31 August 2019). In both cases, the type
of material used for restorations along with the knowledge
of the above-ground behavior of the Holocene sediments are
crucial in terms of net accretion rate. Here we simply inves-
tigate the effect of restoration by introducing new sediments
above the Holocene sequence with a vertical accretion rate of
10 mm yr−1 over then 10-years period 2018–2028 CE. The
parameters of sediments used for the restoration correspond
to those of unit 1 (Table 1). With such an hypothesis, the
100 mm of VA yields to SEC = 1 and SS = 99 mm. It means
that only 1 % of deposition provides net accretion to the sys-
tem and the rest undergoes compaction. This means that the
deposition of heavy relatively stiff (silty loam) soil over light
and compressible peat causes a compaction of this latter that
almost totally offset the thickness of the former deposited
above it.

4 Conclusions

In this paper, the numerical modeling of the long-term ac-
cretion/compaction of the Mississippi delta at a representa-
tive site is carried out by employing a coupled groundwater-
consolidation model. A 1-D approach is considered in this
preliminary investigation. Model calibration is carried out by
using available data from the Myrtle Grove Subsidence Su-
perstation Model where detailed information is available.

The model is validated against data of vertical accretion
and surface elevation change from the CRMS database (site
0276 located nearby the surpstation). The model can be used
as supporting tool to design and manage projects of protec-
tion and restoration, as it allows for predictions of subsidence
under future conditions of the coastal wetlands. Improve-
ments to the present model are expected by detailing the de-
scription and simulation of the Holocene stratigraphy with
the ultimate scope at simulating the spatial heterogeneity in
a 2-D framework.

Moreover, at this stage of the investigation the results are
given in a deterministic framework. It is clear that errors
associated with the geomechanical parameters, the average
accretion rate, the geochronological Holocene reconstruc-
tion, and the mathematical model itself are sources of un-
certainty for future predictions. Proper analysis of the uncer-
tainty propagation from model input to output will be further
considered.

Data availability. Data and code NATSUB2D that support the
findings of this study are available from the corresponding author,
Claudia Zoccarato, upon reasonable request.
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Abstract. In spite of subsidence being a well-studied geological phenomenon in Mexico City, its effects and
risks for urban infrastructure and inhabitants have been neglected. Damage in the short, medium and long term
implies maintenance and important mitigation costs. There are not systematic studies that address methodologies
for the estimation of physical vulnerability of the geological media to fracture. In this work, factors conditioning
the deformation and susceptibility to fracturing are analyzed using a deterministic approach. The identified
physical variables were mapped, measured and integrated into a database that allowed for an adequate correlation
of the parameters that condition fractures spatial distribution. A methodology for estimating a vulnerability index
to fracturing (VIF) useful for decision making is proposed in this work.

1 Introduction

According to historical reports, earth fissures and ground
fractures affected the Mexico City subsoil before 1900 and
have been studied since the mid-twentieth century. The per-
sistent subsidence and the associated differential (Gayol,
1925) deformation have caused damage to housing and ur-
ban infrastructure, mainly to roads, water pipes and drainage.
The first subsidence measurements and ground fractures de-
veloped after the beginning of groundwater extraction in the
central part of the lacustrine plain were reported in 1925.
Since then, a total subsidence of 13 m has been reported at the
center of Mexico City. Land subsidence was first numerically
associated with groundwater extraction in the 1950s. The lo-
cal authorities began to restrict groundwater pumping in the
most affected areas nevertheless, and by the 1970s ground-
water extraction was translated to the eastern side of the city
(around the remnants of Lake Texcoco). With a fast-growing
population and an increased need of water, ground fractures
also developed in this zone, and by the 1990s fractures prop-
agated and covered a larger area (Fig. 1).

Land subsidence has been widely studied in Mexico City
during the last 5 decades (Zeevaert, 1953); nevertheless its

effects in the mid and long term and risks for urban infras-
tructure and inhabitants have not yet been assessed properly.
Damages in the long term implies maintenance and important
mitigation costs (Carreon-Freyre et al., 2019). There are not
systematic studies that address a methodology for the estima-
tion of physical vulnerability to the fracture of the geological
media. In this work, factors conditioning the deformation and
susceptibility to fracturing are analyzed using a deterministic
approach. A total subsidence of 13 m has been reported at the
center of the lacustrine plain in Mexico City (Cabral-Cano et
al., 2008; López-Quiroz et al., 2009).

Brittle fracturing of the near-surface clayey sediments
of the lake has been attributed to subsidence related to
high groundwater exploitation rates (Carrillo, 1947; Carreón-
Freyre et al., 2006; Ovando-Shelley et al., 2012). Surficial
deformation features can be related to shallow groundwater
flows, and, consequently, fractures open and close seasonally
(Carreón Freyre, 2010; Carreon-Freyre et al., 2016; Aguilar-
Pérez et al., 2006). Moreover, a generalized consolidation
state of thick clayey sequences related to deep groundwa-
ter depletion has been established; deep ground fracturing is
a non-dilatant fracture in silts and clay sequences and may
propagate through weak planes associated with lithological
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Figure 1. (a) Camarón Street fracture, Tláhuac, Mexico City. (b) Fracture in Albarradas, Iztapalapa, Mexico City.

contacts or major structural features from depth to the sur-
face. A complex pattern of ground fractures dissects the la-
custrine plain of Mexico City, which threatened the urban
infrastructure. Recently the map of fractures was integrated
into the Mexican National atlas of risks (Carreón Freyre et
al., 2017) (Fig. 2).

2 Physical variables conditioning physical
vulnerability of the media to fracture development

The general concept of physical vulnerability that considers
a “degree of damage” can be defined differently in each dis-
cipline; for this work we consider the physical vulnerability
as the “characteristic of the geological media that describes
its susceptibility (or resistance) to the impact of the hazard
of fracturing” in agreement with the definitions stated by
the glossary presented in Schmidt-Thomé et al. (2007) and
Kappes et al. (2012). The evaluation of physical vulnerability
requires the implementation of an interdisciplinary method-
ology including: (a) the review of groundwater management,
especially in urban areas; (b) detailed geological, hydrogeo-
logical and morphological characterization; and (c) the mon-
itoring of groundwater piezometric evolution, land subsi-
dence and ground differential displacements. The interdis-
ciplinary analysis allows for a better understating of the trig-
gering mechanisms of differential settlements, the generation
and the propagation of ground fracturing (Ochoa-González et
al., 2018).

According to previous studies ground fracturing is gener-
ated by the interaction of different factors (Carreon-Freyre et
al., 2019): (1) geological preexisting discontinuities caused
by variations in the depositional environment (Carreón-

Freyre et al., 2006); (2) stress history due to climate changes
determining the geometry of early fracturing; (3) variations
in the compressibility and permeability of geological ma-
terials that control short-term and local-scale deformation
(Carreon-Freyre et al., 2016); and (4) the exhaustive exploita-
tion of aquifers causing a decline of the pore water pressure
leading to subsidence and creating vertical and horizontal
tensile stresses (Carrillo, 1947; Rivera and Ledoux, 1991;
Holzer, 1984; Juárez-Badillo and Figueroa Vega, 1984). The
propagation of fractures is conditioned by the interaction of
physical variables that can be mapped, measured and inte-
grated into a database. Coexistence of one or several of the
mentioned factors determines the mechanism of fracturing at
diverse scales.

3 Estimation of the vulnerability index to fracturing

We have followed a deterministic approach and the indicator-
based methodology proposed by Kappes et al. (2012) for the
study of multiple variables that can be mapped, measured
and integrated into a database for spatial correlation analysis.
For the development of the vulnerability index to fracturing
(VIF) a weighted numerical analysis was performed to de-
termine the potential areas of Mexico City that are prone to
subside, develop ground fractures and/or present severe dif-
ferential deformation (Fig. 3). Susceptibility of the variables
was estimated and normalized for each variable that includes
the addition of the weighted values: terrain slope from the ge-
omorphologic map (Wgm), piezometric descent (Wpd), gradi-
ent of subsidence (Wgs), fracture type (Wf) and lithological
variations or contacts (Wlit), as shown in the following equa-
tion:
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Figure 2. Ground fractures distribution in Mexico City (red lines) and main regional geological reported faults (black dotted lines) (Car-
reón Freyre et al., 2017).

VIF =

[
n∑

i=0
Wgm + Wpd + Wgs + Wf + Wlit

]
/n , (1)

where n is the number of variables.
The assignation of the weighted values considered a differ-

ent percentage of the total amount recorded in the study area.
For example, to estimate the “gradient of subsidence” (gs),
two tables were defined for absolute (Table 1) and weighted
values (Table 2).

The spatial correlation of the physical variables allowed
for identifying zones of fracture generation and estimating

Table 1. Rated values for the gradient of subsidence (gs) in Mexico
City.

Gradient of subsidence Assigned value

Low (< 4 cm) 0 %
Medium (4–12 cm) 65 %
High (> 12 cm) 35 %

Total assigned value 100 %

proc-iahs.net/382/571/2020/ Proc. IAHS, 382, 571–576, 2020
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Figure 3. Flowchart for the determination of the physical vulnerability index to fracturing.

Figure 4. Mexico City distribution map of the physical vulnerability index to fracturing (Carreón Freyre et al., 2017).
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Table 2. Weighted values for the gradient of subsidence (gs).

Gradient of subsidence Weighted value Wgs

Low (< 4 cm) 0 %
Medium (4–12 cm) 9.75 %
High (> 12 cm) 5.25 %

Weight of the variable 15 %

Table 3. Rates of physical vulnerability to fracturing in the Mexico
City area.

Vulnerability level Surface (km2) Percentage

High 23.9 3.9
Medium 143.8 23.6
Low 215.1 35.3
No subsidence 226.8 37.2

Total 609.6 100

propagation conditions (Fig. 4). The proposed vulnerability
index to fracturing is easy to use for decision making and
helps in the zoning of risk areas.

4 Results: map of distribution of VIF in Mexico City

The results of the analysis were integrated in a geo-
graphic information system and presented as a map defining
three zones in Mexico City with values ranging from high to
low physical vulnerability:

– High vulnerability represents a surface of 23.9 km2

(3.9 % of the area of Mexico City) located mainly at the
eastern part of the city, with minor areas downtown and
to the southern part.

– Medium vulnerability covers a surface of 144 km2

downtown and in the eastern and southern parts of Mex-
ico City.

– Low vulnerability, with a surface of 215.1 km2, corre-
sponds mainly to the rocky highlands of the western part
of the city (Table 3).

5 Conclusions

Overexploitation of the aquifer has caused a continuous
piezometric water level decline reaching about 50 m and up
to 13 m of land subsidence in the central part of Mexico City.
Consequently, the intensity of fracturing has increased and
caused numerous problems to urban infrastructure. Estima-
tions of infrastructure damage are in the order of several bil-
lion US dollars. This represents a great challenge for land

and groundwater management in Mexico. We propose a de-
terministic methodology for the estimation of a vulnerability
index to fracturing which is easy to use for zoning. The pre-
sented results are qualitative and cannot be analyzed statisti-
cally; nevertheless the VIF has shown to be very useful for
decision making. The map can be a useful tool when assess-
ing the related geological risk in Mexico City. The accuracy
of the results should be improved with a larger database. Ad-
ditionally, the VIF can be useful for the design of adequate
monitoring systems aimed at the optimization of mitigation
measures in the damaged sites.
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Abstract. In the Netherlands, subsidence of peat and clay soils due to (artificial) lowering of the groundwater
table and loading of soft soils is commonplace, causing extensive damage to exposed and vulnerable assets.
Awareness of subsidence-related damage to buildings has recently increased in the Netherlands, particularly af-
ter reported damages due to the 2018 extremely long dry period. However, despite this being a major concern
to homeowners and public authorities, an integrated and systematic risk assessment on regional or national scale
is currently lacking which inhibits concrete and meaningful action. In this paper, we propose a methodology for
the systematic regional or countrywide assessment of two subsidence-related damage mechanisms to buildings:
differential settlement of buildings on shallow foundation, and timber pile degradation due to low groundwa-
ter levels. The methodology is set up in a modular, systematic way – initially based on expert judgement and
validation with available local detailed information and allows for future improvements. Progress in individual
contributing factors to damages can be seamlessly integrated for the systematic improvement of damage esti-
mates. This approach can be replicated for other damage mechanisms and detailed to provide a more local risk
assessment. We expect results to be a valuable input for public or private decision making, e.g. in awareness
raising and evaluating interventions.

1 Introduction

In the Netherlands, subsidence of peat and clay soils due to
(artificial) lowering of the groundwater table and loading of
soft soils is commonplace, causing extensive damage to ex-
posed and vulnerable assets. Improved risk assessment of
subsidence-related damage to buildings would inform pub-
lic and private actors from national to local scale on current
and future risks and stimulate them to address this issue. Ear-
lier efforts to assess subsidence-related building damage in
the Netherlands at the national level predict significant direct
damage – ranging from at EUR 17–45 billion cumulative by
2050 (van den Born et al., 2016; Hoogvliet et al., 2012) – but
fail to address probability and impact of climate change, and
do not provide a systematic and scalable approach to do so.
Several factors complicate a large scale, realistic risk assess-
ment. On the hazard side, multiple drivers of subsidence act-

ing at various spatial scales lead to a high spatial variability
of hazard conditions: e.g., local influences on the groundwa-
ter table (trees, leaking pipes) and variability in susceptibility
of soft soils to settle (e.g. presence of anthropogenic layer).
On the side of the assets at risk, challenges exist in systemati-
cally assessing the exposure and vulnerability of buildings to
subsidence. Aside from a knowledge gap regarding the vul-
nerability functions (linking building damage to subsidence),
databases with key input such as foundation types and his-
toric design practices are incomplete or non-existent.

Authors in other countries have used contingent valuation
and expert judgement to estimate a relationship between sub-
sidence and building value loss (Lixin et al., 2010; Warren
and Jones, 1975) but such an approach is not directly scal-
able to the national level, and the Dutch housing market, e.g.
due to the large variety of building and foundation practices
in the Netherlands.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



578 A. L. Costa et al.: Systematic regional assessment of damage to buildings due to subsidence

In this paper, we propose a methodology for systematic re-
gional or countrywide assessment of two subsidence-related
damage mechanisms to buildings: timber pile degradation
due to low groundwater levels and differential settlement of
buildings on shallow foundations.

2 Methodology

The risk assessment carried out for the estimation of dam-
age to buildings due to groundwater lowering-induced sub-
sidence is construed in a modular, systematic way that al-
lows for continuous improvement. Two damage mechanisms
are studied and for each mechanism 3 modules are built
based upon the conceptual framework of Hazard – Ex-
posure – Vulnerability according to the definitions by the
UNISDR (2016), with:

i. Hazard – characterizing the events causing damage; in
this case subsidence and/or low groundwater levels;

ii. Exposure – inventory of the building assets at risk (on
shallow foundations exposed to differential settlements
or on timber piles exposed to pile degradation); and

iii. Vulnerability – Defining the degree of physical damage
(architectural, functional and/or structural) of the build-
ings at risk.

This approach is particularly suited for large scale applica-
tions for two main reasons.

Firstly, by establishing correlations between the varying
hazard levels, the characteristics and value of the buildings
at risk and the expected degree of damages, for a spectrum
of conditions, the methodology is applicable to large areas; it
can be spatially extended limited only by availability of data
or time/resources and the level of detail can be adjusted to
the context and purpose of the analysis.

Secondly, the incremental availability of better-quality in-
formation for each of the modules, often studied individually
by different expert groups, can be incorporated seamlessly,
thus providing flexibility in improving the results.

Data and function collection

Different types of information are used for the damage as-
sessment, characterizing each of the hazard, exposure and
vulnerability modules:

– Mapped data defining the spatial properties of the haz-
ard and the areas threatened and non-threatened (i.e. low
groundwater levels and subsidence);

– Mapped data identifying the location of the buildings
and their characteristics such as the building period, and
type and depth of foundation, key structural aspects etc.

– Tabulated data defining the probability of different
building characteristics within specific areas;

– Vulnerability functions or tables defining the degree of
damage for specific conditions (e.g. the degree of dam-
age resulting from an x amount of building settlement
in a building of typology y);

– Expected damage restoration costs linked to varying de-
grees of damage.

Created maps are numbered for easiness of reference. The
data is analyzed in GIS and separate correlations can be es-
tablished to differentiate the effect of different characteris-
tics such as types of foundations, etc. The level of detail with
which these components are explored in a damage assess-
ment, however, is dependent on the context and purpose of
the analysis.

Two expert sessions were organized to complement and
check the data and function collection based on local experi-
ence: one for the hazard module and another for the exposure
and vulnerability of the buildings.

The holistic approach in the expert sessions contributed to
the management of expectations and the communication of
trade-offs between the accuracy of the results and the quality
of the input that needs to be available.

3 Damage Assessment – Application to the
Netherlands

Figures 1 and 2 illustrate the methodology for the calcula-
tion of damages due to, respectively, timber pile degradation
caused by fungi as induced by low groundwater levels and
differential settlement of buildings on shallow foundations.
The data is herein discussed per module: hazard (H), expo-
sure (E) and vulnerability (V).

3.1 Hazard

3.1.1 Timber Pile Degradation

Different causes can lead to decay of timber pile foundations
(Klaassen, 2015) one of the main ones being the decline of
the ground water table, a reality in areas of continuous sub-
sidence in the Netherlands to prevent flooding.

H1 – The key indicator characterizing the trigger-
ing of the mechanism is the low ground water level
(GLG in Dutch) and maps are readily available for the
Netherlands. Source: https://www.wur.nl/ (last access:
26 February 2020).

3.1.2 Differential settlement of buildings on shallow
foundation

In general, a differential settlement of a building can be di-
rectly linked to heterogeneous conditions of the soil, hetero-
geneous conditions of the building itself or a combination of
both. In this application we assume that the (shallow) subsi-
dence rate of the soil (H9), when corrected for factors of local

Proc. IAHS, 382, 577–582, 2020 proc-iahs.net/382/577/2020/
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Figure 1. Schematic for the calculation of damages due to timber pile degradation induced by low groundwater levels.

Figure 2. Schematic for the calculation of damages due to differential settlement of buildings on shallow foundations.

hazard (H14) and for building characteristics (E5b), corre-
lates to the damage of the building. The data is herein dis-
cussed per module.

H9 – Defines the shallow subsidence rate, thus exclud-
ing subsidence triggered by gas extraction, at a na-
tional level. Source: https://bodemdalingskaart.nl/ (last
access: 26 February 2020).

E7 – Defines the anthropogenic layer thickness, based
on information from Geotop (https://www.dinoloket.nl,
last access: 26 February 2020) and extrapolations for
different urban and rural areas from available in situ
data at the Dutch knowledge center of foundations
(KCAF).

proc-iahs.net/382/577/2020/ Proc. IAHS, 382, 577–582, 2020
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E8 – Defines the type of soil at 1–2 m depth, as pre-
sented in Sect. 3.1. In the context here, the type of soil
near the surface represents potential for swell/shrinkage
behavior of clay.

E10 – Represents the local variability in the suscepti-
bility to settlement as an indicator of the heterogeneity
in subsurface. This is represented by the standard devi-
ation of readily available maps of susceptibility to set-
tlement. Source: https://bodemdalingskaart.nl/.

H14 – Defines the correction factor (CF) for the settle-
ment rate for local hazard by aggregating partial cor-
rection factors for each of E7, E8 and E10. As a proxy
for how aggravating the combined local hazard condi-
tions are in relation to the nationwide subsidence rate
estimates, CF > 1 for increased differential settlement
potential at the building level and CF51 if otherwise.

3.2 Exposure

The exposure characterizes the buildings that are at risk. Key
indicators for the exposure are the foundation types, char-
acteristics and location. The foundations can be classified
into three major types: shallow foundations, timber piles, and
other (mainly concrete) piles.

The same indicators are used for the second damage mech-
anism. The list below discusses the exposure indicators of the
analysis per foundation type.

E0a – Map combining location of all the buildings in the
Netherlands (database source: the Basic Registration of
Addresses and Buildings (BAG) – http://www.kadaster.
nl/bag, last access: 26 February 2020 – that contains the
official data of all addresses and buildings in the Nether-
lands).

E3 – Map identifying the areas of clay and peat where
timber pile foundations and shallow foundations are ex-
pected. Ideally this map would reflect the type of soil
in the top 12–15 m. This application to the Netherlands
is based on the second layer of Geotop (https://www.
dinoloket.nl), representing 1–2 m depth, that have na-
tionwide coverage.

E4 – Defines regional areas of typically similar foun-
dations based on historical practice. This map defines
foundation type probability per building, per area (E4)
and per soil type (E3) based on the expert sessions and
local inventories in limited locations. Ideally an inven-
tory of foundation type for all buildings would exist at
the local level, but this is not currently the case.

E4b – Classifies the land-use type into rural or urban
areas.

Exposure indicators specific to each damage mechanism are
also defined, in addition to the common indicators described
above.

Table 1. Exposure classes for timber piles.

Exposure Boundary values Number of dry
class days per year

Low GLG – top of wood: > 20 cm Low
Medium GLG – to of wood: 5–20 cm Medium
High GLG – top of wood: < 5 cm High

3.2.1 Timber Pile Degradation

E6 – Defines the level of the top of the timber piles per
area of E4, based on an inventory data available at the
Dutch knowledge center of foundations (KCAF).

E8 – Defines the type of soil at the top of the tim-
ber piles. Piles in more permeable soils can be more
severely affected by droughts as moisture content drops
faster. It is assumed that the second layer of Geotop
(https://www.dinoloket.nl), representing 1–2 m depth, is
representative.

E11 – Defines the estimated type of timber of the piles,
with a binary classification into spruce and pine, rep-
resenting the large majority of timber used (Schreurs,
2017). A threshold of 12m length defines the timber
type: spruce was typically available and used for piles
longer than 12 m and pine if shorter.

E12 – Classifies the type of timber pile foundation into
Amsterdam style (two timber piles under a foundation
beam) or Rotterdam style (single timber pile founda-
tion). Based on the expert sessions the application con-
siders that, nationwide, 80 % of foundations are the Rot-
terdam type and 20 % are the Amsterdam type; the ex-
ceptions are in Amsterdam where 100 % is the Amster-
dam type and all buildings with more than 4 floors are
also with Amsterdam type. The different types of piles
can relate to different failure modes and thus have dis-
tinct vulnerabilities.

Exposure classes for timber piles are then established based
on E1 and E6 (Table 1), with boundary values derived
from guidelines from the Dutch organization for independent
foundation research (F3O, 2014).

3.2.2 Differential settlement of buildings on shallow
foundation

E15a – Classifies the expected structural quality of the
shallow foundation into low, medium and high based on
the year of construction.

E15b – Defines the presence or absence of a uniform or
partial basement under the building.

Proc. IAHS, 382, 577–582, 2020 proc-iahs.net/382/577/2020/
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Table 2. Settlement correction factors for building features.

Map Factor Partial coefficient

E15a Quality of masonry High: 80 %
Medium: 100 %
Low: 120 %

E15b Presence of full basement Yes: 80 %
No: 100 %

Presence of partial basement Yes: 120 %
No: 100 %

E5b – Defines the settlement rate correction factor for
the building characteristics by aggregating partial cor-
rection factors (Table 2) for each of E15a and E15b.

3.3 Vulnerability

3.3.1 Timber Pile Degradation

The degree of damage to the buildings is related to the pile
degradation. Key factors for the pile degradation by fungi
include: the type of the wood and the diameter of the pile
(commonly associated), the type of soil and its moisture con-
tent and the duration of the drought. Note also that the type of
timber pile foundation – Amsterdam style (two timber piles
under a foundation beam) or Rotterdam style (single timber
pile foundation) – can relate to different failure modes and
this detailed analysis shall be taken into account in further
developments.

In this application, the duration of the drought is the factor
considered to define building damage the general assump-
tion is that after a cumulative drought of 10–20 years, i.e.
the cumulative number of dry days over a longer time span,
spruce timber piles with a diameter 20–25 are degraded fully
(KCAF, 2012). For pine this period is generally much shorter
and currently taken as 1–2 years. A linear trend of the dam-
age level with time is assumed as a first approximation, rang-
ing from damage level D1 to D5 eventually (Burland and
Wroth, 1974).

3.3.2 Differential settlement of buildings on shallow
foundation

Traditional vulnerability curves are commonly based on dif-
ferential settlement over time. However currently no proba-
bility of such a differential settlement is available. Therefore,
damage classes are assigned to each of the buildings based
on the rate of settlement with correction for factors of local
hazard (H14) and for building characteristics (E5b) as pre-
sented in Fig. 2. The damage classes are detailed in the next
section.

Table 3. Damage classes and restoration costs.

Damage Restoration costs per
class cubicmeter of building

1 EUR 3.25
2 EUR 15
3 EUR 53
4 EUR 184
5 EUR 670

3.4 Expected damage assessment

To arrive at a national level estimate of expected damage,
all information and indicators are collected at the building
level, to define the expected damage level in 2050. For both
damage mechanisms, this level is expressed in classes rang-
ing from 1–5, applicable to both damage mechanisms, with
D1 representing negligible damage, i.e. hairline cracks of
< 0.1 mm, and D5 severe structural damage involving par-
tial or complete rebuilding of the structure (Burland and
Wroth, 1974). Based on desk research and interviews with
experts active in building restoration sector in the Nether-
lands, Salerno (2017) estimates restoration costs for Dutch
buildings (Table 3).

4 Results and discussion

At this stage of the research the different modules to esti-
mate the damage value of the subsidence damage to build-
ings are defined, all of them being flexible to both the spa-
tial extent and detail of available data. It’s nationwide imple-
mentation for the Netherlands is ongoing and in this paper
illustrated considering two subsidence-related damage mech-
anisms: timber pile degradation and differential settlement of
buildings on shallow foundations.

This study showed that the approach relies on the qual-
ity of the data and the most appropriate datasets available
were discussed through expert elicitation processes. The ex-
pert sessions proved it was possible to incorporate expe-
riences from different backgrounds that are interrelated in
causing the damages, but that are typically related to sepa-
rated knowledge and practice areas.

The uncertainty associated with different contributing fac-
tors is discussed and point for needs in future developments
characterizing the subsidence hazard but also the exposure
and vulnerability of the buildings.

Data availability. This paper discusses a methodological ap-
proach and underlying research data can be accessed in the sources
cited throughout the paper.
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Abstract. Land subsidence is a phenomenon present in several cities in central Mexico, and results from a com-
bination of groundwater resources’ overexploitation and the local stratigraphic nature. Furthermore, subsidence
occurs inhomogeneously in space, producing differential vertical displacements, which affect both the natural
media, as well as human-built structures. Subsidence associated structural-vulnerability assessments usually rely
on direct field measurements to determine parameters such as angular distortion. However, the large areas in
which land subsidence occurs (city-scale) in Mexico City hinders a direct quantification of differential displace-
ments for all buildings and structures present in it. A Sentinel-1 based subsidence analysis shows that the highest
velocities are located on the eastern sector of the city. This velocity map was used as the basis for a popula-
tion density weighted land subsidence correlation analysis. Our Land Subsidence Risk assessment indicates that
15.43 % of the population of Mexico City live in intermediate, high and very-high risk zones which corresponds
to 1 358 873 inhabitants. Therefore, a significant percentage of Mexico City’s population is vulnerable to suffer-
ing damage in their housing structures due to land subsidence. Furthermore, the lower income inhabitants share
a proportionally greater economic cost due to land subsidence and associated shallow faulting. The structural
vulnerability analysis of the civil structures in the city was performed using angular distortion maps derived
from the subsidence velocity gradient between October 2014–October 2017 period. These maps indicate that
within this time window, ∼ 12 % of the total urbanized area in Mexico City had already exceeded a 0.002 radian
angular distortion threshold; above which damage in civil structures is more likely to occur. In fact, more than
1 million people have already suffered damages in their houses due to the differential ground subsidence and
the resulting structural angular distortion. With these results, we can evaluate correspondence between angular
distortion map and critical infrastructure of the city, as a result, we found that between 0 % and 12.84 % of these
buildings have undergone over 0.002 radian angular distortion.
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1 Introduction

Mexico’s central region has the higher population density of
all the country (INEGI, 2011) therefore this condition cre-
ates an accelerated demand of public services among them
potable water. In the case of Mexico City, more than 70 % of
this water come from the aggressive exploitation of the un-
derground aquifer of the basin (Santoyo-Villa et al., 2005).
The intense underground extraction produces piezometric
reduction and an increase of the effective stresses within
the subsoil that generates compaction and causes land sub-
sidence velocities of outstanding magnitude (e.g. Carrillo,
1948; Cabral-Cano et al., 2008, 2011).

Ground subsidence risk maps are a valuable decision ele-
ment to help local authorities design better risk management,
land use and mitigation strategies for cities under intense
subsidence. In Mexico City, methodology to create risk an
hazard maps have been refined for the past years (Cabral-
Cano et al., 2011, 2015; Solano-Rojas, 2013) to help cre-
ate an adequate characterization of subsidence velocity and
its associated surface faulting as well as the spatial relation-
ship between those process and the population density (e.g.
Solano-Rojas, 2013).

Continuous ground subsidence results in severe damage to
urban infrastructure and civil infrastructure. Angular distor-
tion is a valid alternative to evaluate damages of civil infras-
tructure caused by land subsidence. This parameter measures
the difference of subsidence of two adjacent supports rela-
tive to the distance between them (Skempton and MacDon-
ald, 1956), and threshold limits of angular distortion beyond
which it is expected that there will be damage to civil struc-
tures. This analysis can be useful as a criterion for evaluation
of the impact of differential subsidence over the civil struc-
tures in Mexico City.

This work is aimed toward the use of InSAR-derived prod-
ucts to obtain ground subsidence velocity map and subsi-
dence horizontal gradient map combined with population
density to generate a land subsidence hazard map. Further-
more, these products were also used for a, structural vulner-
ability analysis of the civil structures in the city using an an-
gular distortion estimation derived from the subsidence hor-
izontal gradient map, this methodology allowed the evalua-
tion of critical infrastructure due to angular distortion.

2 Methodology

2.1 Land subsidence velocity and subsidence horizontal
gradient maps

Ground subsidence velocity and subsidence horizontal gradi-
ent maps are based on space-based Synthetic Aperture Radar
(SAR) acquisitions processed using Interferometric SAR (In-
SAR) techniques. Other InSAR products include time series
and velocity maps, obtained from an SBAS analysis.

Figure 1. Velocity of Land Subsidence (LOS) of Mexico City (Oc-
tober 2014–October 2017). The shaded topographic base layer is
taken from Continuo de Elevaciones Mexicano 3.0. © Instituto Na-
cional de Estadística Geografía e Informática (INEGI).

For this job, InSAR processing from Sentinel 1a and b
data was used to obtain an SBAS derived subsidence velocity
map (Fig. 1). Subsidence horizontal gradient was calculated
(Cabral-Cano et al., 2011), using a slope algorithm, available
in QGIS v 2.18 (Fig. 2).

Both maps land subsidence velocity and subsidence gra-
dient were divided into five categories using the algorithm
Natural Break (Jenks, 2007) as the criterion of classification
in order to better discriminate among classes.

2.2 Land Subsidence Risk assessment

A Risk map was computed using algebra maps by multiply-
ing the sum of land subsidence velocity and subsidence hor-
izontal gradient with the population density (INEGI, 2011,
2012). To better estimate the distribution of the city regions
where most people are affected by these processes. To define
of relative weight of the previously mentioned variables that
defined hazard due to land subsidence and associated fault-
ing we considered the relative importance of each parameter
as shown on Eq. (1). We assigned three times more weight to
subsidence horizontal gradient than land subsidence because
subsidence gradient represents differential ground displace-
ment of civil structures and as a result, the higher subsidence
gradient, the higher shear stress and the consequent develop-
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Figure 2. Subsidence Horizontal Gradient of Mexico City. The
shaded topographic base layer is taken from Continuo de Eleva-
ciones Mexicano 3.0. © Instituto Nacional de Estadística Geografía
e Informática (INEGI).

ment of faults and damage to structures (Cabral-Cano et al.,
2015). On the other hand, if the magnitude of land subsidence
velocity is spatially homogeneous on an area, the probability
of damage in urban infrastructure is reasonably lower. The
equation that define the risk due to land subsidence and as-
sociated faulting is the following:

Risk= ((3×SHG)+Vsub)×Popden (1)

Where SHG is the subsidence horizontal gradient, Vsub is the
land subsidence velocity and Popden is the population density
of Mexico City.

Finally, we divided risk map (Fig. 3) into five categories by
using the Natural Break algorithm (Jenks, 2007) and count-
ing the population inside each category.

2.3 Structural vulnerability analysis of the civil due to
angular distortion and exposition of critical
infrastructure of the city

To compute the angular distortion map we used the raster
calculator available in QGIS v2.18 to transform the subsi-
dence horizontal gradient from percentage into radians. This
map expressed in radians let us to evaluate the places of the
city that are above the 0.002 radian threshold that is the rec-
ommended value to avoid damage in urban infrastructure

Figure 3. Hazard zonation for surface faulting associated to ground
subsidence in the Mexico City. The shaded topographic base layer
is taken from Continuo de Elevaciones Mexicano 3.0. © Instituto
Nacional de Estadística Geografía e Informática (INEGI).

(Skempton and MacDonald, 1956; Bjerrum, 1963; Zhang
and Ng, 2007). The next stage was the evaluation of struc-
tural vulnerability by counting the area and population which
are affected their infrastructure due to angular distortion for
this propose the information of the 2010 Mexico’s population
census was used (INEGI, 2011, 2012).

To evaluate the structural vulnerability of critical infras-
tructure of the Mexico we mapped these discrete points over
the angular distortion layer and recorded the of angular dis-
tortion value for each point or polyline by using the add raster
value to feature tool available in QGIS 2.18.

3 Results

The eastern sector of Mexico City is undergoing rapid subsi-
dence due to overexploitation of ground water resources and
the consequent compaction of clay-rich lacustrine sediment
(Osmanoğlu et al., 2011). According to our land subsidence
velocity map (Fig. 1) the municipalities with higher land
subsidence velocities are Tláhuac (−0.27 m yr−1), Iztapalapa
(−0.26 m yr−1), and Xochimilco (−0.22 m yr−1). These ar-
eas show the highest values of land subsidence because of
combination of lacustrine deposits with high ground water
extraction rates.

The subsidence horizontal gradient map show that
municipalities with highest values are Venustiano Car-
ranza (0.02745 %), Tláhuac (0.02722 %), and Iztapalapa
(0.02603 %) (see Fig. 2). Moreover, as the highest values
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of subsidence gradient represents potential areas of surface,
the horizontal gradient is an excellent proxy for assessing
potential structural damage to civil structures and other hy-
draulic infrastructure. The development of higher values of
subsidence gradient (Fig. 2) is controlled by the sharp tran-
sition between highly compressible lacustrine deposits and
volcanic structures (Auvinet, et al., 2017).

The hazard map due to land subsidence and associated
faulting combines risk elements represented by the veloc-
ity of land subsidence and subsidence gradient. On the
other hand, local density population represents the vulner-
ability indicator. After applying map algebra using Eq. (1)
we found that municipalities with higher area and popula-
tion that fall under intermediate, high and very high risks
categories are Gustavo A. Madero (18.25 km2, 369 387 in-
habitants), Venustiano Carranza (18.25 km2, 329 338 inhabi-
tants), Iztacalco (13.21 km2, 292 241 inhabitants.), and Izta-
palapa (11.49 km2, 262 892 inhabitants) (Fig. 3). This under-
scores the presence of high land subsidence velocities and
differential subsidence rates with higher density of popula-
tion. The land subsidence hazard map is a valuable decision
element to help local authorities design the best hazard mit-
igation and management strategies for cities under intense
subsidence.

The angular distortion map shows that the eastern portion
of the city is where civil structures have exceeded 0.002 ra-
dian which is the recommended threshold to avoid damage in
urban infrastructure (Skempton and MacDonald, 1956; Bjer-
rum, 1963; Zhang and Ng, 2007). According to our angular
distortion map (Fig. 4), more than 12 % of the area and 13
% of the population of Mexico City which corresponds to an
area of 97.47 km2 and a population of 1 110 790 inhabitants
which are affected.

Our assessment of Mexico City’s critical infrastructure of
between 0 % and 12.84 % of these buildings overcome 0.002
radians of angular distortion (Fig. 5). This analysis is of fur-
ther importance in case of occurrence of other phenomena
such as earthquakes.

4 Conclusions

Our land subsidence risk analysis in Mexico City shows that
this process affects the eastern portion of the city. The angu-
lar distortion product is a valuable tool to assess the structural
vulnerability and allowed us to estimate areas with the high-
est structural damage. The angular distortion map may is an
excellent proxy to help local authorities design the best risk
mitigation and management strategies.

Data availability. Sentinel 1a and b SAR data used on this work
was provided by the European Space Agency (ESA) through the
Alaska Satellite Facility SAR Data Center (ASF SDC) at https:
//www.asf.alaska.edu/ (Alaska Satellite Facility SAR Data Center,
2020).

Figure 4. Angular distortion map of Mexico City. The shaded to-
pographic base layer is taken from Continuo de Elevaciones Mex-
icano 3.0. © Instituto Nacional de Estadística Geografía e Infor-
mática (INEGI).

Figure 5. Mexico City’s critical infrastructure assessment.
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Abstract. The impact of faults and fissures (discontinuities) on the groundwater flow has become important
in several parts of the world because the heterogeneous and anisotropic distribution of permeability in fault
zones is difficult to characterize. Based on this, we propose an analysis of patterns of parameters measured in
groundwater, under the premise that the observed anomalies can be indicators of the hydraulic behavior of the
flow in the direction perpendicular to the fault plane. In this context, if the discontinuities are sealed, they behave
as hydraulic barriers, causing variation in the continuity of the parameters across the fault plane. Conversely,
when faults are a conduit, they appear to have a small or null variation in the distribution of the parameter
measurements. The impact of discontinuities in groundwater flow in a zone with a large number of faults and
fissures such as that of the Aguascalientes valley is being studied using a graphical-correlation analysis with
the revision of 230 wells, through the measurement of parameters such as temperature and static levels across
discontinuities, in order to determine the hydraulic behavior of the faults. This investigation considered values
over 4 ◦C for geothermal variations and 10 m for hydraulic-head changes to define fault behavior. Results show
three zones through mapping analysis, where the fault presents barrier behavior and where the hanging block
represents high values; these anomalies are much higher than the average across the valley and indicate the
propensity for the fault to restrict horizontal flow. In conclusion, the Oriente fault presents complex behavior
of a barrier–conduct system along the fault. This analysis gives a robust way to describe fault behavior without
referring to elaborate and invasive hydrological investigations.

1 Background

In general, in areas with the presence of active surface dis-
continuities, the permeability of the fault zone (the zone me-
chanically affected by the discontinuity) is usually different
to that of the host rock. For instance, studies of hydrocarbon
reservoirs have shown that individual fault zones can act as a
seal for underground flow in some areas, delaying movement
of the fluid, but in other zones they can behave as a con-
duit to fluid flow across the fault plane. In general, this vari-

able behavior is the result of a complex function of host rock
lithology, fault dynamics and weathering processes; there-
fore, fault zones are heterogeneous structures that cannot
simply be defined as barriers or conduits for fluid flow in
space or time (Haneberg, 1995; Yielding et al., 1999).

In particular, the hydraulic behavior of a fault zone will
depend on different factors, such as the percentage of clay
within the fault core (Apaydin, 2010), the structures of the
damage zone which is defined as an area with densely frac-
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Figure 1. System of faults and fissures and the location of production wells for the Aguascalientes valley (SIFAGG, 2017; Conagua, 2017).

tured rocks in the vicinity of the fault, which can greatly
improve permeability and consequently the flow of fluid
through the area’s (Caine et al., 1996) activity or inactivity,
the age, the potential dissolution or precipitation of chemical
substances transported by the flowing water, and the stress
regime to which the structure is subjected (Hernández-Marín
and Burbey, 2009; Hernández-Marín et al., 2017). However,
these factors that define a particular hydraulic fault’s re-
sponse are difficult to quantify. One of the techniques that
provide qualitative elements for defining the hydraulic be-
havior is the mapping of parameters measured in the ground-
water, which can reveal anomalous variations across a fault
zone. For instance, recent investigations in predicting the
hydraulic properties of the fault zone are employed by dif-
ferent investigators (i.e., Bense et al., 2003, 2008; Ander-
son and Fairley, 2008), in which the authors based their re-
search on the elaboration of detailed profiles. These profiles
show anomalies of the hydraulic heads and geothermal vari-
ations. These investigations employ critical values of 4 ◦C
for geothermal variations and 10 m for hydraulic heads; the
changes define the faults as a barrier or conduct. The anal-
ysis of hydraulic-fault response based on graphical repre-
sentations can give an overview of the hydrological condi-
tions around several faults, where the parameters measured
in the groundwater, combined with the available geologi-
cal information on the area, can better explain the observed
variation in the hydraulic properties of failures. The objec-

tive of this work was to perform a two-parameter graphical-
correlation analysis that characterizes the hydraulic behavior
of the faults regarding temperature and hydraulic heads. This
analysis provides a better understanding of the aquifer sys-
tem of the Aguascalientes valley.

2 Description of the study area

The study area corresponds to the metropolitan area of
the state of Aguascalientes, within the valley of Aguas-
calientes. At present, enormous pressure is on the resources
and groundwater, in part due to the semi-arid condition of
the valley (Hernández-Marín et al., 2018), the low volume of
surface water which is used mostly for agriculture, and the
increasing need for municipal and industrial services. This
generates problems directly associated with overexploitation
including, for instance, the increase of heavy metals in the
water due to the extraction of deep-rooted water and the
surface deformation observed as subsidence and fracturing
(Pacheco-Martínez et al., 2013). The intensive pumping has
caused a decrease in water levels, especially under the city of
Aguascalientes, favoring the appearance of surface disconti-
nuities. As observed on the maps of fissures and faults peri-
odically published by the local government (SIFAGG, 2017),
the discontinuities within the valley are parallel to the west-
ern and eastern regional faults (Fig. 1), which are believed
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Figure 2. Variation of temperature (a) and groundwater levels (b) within the study area. Faults and fissures are included in the maps.

to participate directly in the origin of graben from Aguas-
calientes (Pacheco-Martínez et al., 2015).

3 Methods

The data of the analysis were obtained from 230 extraction
wells for 2017 (Fig. 1), where temperatures and groundwater
levels were measured through a probe. These data were an-
alyzed and mapped in order to capture the variation of these
two hydraulic properties for particular zones of the fault. The
map was later useful in performing a comparative analysis of
the variation of these parameters with respect to the location
of the analyzed fault. A multilevel b-spline interpolation of
the measurements was made with a resolution of 20 × 20 m,
as shown in Fig. 2a and b, respectively.

4 Results

As shown in Fig. 2a and b, the most notable differences in
temperature and groundwater levels are observed to the east
of the municipality and coincide with the location of the Ori-
ente fault, classified as a normal fault in the Aguascalientes
valley, and as observed in the Fig. 2, which has a notice-
able impact on the regional groundwater flow. No variation
in temperature and groundwater levels were detected across

small secondary faults, although we suspect that the variation
is more difficult to detect due to the lack of sampling points
and the small size of these discontinuities.

The graphical-correlation analysis shows some similari-
ties between Fig. 2a and b, regarding mapping parameters.
These similarities could indicate that the Oriente fault has
some areas with characteristics of barrier hydraulic behav-
ior; however, if analyzed in detail, it can be observed that
the hydraulic behavior is not the same throughout the length
of the fault. As shown in Figs. 3 and 4, three zones were
drawn based on temperature and groundwater level variations
with respect to the fault. Zones 1 through 3 are considered as
hydraulic barriers due to high variations of temperature and
groundwater levels observed in these areas with respect to the
fault; that is, in these zones, both parameters show anoma-
lies, and hence they have barrier behavior transverse to fluid
flow, which on the unmarked areas is considered conduct be-
havior. In particular, the Fig. 3 shows temperatures vary up
10 ◦C across the fault for Zone 1, 8 ◦C for Zone 2 and 11 ◦C
for Zone 3; on the other hand, in the area that does not show
significant variations, the temperature may indicate conduit
behavior.

In the case of the comparison of geothermal anomalies and
the Oriente fault, the footwall block of the fault has a higher
temperature.
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Figure 3. Comparison of geothermal anomalies and the Oriente fault.

Figure 4. Comparison of hydraulic heads and the Oriente fault.
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The areas with a high variation of temperature in Fig. 3
coincide with anomalies in groundwater levels indicated in
Fig. 4; that is, where there is a difference in temperature, a
hydraulic gradient drop is also observed with a variation on
the drop of 100 m, and where there is also not a significant
difference in temperature, there is no variation in hydraulic
head.

5 Discussion

The objective of this work is to provide characteristics of
the hydraulic behavior of the faults through the analysis by
graphic correlation emphasizing that a graphical-correlation
analysis offers an overview of the hydraulic behavior of the
fault system when there is no detailed information. This
graphical-correlation analysis was obtained from easy-access
and measurement data such as temperature and the static
groundwater level. In this work, only the Oriente fault was
characterized for the study, due to a lack of information
in characterizing minor failures. The effect on thermal and
hydrogeologic anomalies across smaller individual faults is
more difficult to assess, since it is necessary to have detailed
data on both sides of the fault, and in this case, they were not
available, and the sampling points are spaced too far apart to
reconstruct the flow pattern near the fault. This could be part
of a future analysis, since Bense et al. (2003) suggests that
the set of minor faults may have a strong, thus cumulative,
effect on the internal structure of the aquifer system due to an
individual small-scale hydraulic effect in groundwater flow,
thus, providing an anisotropic effect in the hydraulic conduc-
tivity to the regional level. It is likely that the sequence of
unconsolidated sediments is cut by minor faults at shallow
depths. However, deeper sediments may only be affected by
active large faults such as the Oriente fault of the valley of
Aguascalientes. This fault is one of the most prominent re-
gional faults within the fault system of the Aguascalientes
valley. Due to its geometric characteristics, we suspect that
this fault has an impact on the hydrogeology of the local
aquifer corroborated in the zones selected where the horizon-
tal fluid is interrupted. The analysis presented here demon-
strated that this fault presents thermal and hydraulic anoma-
lies along its trace and showing the complex behavior of a
barrier–conduit system.

6 Conclusions

It is concluded that, although the information of the wells that
surround the metropolitan area is quite limited, the compar-
ative analysis of parameters measured in the water gives an
overview of the hydraulic behavior of the fault system within
the Aguascalientes valley. In general, the faults can act as
barriers or conduits to the horizontal flow of groundwater. A
portion of the Oriente fault was analyzed and showed anoma-
lies of the hydraulic head and water temperature across the

fault. The first showed variations of up to 100 m and the sec-
ond of 10 ◦C, respectively. Maximum variations of both pa-
rameters are present in the same areas of the analyzed por-
tion. This hydraulic response is the first indication that the
Oriente fault is overall behaving as a barrier system, at least
in the study area, but it has some branches behaving as a
conduit, mainly in the north, based on the smaller variation
in the temperature and groundwater levels. It is also impor-
tant to mention that no hydraulic impact of the subsidence-
induced small faults inside the valley was observed, but this
probably has to do with the lack of data around these faults;
therefore, additional monitoring points are required. As a re-
sult of the analysis, it can be concluded that the Oriente fault
in the Aguascalientes valley may present hydraulic charac-
teristics of a barrier–conduit system. It is important to men-
tion that the graphical-correlation analysis gives an overview
of the hydraulic behavior of the fault system, which instead
may have important implications in the regional and local
groundwater flow system.

Data availability. The measurements of temperature and hy-
draulic head from the wells are for public use in Mexico. However,
it is necessary to officially request them from the Conagua (National
Council of Water) within the State of Aguascalientes, Mexico. Un-
fortunately, those data are not included on its government page.
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Abstract. Land subsidence is effecting several metropolis in the developing as well as developed countries
around the world such as Nagoya (Japan), Shanghai (China), Venice (Italy) and San Joaquin valley (United
States). This phenomenon is attributed to natural as well as anthropogenic activities that include extensive
groundwater withdrawals. Quetta which is facing similar subsidence phenomenon is the largest city of Balochis-
tan province in Pakistan. This valley is mostly dry and ground water is the major source for domestic and agri-
cultural consumption. The unplanned use of ground water resources has led to the deterioration of water quality
and quantity in the Quetta valley. Water shortages in the region was further aggravated by the drought during
(1998–2004) that affected the area forcing people to migrate from rural to urban areas. Refugees from the war
torn neighboring Afghanistan also contributed to rapid increase in population of Quetta valley that has increased
from 0.26 million in 1975 to 3.0 million in 2016. The objective of this study was to measure the land subsidence
in Quetta valley and identify the effects of groundwater withdrawals on land subsidence. To achieve this goal,
data from five Global Positioning System (GPS) stations in Quetta were acquired and processed. Furthermore
the groundwater decline data from 41 observation wells during 2010 to 2015 were calculated and compared
with the land deformation. The results of the GPS readings revealed that the land of Quetta valley is subsiding
from 30 mm yr−1 on the flanks to 120 mm yr−1 in the central part. 1.5–5.0 m yr−1 of groundwater level drop was
recorded in the area where the rate of subsidence is highest. Whereas 9–10 cm of subsidence was recorded in the
surrounding areas of Quetta where agriculture and settlements are high. The surrounding areas include Kuchlak,
Mastung, Pishin, Gulistan and Hurumzai districts. These results were acquired using InSAR imagery collected
from October 2014 to march 2019. So the extensive groundwater withdrawals in Quetta valley and surrounding
areas is considered to be the driving force behind land subsidence.

1 Introduction

Quetta is the capital city of Balochistan located in the Quetta
valley. The total watershed area of the valley is 1757 km2 out
of which 792 km2 is covered mainly by alluvium (Fig. 1).
Quetta valley falls in the Southern Basin watershed also
known as Quetta Pishin Sub basin which is part of North
East Pishin Lora Bain (NEPL).The hills of Mian Ghundi
and Landi divide the valley into two basins namely Quetta
valley to the north and Dasht plain to the south (WAPDA,
1988; Kazmi, 1973). Quetta valley is formed by three kinds

of distinguishing landforms. The first landform is valley floor
which is present in the central part of the valley. The sec-
ond landform is Piedmont areas which is the zone between
valley floor and mountains. Here the groundwater is mainly
recharged due to high hydraulic conductivity (WAPDA,
1986). The third landform is the elevated mountains with
steep inclinations that include Zarghoon, Takatu, Daghari,
Chiltan and Murdar mountain ranges (Haque, 1986).

The aquifer system of Quetta valley is divided into four
types. The uppermost aquifer is called the alluvial fan, this
zone has high porosity and high permeability due to coarse

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Showing the location of the study area. The watershed boundary of Quetta sub basin is shown by the dotted lines whereas rivers
are shown by blue lines. The foundation layer of the map is derived from ©ESRI and open street ArcGIS Online Base maps.

grained sediments. The hydraulic conductivity is very high
in this zone and groundwater is mainly recharged from this
zone. Currently this zone is dry due to water depletion of
the valley. The second aquifer of Quetta valley is called allu-
vium. This zone has intermediate porosity and permeability
and is composed of gravels, sand and clay particles. The third
zone is called the Boston formation which has very low hy-
draulic conductivity due to the presence of silt and clay par-
ticles. The forth zone of Quetta aquifer system is the Chilton
Limestone. The primary porosity of this zone is low but due
to high tectonic activity the fractures are developed mak-
ing the secondary porosity very high. This zone is composed

mainly of limestones. The depth of Chilton Limestone varies
in the valley. In the northern end of Quetta valley the depth
of this bed rock is about 1500 m and about 1058 m to the
southern end (Alam and Ahmed, 2014). The unconsolidated
alluvial aquifer and the bed rock are hydraulically connected
to each other (Halcrow and Cameos Consultant Companies,
2008; TCI, 2004; Kazmi et al., 2005).

The active Left-Lateral Chaman fault traverse on the west-
ern side of Quetta valley that splits the Eurasian and Indian
plates making the geology of the area very complex. The
stratigraphic sequence starts from Early Jurassic to Quater-
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Figure 2. (a) shows the fissures in Kechi Baig area whereas (b) shows the damage that is caused to Dr. Sarfaraz hospital present on Gai khan
Chowk.

nary deposits in Quetta valley (UNDP, 1982; Kazmi, 1973;
Hunting, 1961; Kazmi and Reza, 1970)

The population of Quetta valley has increased several folds
in the past 30 years. Groundwater is the main source for do-
mestic and agricultural consumption. The Quetta valley allu-
vium aquifer is under substantial stress due to the decreasing
groundwater resources (WAPDA, 1989). Over exploitation
of groundwater has created several problems in the valley
that include significant groundwater decline in several parts
of the valley, deterioration of water quality and subsidence of
land (TCI, 2004; Khan et al., 2013, 2010). Land subsidence
due to urbanization is reported in several metropolis around
the world that include Shanghai in China (Yin el al., 2006),
Tokyo in Japan (Hayashi el al., 2009) and Santa Clara valley
in United States (Galloway et al., 1999).

Fissures were being developed in the central part of the
Quetta valley and surrounding areas such as Kuchlak, Mas-
tung, Pishin, Gulistan and Hurumzai areas. The unconsoli-
dated material is usually thick in these areas. These fissures
cover an area of about 1000 m long and 200 m wide. They
were 3–5 m deep and 1–2 m wide at some places and have
damaged several buildings in its path (Fig. 2). These fissures
may be developed due to the compaction of sediments after
the withdrawal of the groundwater. GPS data also suggest
increased subsidence in the central part as compared to the
flanks of the Quetta valley where the rate of subsidence is
minimum, here the unconsolidated material is thin.

The objective of this study was to evaluate the groundwa-
ter decline in Quetta valley and surrounding areas, to identify
land subsidence in Specific zones, to find out the causes of
groundwater decline and to quantify the land cover over time
using remote sensing in ArcGIS.

2 Material and methods

Groundwater decline data of the year (2010–2015) was ob-
tained from Irrigation Department and Water and Sanitation
Authority (WASA). This data was collected from 41 obser-

vation tube wells installed throughout the city. Land subsi-
dence was measured using GPS units installed at five loca-
tions throughout the city. The GPS data were collected using
Trimble NetRs 5700 and R7 receivers that download data
after every 30 s. The accuracy of GPS unit was 1 mm in x,
y and z axis. Its antenna is placed on a concrete flat floor
which needs at least 4 satellite connections to work properly.
GPS data was processed in GAMIT software that was refer-
enced in ITRF2008 frame then linear trend was fit into the
result to get the rate, this data was processed in Department
of Earth and Atmospheric sciences, University of Houston.
InSAR velocities were derived from C-band Sentinel-1 SAR
data collected from October 2014 to March 2019. To en-
sure high phase coherence, the geometric and temporal base-
lines are limited to be less than 150 m and 90 days, respec-
tively. InSAR data was processed in Department of geolog-
ical sciences, university of Boulder, Colorado. Field survey
was done to assess the damages caused by land subsidence.
Water Decline data was processed in ArcGIS 10.2 and con-
tour maps were made using (IDW) inverse distance weighted
interpolation technique. Agricultural Remote sensing images
were processed in ArcGIS 10.2 to assess the increase in veg-
etation over time. The Precipitation data was obtained from
the surface water monitoring wing of the irrigation depart-
ment.

3 Land subsidence

Land Subsidence is the sinking or lowering of land which
is mostly caused by fluid withdrawal. The underground mi-
croscopic pore spaces are filled with water molecules which
makes up the hydrostatic pressure in a pore. When the wa-
ter molecules are extracted through a tube well, a vacuum is
formed and the hydrostatic pressure diminishes in the void
as a result the pore space collapses and the whole ground
become subsided.

Land subsidence in Quetta valley was first reported by
(Khan et al., 2013) when a drop of about 10 cm yr−1 was
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Figure 3. (a) Graph of GPS data for QTIT station, 120 mm yr−1 subsidence recorded on this site. (b) Graph of GPS data for QTAG
station, 106 mm yr−1 subsidence recorded on this site. (c) Graph of GPS data for JHAK station, 88.3 mm yr−1 subsidence recorded on this
site. (d) Graph of GPS data for SBKW station, 29 mm yr−1 subsidence recorded on this site. (e) Graph of GPS data for KHAL station,
35.1 mm yr−1 subsidence recorded on this site.
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Figure 4. Map showing subsidence in the Quetta valley. The dark brown color is showing subsidence of 100–120 mm yr−1, the light brown
color is showing subsidence of 80–90 mm yr−1, the yellow color is showing subsidence of 30–40 mm yr−1, the green color is showing
subsidence of 20–30 mm yr−1. The fissures can also be seen on the map whereas the Kotwal Weather station is shown by a black arrow. 30 m
Digital Elevation Model (DEM) of Shuttle Radar Topographic Mission (SRTM) were downloaded from ©NASA’s Earth Explorer website to
identify the topography and profile of the study area.

recorded by GPS data in the valley. The network of these
GPS points were extended to five locations in the valley to
get more accurate results. Two of these sites were located in
University of Balochistan that were codenamed as QTIT and
QTAG. The other point was located at Arbab Karam Road
that is codenamed as JHAK. The next site was located at Sar-
dar Bahadur Khan Woman University that is codenamed as
SBKW. The last site is located on a gas station that is adja-
cent to the Frontier Corps Camp and is codenamed as KHAL.
QTIT is a permanent station that continuously download data

from the GPS device whereas the rest of the stations were
campaign sites where GPS device was installed for one week
during the field.

4 Results

4.1 QTIT

The first reading on QTIT station was recorded on 25 Au-
gust 2008 whereas, the last reading was taken on 22 Jan-
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Figure 5. InSAR Map© showing subsidence in Blue which is 8–10 cm yr−1, red color (saturated) is showing uplifting due to tectonic
activity. Black dash line is showing Chaman transform plate boundary, pink dots shows recent earthquakes. InSAR velocities were derived
from C-band Sentinel-1 SAR data collected from October 2014 to March 2019.

uary 2016. Its Latitude is 30.16291436 and Longitude is
66.9888975. The total subsidence recorded during this du-
ration was 890 mm (≈ 3 ft) whereas the annual subsidence
recorded on this station was 120.2 mm yr−1 (Fig. 3a). This is
the central part of the valley where the unconsolidated mate-
rial is thick.

4.2 QTAG

The first reading on QTAG station was recorded on
17 July 2006 whereas the last reading was taken on 24 Jan-
uary 2016. Its Latitude is 30.16624095 and Longitude is
66.9908418. The total subsidence recorded during this time
period was 1036 mm (3.3 ft) whereas the annual subsidence
recorded on this station was 106.8 mm yr−1 (Fig. 3b).

4.3 JHAK

The first reading on JHAK station was recorded on
6 June 2011 whereas the last reading was taken on 17 Jan-
uary 2016. Its Latitude is 30.18506981 and Longitude is
66.99151868. The total subsidence recorded during this du-
ration was 430 mm. whereas the annual subsidence recorded
on this station was 88.3 mm yr−1 (Fig. 3c).

4.4 SBKW

The first reading on SBKW station was recorded on 9 Jan-
uary 2012 whereas the last reading was taken on 12 Jan-
uary 2016. Its Latitude is 30.19146625 and Longitude is
66.9591966. The total subsidence recorded during this du-
ration was 116 mm. whereas the annual subsidence recorded
on this station was 29 mm yr−1 (Fig. 3d). This is the area lo-
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Figure 6. (a) Graph of water decline on eastern flank of Quetta valley. The average decline recorded in this zone is 1.5–5.0 m yr−1. (b) Graph
of water decline on western flank of Quetta valley. The average decline recorded in this zone is 0.5–1.5 m yr−1. The observation well in
Chilton housing Scheme shows rise in water table.

cated on the western flank of the valley where unconsolidated
material is thin.

4.5 KHAL

The first reading on KHAL station was recorded on
10 April 2009 whereas the last reading was taken on 9 Jan-
uary 2016. Its Latitude is 30.30112026 and Longitude is

66.93319597. The total subsidence recorded during this du-
ration was 218 mm. whereas the annual subsidence recorded
on this station was 35.1 mm yr−1 (Fig. 3e).

The annual subsidence rate determined from the GPS data
is shown in Fig. 4. The dark brown color shows the high-
est rate of subsidence i.e., 100–120 mm yr−1, the light brown
color shows the subsidence of 80–90 mm yr−1, the yellow
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Figure 7. Map of water decline in Quetta valley. The red and dark red color show the water decline of 1.5–15 m yr−1 whereas, the green
and dark green color show the water decline of 0–1.5 m yr−1. 30 m Digital Elevation Model (DEM) of Shuttle Radar Topographic Mission
(SRTM) were downloaded from ©NASA’s Earth Explorer website to identify the topography and profile of the study area.

color shows subsidence of 30–40 mm yr−1 and the green
color displays subsidence of 20–30 mm yr−1. Location of the
fissures can also be seen on this figure.

InSAR images collected from October 2015 to
March 2019 revealed that the subsidence phenomenon
is not confined to Quetta district only, in fact the surrounding
districts where agriculture is utilizing significant ground
water are also witnessing significant land subsidence due to
ground water decline. The dark blue color in Fig. 5 shows
8–10 cm yr−1 of subsidence in these area. These include
Kuchlak, Mastung, Pishin, Gulistan and Hurumzai areas.

5 Groundwater depletion

The pioneer artesian well in Quetta valley was dug in 1889
at railway station using steam engine (Oldham, 1892). The
depth of the well was 35 m while the hourly discharge was
20 000 gallons (Oldham, 1892). But over time water started
to decline in the Quetta valley and WAPDA started monitor-
ing of groundwater in Quetta valley in 1988. Around 177 ob-
servation tube wells were installed in the Pishin Lora Basin
to observe the groundwater conditions. The depth of those
wells were ranged from 3.5 m (11 ft) to 150 m (500 ft). Due
to overexploitation of groundwater, around 123 observation
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Figure 8. Graph of population in Quetta valley which increased from 0.26 million in 1975 to 3.0 million in 2016.

Figure 9. ©Landsat Thematic Mapper bands 7, 4 and 2 displayed as red, green and blue showing the vegetation increase overtime in Quetta
valley. (a) is from 21 June 1987 whereas (b) is from 16 August 2011. Increase in vegetation can be seen in bright green colors in the northern
and southern end of Quetta valley.
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Figure 10. Location of drilled well sites at Sheikhmanda area. The green dots are the bore holes drilled in area of 1.3 km2. Base map taken
from ©Google earth.

wells were completely dried up and now 54 observation wells
are operational. A drop of 0.25 m yr−1 was first observed by
WAPDA in 1989 (WAPDA, 2001). Ahmad (2007) recorded
decline of 1.09 m in the 1990s. In the 2000s Water and San-
itation Authority (WASA) installed several new observation
wells in Quetta valley to monitor the groundwater decline.
The depletion of Quetta valley water table was calculated
from the year 1987 to 2010 from 55 observation wells. The
average decline during this period was 1.5 m yr−1 in several
parts of the valley (Khan et al. 2013).

To get the latest groundwater level, data from 41 observa-
tion wells were collected from WASA and Irrigation Depart-
ment for the year 2010–2015. The average decline from 2010
to 2015 were calculated and surface was generated using In-
verse Distance Weighting (IDW) interpolation technique in
ArcGIS. It was observed that the average decline on the east-
ern side of the valley is high (1.5–5.0 m) (Fig. 6a) where

the population is congested while on the western side the
depletion is low (0.5–1.5 m) where the population is scarce
(Fig. 6b).

In Fig. 7 the dark red color shows the average decline of
about 5–15 m on the location of Ali Bahadur and Al-Gilani
Road. The light red color represents the annual decline of
1.5–5.0 m on the location of Killi Shabak road and Killi
Nasaran Malezai Kuch Road in the north of the valley to
Pashtoonabad and office of the Geological survey of Pak-
istan to its south. This zone covers the whole eastern part
of Quetta valley. The yellow color is showing the annual de-
cline of 0.5–1.5 m on the location of Chasma Achozai to the
north and MNW-QA-10 to the south of the valley. The green
color represent the zone where the groundwater level is ris-
ing, this zone is located on Killi Kirani and Samungali Hous-
ing Scheme.
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Figure 11. Graph showing the precipitation data, precipitation gauge is located in Killi Kotwal Station in Quetta. Drought can be seen from
the year 1998–2004 whereas heavy precipitation in 2011.

There was no observation well installed nor the water ta-
ble data was available outside the Quetta district where field
observations took place.

6 Causes of water depletion and land subsidence

6.1 Population

According to the census of 1975, the population of Quetta
valley was just 260 000 and it steadily increased and reached
430 000 in 1981. Due to urbanization and migration of
refugees from Afghanistan’s civil war, the population in-
creased to 1.1 million in 2000. Due to drought in the last
decade a lot of people were forced to migrate to Quetta to
earn their livelihood. According to recent estimates the pop-
ulation of Quetta valley is around 3.0 million in 2016 (Fig. 8).
This huge population is a tremendous burden on the aquifer
of Quetta valley and it is creating the problems of supply and
demand in the valley due to which the aquifer is depleting at
an alarming pace.

6.2 Agriculture

Different crops are grown in Quetta valley and surround ar-
eas that include wheat, apricot and apples. The agriculture
has increased several folds as more people earn their liveli-

hood from it. Groundwater is the only source used to grow
these crops. Due to this phenomena the groundwater is de-
pleting at a faster rate. Two satellite images were processed
in ArcGIS that were downloaded from USGS Global Visual-
ization Viewer (GLOVIS) to see the land use overtime. These
images were Landsat Thematic mapper at 30 m resolution
from the year 1987 and 2011. Dramatic increase of vege-
tation can be seen in northern and southern end of Quetta
valley (Fig. 9). The bands that were used to enhance the veg-
etation were 7, 4 and 2 displayed as red, green and blue. Sim-
ilar situation was field verified in Kuchlak, Mastung, Pishin,
Gulistan and Hurumzai areas.

6.3 Illegal drillings

Illegal drillers are drilling tube wells to extract groundwa-
ter resources without any authorization from the government.
The data of illegal drilling sites is not available. To demon-
strate the congestion of wells in the Quetta valley, an area of
1.3 km2 was observed (Fig. 10). Out of the 20 wells only one
of the well was government owned. The illegal tube wells are
drafting groundwater at unprecedented rate due to no check
and balance.
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6.4 Precipitation

The precipitation data of the year 1976–2015 was obtained
from the Irrigation Department and plotted in Fig. 11. Several
fluctuation can be seen with the substantial drought which
occurred during 1998–2004. During this drought the reser-
voirs of Spin Karez and Hana Urak which are situated to the
eastern side of Quetta valley were completely dried up which
resulted in significant water decline in Quetta valley aquifer.

7 Discussion

GPS results of Quetta valley illustrates that the subsidence
is intense in the central part of the valley where the thick-
ness of unconsolidated material is high. The average sub-
sidence of QTAG and QTIT station has slightly increased
over time. Khan et al. (2013) observed the average subsi-
dence at QTAG station (2006–2008) to be 81 mm yr−1 and
the average subsidence at QTIT station (2008–2009) to be
116 mm yr−1 – whereas the average subsidence at QTAG sta-
tion (2006–2016) has increase to 106 mm yr−1 and the aver-
age subsidence at QTIT station (2008–2016) has increased
to 120 mm yr−1. The subsidence at the flanks of the Quetta
valley is far less than the central area e.g. the subsidence at
SBKW is 27 mm yr−1 and KHAL is 35 mm yr−1. In this zone
the thickness of unconsolidated material is far less than the
central part.

The InSAR imageries collected from 2014 to 2019 shows
that the subsidence due to groundwater decline is not lim-
ited to Quetta district alone. Other districts in Balochistan
province such as Kuchlak, Mastung, Pishin, Gulistan and Hu-
rumzai districts are also facing about 8–10 cm of subsidence
per year.

Increase in water depletion was recorded during the study.
1–1.5 m yr−1 water decline was recorded at several places
in Quetta valley during 1987–2010 (Khan et al., 2013; Ah-
mad, 2007) whereas the water depletion during 2010–2015
had reached 1.5–5.0 m yr−1.

8 Conclusion

GPS data show that the central part of the Quetta valley has
subsided more than 1 m during the last decade and continue
to subside at about 120 mm yr−1. Whereas the subsidence
at the flanks of the valley is about 30–40 mm yr−1. Due to
land subsidence, fissures are being developed in several dis-
tricts in Balochistan that has damaged numerous buildings
and houses. The groundwater is also depleting at an alarming
rate that is 1.5–5.0 m in several parts of the city. The increase
in agriculture and population growth are the main causes of
water depletion and subsidence in Quetta valley. The land
subsidence and its associated fissures will cause billions of
rupees of damages to the buildings in the future if the trend
continues. The process may also mix fresh and sewerage wa-
ter which will create health hazards in the city.
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Abstract. Oxidation of organic matter in peat above the phreatic groundwater table causes subsidence and
carbon dioxide (CO2) emissions. Because 25 % of the Netherlands has shallow peat layers in its subsurface,
it is essential for Dutch policy makers and stakeholders to have reliable information on present day and near
future CO2 emissions under changes in groundwater levels. Furthermore, it is important to reduce greenhouse
gas emissions in view of international agreements.

We are developing GreenhousePeat: a nationwide model that synthesizes information on peat organic carbon
content, land subsidence, and CO2 emission monitoring to model present-day and future CO2 emissions from
subsiding peatlands.

Here, we discuss the approach and input data of GreenhousePeat. GreenhousePeat is based on a UNFCCC
approved model to predict CO2 emissions, albeit based on new input data: 3-D organic matter maps, nationwide
subsidence rates, and ranges in oxidation fraction. We validate model outcomes with previously documented
CO2 emissions measured at four different locations. We found that for one site the upper bound of the model
reproduces the measured CO2 emissions. The modelled emissions at two sites have a relative deviation of ap-
proximately 73 % to 29 % from the measured emissions. Whereas one site is a net CO2 sink, although low
emissions were modelled. Finally, we conclude on the suitability of the model for CO2 emission forecasting and
suggest improvements by incorporating groundwater level information and land use type.

1 Introduction

Many peatlands in densely populated areas are drained to
enable agriculture and to prevent residential areas from in-
undating (Gambolati et al., 2006; Hooijer et al., 2012).
Drainage results in oxidation of organic matter. Conse-
quently, peatlands have been strong net sources of car-
bon dioxide (CO2) with subsidence accompanying the pro-
cess (Deverel et al., 2016). Subsidence and CO2 emissions
became continuous processes, because water management
maintains phreatic groundwater levels below the progres-
sively lowering surface.

The Netherlands is a prime example of an area with sub-
stantial peat oxidation, where the shallow subsurface con-
tains about 15 km3 of peat, covering 25 % of the surface area
(TNO-GSN, 2019) (Fig. 1). Previous studies estimate that
peat oxidation is responsible for 2 % of all CO2 emissions
in the Netherlands (Van den Akker et al., 2008; Arets et al.,
2019). The National Inventory Report (NIR, 2019) for green-
house gas (GHG) emissions has adopted Dutch specific CO2
emission factors for drained organic soils due to peat ox-
idation of 19 and 13 t CO2 ha−1 yr−1 (Arets et al., 2019),
depending on organic matter content and subsidence rates.
The annual CO2 emission reported for the estimated 223 kha
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of surficial peat in the Netherlands is 4.246 Mton yr−1 with
an average CO2 emission for each mm of subsidence of
2.26 t CO2 ha−1 yr−1 (Kuikman et al., 2005; Arets et al.,
2019).

Reducing CO2 emissions is a major challenge for our so-
ciety. The Dutch government committed itself to the COP21
– CPM11 Paris climate agreement, in which it is stated that
CO2 emission has to be reduced with 49 % in 2030 and 95 %
in 2050 (UNTC, 2016). In light of this agreement, Dutch
policymakers should have a strong focus on reducing CO2
emissions from peatlands. If the Netherlands is not drasti-
cally changing its groundwater policy, subsidence and CO2
emissions by peat oxidation will sustain and may become a
hazard.

We are developing GreenhousePeat: a nationwide model
for the Netherlands to forecast CO2 emissions from sub-
siding peatlands. The output of GreenhousePeat consists of
CO2 emission forecasts under selected changes in ground-
water levels and climate, for example as a result of extreme
droughts. At present, the model is based on an existing UN-
FCCC approved model to predict CO2 emissions. Green-
housePeat is beneficial for policymakers, water managers,
agricultural organizations, and spatial planners because the
results are implementable in decision-making strategies to
mitigate future CO2 emissions. These strategies will also be
vital to meet international agreements.

Here, we introduce the approach and input data of Green-
housePeat, provide a brief overview of CO2 emission mea-
surements in the Netherlands, and report on the ability
of GreenhousePeat to reproduce CO2 emissions previously
measured at four sites using new datasets on peat organic
matter and subsidence rates.

2 CO2 emission factors and measurements from
peatlands in the Netherlands

The Dutch emission factors (NIR, 2019) are higher than the
2006 default IPCC emission factors for temperate grassland
on organic soils of 10 t CO2 ha−1 yr−1 (IPCC, 2006). How-
ever, they are in line with the IPCC wetlands supplement
(IPCC, 2013) that updated the default emission factors and
included the impact of drainage depth using a combination
of subsidence and flux data found in literature. These up-
dated default emission factors for organic soils range from
13 to 22 t CO2 ha−1 yr−1 for respectively shallow and deep
drained nutrient-rich temperate grassland, classified as hav-
ing a mean annual water table depth of less or more than
30 cm below the surface. Rewetted organic soils were given
a separate emission factor of −1 and +2 t CO2 ha−1 yr−1 for
nutrient-poor and nutrient-rich areas, respectively.

A large set of Dutch studies is used for the updated
default IPCC emission factors, amongst others Schothorst
(1977), Langeveld et al. (1997), Jacobs et al. (2003), Hen-
driks et al. (2007), Veenendaal et al. (2007), and Schrier-

Figure 1. Map of the Netherlands showing accumulated thickness
of Holocene peat from the GeoTOP model (TNO-GSN, 2019). The
stars indicates the locations of the four monitoring sites. Coordi-
nates are expressed in meters using the RD (Rijksdriehoek) local
coordinate system. © TNO Geological Survey of the Netherlands

Uijl et al. (2010). Apart from Schothorst (1977), these stud-
ies are based on flux data. The fluxes have been measured
with chamber-based techniques or eddy covariance as a mea-
sure for the net ecosystem exchange (NEE) of CO2 with
the atmosphere. This NEE is the difference between car-
bon assimilation by photosynthesis and release by respira-
tion. Heterotrophic decomposition of soil organic matter and
autotrophic emissions from the living biomass are taken into
account for the respiration. Therefore, when using such flux
data, changes in the biomass and litter stock have to be taken
into consideration, allowing annual emission estimates from
peat decomposition. Thus, agricultural practices, land-use
and management have to be considered. The NEE of CO2
using the eddy covariance method reflects the exchange for
an upwind area typically in the order of hundreds of square
meters, whereas the chamber method reflects that for the lo-
cation of the chamber.

3 GreenhousePeat

The innovative aspect of GreenhousePeat is that it integrates
information derived from different disciplines: geology, soil
chemistry, hydrology, geodesy, and environmental chemistry.
The model combines CO2 emission measurements with na-
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tionwide 3-D peat layer mappings, peat organic carbon con-
tent, and subsidence rates. The first step in developing Green-
housePeat is to link present-day measured to modelled CO2
emissions at single site locations.

3.1 CO2 emissions sites

We use documented information of multi-annual studies on
GHG balances for three peatland sites reported by Moors et
al. (2012): Oukoop, Stein, and Horstermeer, and one site re-
ported in earlier work: Zegveld (Hensen et al., 1995) (see
Fig. 1 for locations). Oukoop and Stein concern two man-
aged drained grass-on-peat areas, and Horstermeer is a shal-
low drained former agricultural peatland that has been re-
stored since 1998. Oukoop is a drained intensively managed
area with the application of fertilizer and biomass export and
Stein is a drained extensively managed area with biomass ex-
port (Hendriks et al., 2007; Veenendaal et al., 2007; Kroon,
2010; and Schrier-Uijl et al., 2010). Based on these studies,
Schrier-Uijl et al. (2014) published results setting the sys-
tem boundaries at the landscape level with (grass) biomass
C import and export, fertilizer and manure use as well as the
export of milk and meat and loss of dissolved organic carbon
through drainage ditches.

An average release of 1.1 t CO2-C ha−1 yr−1 was found for
the net ecosystem exchange (NEE) excluding management
related fluxes for the two managed drained sites Oukoop
and Stein, and uptake of 3.8 t CO2-C ha−1 yr−1 for the re-
stored site Horstermeer (Schrier-Uijl et al., 2014). A year
to year variation of −0.5 to 1.9 t and −0.2 to 2.2 t CO2-
C ha−1 yr−1 was found for Oukoop and Stein respectively,
and −2.7 to −5.2 t CO2-C ha−1 yr−1 for the Horstermeer
(Schrier-Uijl et al., 2014). A total farm-based CO2 release
for Oukoop is estimated as 1.9 t CO2-C ha−1 yr−1 based on
biomass removal of 4 t CO2-C ha−1 yr−1, assimilation rate
of cattle (7 %), manure application of 1.4 t CO2-C ha−1 yr−1

and a farm-based CH4 balance of 0.6 CO2-C ha−1 yr−1. The
total carbon release to the atmosphere (CO2 and CH4) for the
two managed drained sites in Oukoop and Stein is 5.2 and
6.3 t C ha−1 yr−1 respectively and a total uptake in Horster-
meer of 3.5 t C ha−1 yr−1 (Schrier-Uijl et al., 2014).

Langeveld et al. (1997), taking a similar approach, derived
an emission of 11 t CO2 ha−1 yr−1 for Zegveld grassland on
peat, based on eddy covariance measurements of Hensen et
al. (1995). The uptake, manure excretion and milk production
were estimated to emit 10 t CO2 ha−1 yr−1, because the cattle
largely fed on the grass.

3.2 Modelling CO2 emissions

For modelling present-day CO2 emissions at the four se-
lected sites (CO2,em kg CO2 ha−1 yr−1), we use an interna-
tionally acclaimed robust empirical approach proposed by
Kasimir-Klemedtsson et al. (1997). It was expressed as a
function for the Netherlands by Kuikman et al. (2005) and

Van den Akker et al. (2008, 2012), and approved by the UN-
FCCC to quantify CO2 emissions from peatlands (Arets et
al., 2019) (Eq. 1). For a fraction of subsidence attributed to
oxidation (F ), we use documented minimum and maximum
values for the central peat area of the Netherlands: 0.25–
0.71 (Schothorst, 1977; Van Asselen et al., 2018). Schothorst
(1977) presented an oxidation fraction for the situation in the
1970s, whereas Van Asselen et al. (2018) provided a range of
average oxidation fractions for centuries-long subsidence. In-
formation on present-day oxidation fractions lack in the liter-
ature. For the local subsidence rates (S in m yr−1) we deploy
a nationwide subsidence map based on InSAR, gravity, and
GNSS data that provides an estimated and averaged (2×2 km
grid cells) shallow subsidence rates between 2015 and 2018
(Bodemdalingskaart, 2018). The distribution of peat, organic
matter fraction (frp), and carbon fraction organic matter (frc)
are derived from the 3-D geological subsurface voxel model
GeoTOP (resolution: 100×100×0.5 m) (Stafleu et al., 2011;
Koster et al., 2018). For peat organic matter density (ρp in
kg m−3), we apply documented minimum and maximum val-
ues for the Netherlands: 1470 and 1560 kg m3 (cf. De Glop-
per, 1973). We use the raster resolution of GeoTOP and cal-
culate for each cell a range of annual CO2 emission based on
minimum and maximum values of F and peat organic mat-
ter density with the following equation (cf. Kuikman et al.,
2005; Van den Akker et al., 2008):

CO2,em = F · S · ρp · frp · frc ·
44
12
· 104 (1)

4 Results and Discussion

Previously measured and newly modelled CO2 emitted by
peat oxidation for the four locations are summarized in Ta-
ble 1. The results show that the measured CO2 at Zegveld
is just below the upper bound of the modeled values. How-
ever, the modelled CO2 emissions at Stein and Oukoop are in
the order of 10 to 20 t CO2 ha−1 yr−1 less than the measure-
ments. The Horstermeer measurements reveals that the site is
a net sink, although GreenhousePeat predicts net emissions.

We aim with GreenhousePeat to predict CO2 emissions
from peatlands for variable groundwater management and
climate change scenarios for the first time on a national scale.
To accomplish this, we foresee that the following steps are
needed:

– Implementing information on phreatic groundwater lev-
els. The Netherlands has several online portals of
freely available groundwater level information, com-
prising monthly information on phreatic groundwater
level changes (BISNederland; NHI; Grondwatertools;
TNO-GSN). Available information regards individual
monitoring wells, as well as spatial interpolations that
yield estimations of spatiotemporal varying groundwa-
ter levels. Ignoring the groundwater level elevation and
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Table 1. Summary of the modelled and measured CO2 emissions at four locations. Min. and max. values are the results of the min. and max.
values of the oxidation fractions and organic matter densities.

Location subsidence rate modelled CO2 measured CO2
mm yr−1 t ha−1 yr−1 t ha−1 yr−1

min max min max

Horstermeer 0.41 1.16 1.2 3.2 −13
Oukoop 0.83 2.34 4.5 13.5 19
Stein 0.55 1.56 2.0 6.1 23
Zegveld 0.78 2.20 4.0 12.0 11

changes could partly explain the strong discrepancy be-
tween measured and modelled CO2 at site Horstermeer.
The site is characterized by high phreatic groundwater
levels that minimize oxidation.

– Geodetic data. Part of the mismatches between the
modelled and the measured CO2 emissions may also be
due to the used subsidence measurements (S in Eq. 1).
We used data for grid cells of 2 by 2 km, which are aver-
ages of dozens to hundreds of deformation points. These
values may not be appropriate for the simulated sites. A
higher resolution deformation map, or a measure of the
expected variance of such measurements would be of
added value.

– Implementing land use maps. According to Moors et
al. (2012), agricultural practices, land-use, and man-
agement largely determine the emissions of CO2 from
Dutch (agro)ecosystems. Jacobs et al. (2003), reports
that peatlands are a source if drained substantially, and
a sink if not. Therefore, land- use maps which differen-
tiate between agricultural lands and wetlands comple-
ment information on phreatic groundwater levels. This
identifies areas such as site Horstermeer which are a net
CO2 sink that experiences minimal subsidence.

– Drought events. Peat oxidation is exacerbated during
periods of extreme drought (Van Dam, 1988; Reiche et
al., 2009). For instance, the drought in the summer of
2018 caused a rainfall deficit of 250 to 350 mm in the
peat areas of the Netherlands (Sluijter et al., 2018). Such
drought events are known to cause a temporal drop in
groundwater levels and accelerate CO2 emissions from
peat layers (Reiche et al., 2009). Even under moderate
IPCC projections (RCP4.5) drought will most proba-
bly become more frequent and severe in Northwestern
Europe (Klein Tank et al., 2015; Spinoni et al., 2018).
We will use observed drops in phreatic levels from the
summer of 2018 as base levels for near future lowest
phreatic level (Fig. 2) (TNO-GSN, 2019).

Figure 2. Example of a phreatic groundwater level monitoring well
located in the peat area near Stein (TNO-GSN, 2019). The y-axis
indicates elevation in cm + MSL; the surface elevation is 1.66 m
− MSL. Low phreatic level during the summer of 2017 was ca.
−2.25 m + MSL, whereas the phreatic level dropped during the
2018 extreme summer to −2.42 m.

5 Conclusions

At present, GreenhousePeat uses an UNFCCC model to sim-
ulate CO2 emissions from peat lands, which accounts for the
fraction of subsidence attributed to peat oxidation, rate of
total subsidence, and properties of peat organic matter. We
showed that for the Zegveld site, model and measurements
agree. The three other sites revealed discrepancies between
the modelled and measured values, meaning that either the
process descriptions or the input data should be improved.

Data availability. Research data on peat distribution and ground-
water level changes are accessible via the online data portal of TNO
– Geological Survey of the Netherlands: https://www.dinoloket.nl/
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subsidence are available in the publications cited.
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Abstract. The proper management of subsidence hazards requires a procedure to formulate thresholds and
measurement & control loops. Such a formulation should be adequate in terms of technical hazard and hazard
perception, unambiguous, in plain language and preferably complying with national or international standards.
The technical nature of subsidence measurements, modeling and forecasts makes the important task of transfer-
ring knowledge on this issue from society to the research community and vice versa challenging. In this paper,
we therefore propose a phased procedure of setting subsidence thresholds and control loops, intended for general
use. The procedure is illustrated with three cases of mining projects from the Netherlands: gas production from
fields below the Wadden Sea, salt production near Veendam, and gas production near Harlingen. We provide
guidance for future use of the procedure and conclude with a few suggestions on the translation issue to the
subsidence expert community.

1 Introduction

Subsidence and its many possible consequences is often
cause for societal concerns. These have to be addressed by
the project promotor or the competent authority, especially if
the project activities proposed allow for the timing or amount
of subsidence to be fully or partially controlled. For this,
there are four options: (i) reassurance in case of negligi-
ble consequences, (ii) preventing or mitigating measures in
case of manageable consequences, (iii) setting a subsidence
threshold to ensure that the project activities are constrained
such that the consequences are manageable, or (iv) – in case
project adaptation is not or no longer technically or econom-
ically feasible – project abortion. Which option is applied is
relevant for all stakeholders involved, whereas for the compe-
tent authority it poses a dilemma. A reliable way to partially
overcome this dilemma is by guiding the decision using ob-
jective criteria. This requires a procedure to formulate thresh-
olds and measurement & control loops. The resulting formu-
lation should be evidence based, technically adequate, prefer-
ably complying with national or international standards, un-
ambiguous and in plain language. The first three aspects

mainly relate to technical or juridical expertise, to be dealt
with by subsidence experts and other specialists, whereas the
last two aspects are mainly concerned with communication
between the competent authority, the project promotor and
local or regional stakeholders. This communication is chal-
lenging for several reasons: (i) the technical nature of sub-
sidence measurements, modeling, forecasts and risk assess-
ments, (ii) the many possible consequences of subsidence
and the background expertise involved therein, and (iii) trans-
lation issues.

Trying to communicate our findings to others than our
peers is something many of us experience in our daily work.
As a community of subsidence experts we are regularly asked
to contribute one way or another and some element of com-
munication is always involved – though usually not all the
way down to “plain language”. In other words, the larger
problem is how to transfer information, knowledge and per-
ceptions from society to the research community and vice
versa. This we will contemplate here, focusing mainly on the
“role of the subsidence expert”.

To identify this role more clearly we propose a phased pro-
cedure of setting subsidence thresholds and control loops.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



616 I. C. Kroon et al.: How to connect societal concerns on subsidence to expert knowledge

This procedure is intended to be of general use. It thus pro-
vides (i) a structure for the larger conversation, that is be-
tween project promotor, competent authority, stakeholders
and experts, (ii) an overview of the available threshold types
and (iii) a list of suggested technical questions. The proce-
dure is illustrated with reference to three cases of mining
projects from the Netherlands. We close this proposition by
providing some guidance for future applications of the proce-
dure and conclude with a few suggestions on the translation
issue.

2 A phased procedure and the role of subsidence
experts

In this section we propose a phased procedure of setting sub-
sidence thresholds and measurement & control loops and we
discuss the role of the subsidence expert therein.

2.1 Procedure

The procedure consists of two basic elements: (i) assessing
the project application provided by the project promotor and
(ii) a decision process for setting respectively the threshold
type, limit values and control loop. In this process alterna-
tives are explored by the competent authority through stake-
holder and expert consultation.

Assessing the project application:

0. Starting point should be that the project promotor timely
provides the competent authority and other stakehold-
ers with information on the planned economic project
that is expected to cause subsidence. This information
of course is to be derived from the actual project plan,
but summarized in a “user friendly” fashion, focusing
on key parameters (nature, time, size, location) and pos-
sible environmental and societal effects.

1. The first step is to understand the societal concerns re-
lated to past, current and future subsidence in the area
of interest. Comprehensive hearings of the stakehold-
ers are therefore required. The findings should be com-
bined, drafted in plain, intelligible language and double
checked for unambiguous understanding. Stakeholders
inform the competent authority on their preferred “sub-
sidence threshold” adapted to local circumstances. Fur-
thermore, agreements should be made on how to involve
subsidence experts.

2. The second step involves the translation from “plain
language” into “expert terminology”. The translation
should result in a set of “technical questions” to be
agreed upon between the competent authority and the
experts (see Appendix A for suggested questions). On
a case-by-case basis technical questions depending on
local circumstances should be added. Non-technical so-

Table 1. Overview of subsidence threshold types.

Type Area Time Limit Unit

A local static max. deformation m

B local dynamic max. deformation
rate

m s−1

C regional static max. deformation m

D regional static max. averaged
deformation

m3 m−2

=m

E regional dynamic max. deformation
rate

m s−1

F regional dynamic max. averaged
deformation rate

m3 m−2 s−1

=m s−1

cietal concerns are listed and set aside until step 4 or
9.

After these three steps both the societal concerns and the rel-
evant technical questions in relation to the project application
have been listed.

The decision process for the threshold type:

3. The technical questions are assessed by the experts in
an exploratory mode with the aim to identify relevant
hazards and knowledge gaps and also providing a quick
scan of the area’s vulnerability to land subsidence. The
experts should also check if the available information is
likely to be technically sufficient for defining a measure-
ment & control loop (in steps 7–9). The experts should
then come up with a proposal for the authority that de-
tails a set of fit-for-purpose types of “subsidence thresh-
olds”. A limited number of subsidence threshold types
is available (Table 1).

4. Next, the competent authority verifies to what extent
the proposal and its alternatives (step 1) allow for the
underlying purposes to be reached: project (step 0),
hazards (step 3) and non-technical societal concerns
(step 2). This enables the competent authority to assess
all the possibilities, weigh the pros and cons, and finally
decide on the type of threshold. The authority informs
the project promotor, stakeholders and experts on the
chosen threshold type.

The decision process for the limit values:

5. Following step 4 “limit values” have to be established,
including their justification. This justification usually
requires the authority to ask experts to perform a more
in-depth analysis on (some of) the technical questions
of step 3. Based on their findings, the experts should
then come up with a limit value proposal ensuring the
conclusiveness of the chosen threshold type.

Proc. IAHS, 382, 615–620, 2020 proc-iahs.net/382/615/2020/
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6. Next, the competent authority consults the stakeholders
on the non-technical societal concerns (step 2) related
to the limit values proposed. We recommend to make a
plain language summary of the findings up to now avail-
able (including non-technical issues) to the stakehold-
ers. After consultation the authority has all the informa-
tion required to formally set the limit values. The au-
thority then informs the project promotor, stakeholders
and experts on the chosen limit values.

Any threshold is set with the purpose to be maintained. Thus,
a proper measurement & control loop allows for timely inter-
vention, also in case of large uncertainties (cf. De Waal et al.,
2017). It shows when and how to intervene based on mea-
surements from monitoring, what the result of taking certain
measures would be, and how this may be confirmed by mon-
itoring.

The decision process for the measurement & control loop:

7. Using the available information from step 6 the ex-
perts should come up with a measurement & control
loop proposal. This is usually done by defining a con-
trol loop with a number of indicators and technically
justified indicator limit values (sometimes called traf-
fic lights) defining when to take specific technical mea-
sures. The proposal should be based on a probabilis-
tic approach (thereby taking into account uncertainty)
and it should describe the monitoring requirements and
technical measures that need to be in place.

8. The authority should discuss the proposal with the
project owner and check if a feasibility study is needed
in addition to the information from step 0. We recom-
mend to make a plain language summary of the findings
(including non-technical issues) available to the stake-
holders.

9. The authority consults the stakeholders on the non-
technical concerns (step 2) in relation to the measure-
ment & control loop indicators proposed, possibly re-
sulting in additional indicators to be formulated. It is
recommended for the authority to check again with the
project owner, if these indicators are feasible. After this
consultation the competent authority has all the infor-
mation required to formally set the control loop for the
project. Once the measurement & control loop has been
decided on, the authority informs the project promotor,
stakeholders and experts.

Having a control loop in place allows for an appropriate mon-
itoring program to be established. The monitoring program
should be divided into two parts, respectively (a) technical
hazards and (b) societal concerns. This division may assist in
avoiding misinterpretation between the experts and the stake-
holders about the value of specific measurements in relation
to intervention.

2.2 Role of subsidence experts

The phased procedure enables us to more clearly identify
the role of subsidence experts. In step 1 of the procedure
agreements on how to involve subsidence experts by either
the competent authority, the project promotor or other stake-
holders are made. In certain steps (2, 3, 5 and 7) subsidence
expertise is required – mainly requiring experts to come up
with proposals for setting subsidence thresholds and control
loops and provide the scientific justification. Also in follow-
ing stages the contribution of experts may be asked, for ex-
ample to elucidate the justification to stakeholders or to court,
review the argumentation of peers, or verify whether a subsi-
dence threshold has been met. It is worth mentioning that
the perspective of experts changes from looking at single
projects to managing a national portfolio.

3 Real world application

Three cases from the Netherlands are used to illustrate real
world application of the procedure, addressing aspects of
procedure feasibility, threshold type application, limit value
justification, monitoring and intervention. Please note that
the large majority of mining projects in the Netherlands
cause less than two cm of subsidence over their lifetime.
For illustration purposes, we have chosen three cases where
subsidence did or does play a role. Case descriptions fo-
cus on the procedure and are not intended to be exhaustive
with respect to societal concerns on subsidence. The Minis-
ter of Economic Affairs is the competent authority. Access
to the national mining data repository of the Netherlands, as
well as background technical information on the cases men-
tioned, is available through https://www.nlog.nl/ (last access:
20 February 2020; in English). License documents are pro-
vided at https://www.rijksoverheid.nl/ (last access: 20 Febru-
ary 2020; in Dutch). Reference levels and benchmarks are
a regular part of setting a subsidence threshold, usually in
relation to the limit value. In the Netherlands their usage is
currently being scrutinized (Tcbb, 2018).

3.1 Wadden Sea gas production

This is a well-documented case (cf. Vermeersen et al., 2018;
Fokker et al, 2018, and references therein) consisting of gas
fields operated by NAM since 2006. In hindsight all steps
in the procedure have been virtually complied with. Step 0
brought on a 14 year national public debate pointed at subsi-
dence threatening ecological values. The technical work re-
lated to steps 2 and 3 took a couple of years, resulting in
a “type F” threshold (De Waal et al., 2012) related to net
sand budgets in tidal basins (step 4) and a number of limit
values (step 6), some of which have to be periodically up-
dated (i.e. local sea level rise scenarios are to be updated ev-
ery five years). A measurement & control loop system was
put in place (steps 7–9). Its indicators have a clear technical
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meaning in relation to predefined technical measures. To in-
clude the tidal basin an existing subsidence monitoring pro-
gram was extended. Consultation of the stakeholders in the
various steps resulted in an existing ecological monitoring
system being extended and a sediment monitoring system
being put in place. This illustrates how non-technical con-
cerns may result in additional monitoring that is only loosely
related to the subsidence threshold, but has a clear scientific
purpose. To date, the original limit and indicator values re-
main unchanged apart from the regular updates. This illus-
trates that the procedure can result in a stable outcome – even
in a case subject to a national debate and requiring a com-
plicated threshold type. Stakeholders have repeatedly con-
fronted the limit value justification with progressive insights
in court, in particular concerning the sea level rise scenario’s.
This illustrates the capability of several stakeholders to chal-
lenge a technically complicated limit value justification with
equally complex progressive insights.

3.2 Veendam salt production

This case (cf. Rondeel et al., 1996; Fokker and Kruse, 2002;
Kroon et al., 2003) consists of several caverns that are cur-
rently being operated by Nedmag. The local water manage-
ment system is sensitive to subsidence, which is limited by
a “type C” threshold. A monitoring program for subsidence
and cavern pressure conditions was put in place. At the start
of production the forecasted long term subsidence for the
area was deemed acceptable. In consultation with the local
Water Board authority the process of setting limit values was
brought in line with the water management program: neces-
sary measures related to the salt subsidence were split into
tranches. For each tranche the competent authority sets a
subsidence limit value (steps 1 and 6) and each subsequent
tranche warrants new permission (requiring step 6 to be re-
peated). As a result, limit values of the Veendam case have
been raised in a stepwise fashion throughout the decades of
its production history. This illustrates that the procedure is in
principle capable of honoring local circumstances and stake-
holders.

3.3 Harlingen gas production

This case is a gas field (Van den Bosch, 1983) with a “type C”
threshold. As a result, the “deepest point of the subsidence
bowl” estimated from the monitoring data largely determined
the outcome of the control loop (step 9). During monitoring
four measuring points from the regular leveling network near
the deepest point showed faster than forecasted subsidence
rates and were suspected to be “unstable”. Using a comple-
mentary measurement technique (PS-InSAR; Muntendam-
Bos et al., 2009), it became clear that the signal from these
leveling points was indeed real – the likely result of pore col-
lapse in the porous reservoir chalk (De Waal et al., 2016).
Consequently, gas production by Vermilion was halted by the

competent authority in 2008. This illustrates the close inter-
play between threshold type, limit values, subsidence fore-
cast, monitoring requirements and intervention measures in
the control loop. It also illustrates that subsidence forecasts
may be associated with a large uncertainty.

4 Discussion

In this final section we discuss some implementation issues
to be considered for application of the phased procedure, and
we conclude with a few remarks on the translation issue.

The phased procedure is in principle feasible (see Sect. 3).
Still, a number of issues must be kept in mind. For instance,
one might think that the procedure efficiency were improved
by combining two or three decision processes. However, such
shortcuts are likely to reduce the larger conversation between
project promotor, competent authority, stakeholders and ex-
perts at the crucial project application stage – thereby risking
a narrow vision on subsidence thresholds and compromising
stakeholder engagement.

A second issue is about possible gaps that stakeholders ob-
serve between sharing and receiving information. The infor-
mation they receive from the subsidence experts concerns the
“technical questions”, whereas information on the societal
concerns labelled as “non-technical” is missing. This “miss-
ing information” should – according to the procedure – be
provided earlier or at the same time as the technical informa-
tion by the competent authority.

The last issue is about securing the quality of the informa-
tion transfer and dealing with the fact that pieces of informa-
tion get lost over time. Thus, repeated sharing of the original
justification in addition to new perspectives is key for long
term stakeholder engagement.

The larger problem addressed in this document is how to
transfer information, knowledge and perceptions from soci-
ety to the research community and vice versa.

As a community of subsidence experts we practice this
transfer – without being professional translators. Some argue
that scientists should become better storytellers, as that will
make us more effective in our communication, also with pro-
fessional translators such as science journalists (cf. Schimel,
2012). It may also help to be more aware of human psycho-
logical hurdles in appreciating science findings and ways to
circumvent them (Kenrick et al., 2018). But foremost, we
should be more aware of our role as subsidence experts in
formal procedures and be willing to commit ourselves to tak-
ing this role one step further into knowledge transfer.
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Appendix A: Suggested technical questions

A1 Suggested technical questions related to the past

Which monitoring networks have been in place? What are
their main technical requirements? Did this substantially
change over time? Based on the available monitoring infor-
mation, what amount/rate of subsidence occurred in the area
of interest? What is the expected uncertainty range in space
and time? Did the monitoring networks deliver: did the sub-
sidence forecast become a reality? What is reported about the
cause(s) of deviations from the forecast? Did the subsidence
stay within its predefined limits? Which damage states on
objects in the area of interest have been reported? Do these
reports confirm the realized subsidence amount/rate? What
are the lessons learned in terms of monitoring requirements?

A2 Suggested technical questions related to the present

What is the geological setting in relation to subsidence?
Which cause(s) of subsidence are currently present? What
is the surface setting? At which amount/rate of subsidence
is the area vulnerable for subsidence hazards? Are there spe-
cific objects with a particularly high vulnerability for subsi-
dence effects? If so, what are their main technical require-
ments?

A3 Suggested technical questions related to the future

Which cause(s) of subsidence are likely to be relevant in the
next decades? How well are they understood? Is there a dom-
inant source of subsidence to be expected? What is the fore-
casted “business as usual” subsidence? What amount/rate of
subsidence is expected for the project? What is the expected
uncertainty range in space and time? Is the forecast proba-
bilistic? Could there be interference? Which monitoring re-
quirements need to be in place to check the forecast? Are
these requirements already met by existing monitoring net-
works? Is it feasible to disentangle between various causes?
What measures are available for prevention or mitigation?
Which surface developments may influence the subsidence
hazard?

proc-iahs.net/382/615/2020/ Proc. IAHS, 382, 615–620, 2020
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Abstract. Global warming plays a principal role on the continuous increasing sea-level rise, which exposes
coastal regions worldwide to flooding threat. However, the challenge is that the regional impact of SLR flooding
can be variable, especially when considering multiple effects of land subsidence, long-term general sea-level rise
and extreme weather conditions like storm surge. In this paper, we build module with high-resolution InSAR-
derived precision DEMs with resolution of 4 m, long-term SLR trend and episodic signals of climate change
to calculate the relative sea level in AD 2100 on various scenarios over the Jiaozhou Bay, one typical region
of the biggest peninsula in China and an important economic centre adjoining to the Yellow Sea. The potential
of TanDEM-X DEM for coastal vulnerability mapping in the Qingdao coastal area were evaluated in order to
investigate the effect of the accuracy and resolution of coastal topography on the reliability and usefulness of
elevation-based sea-level rise assessments. The results reveal that coastal lowland areas over the JiaozhouBay
are extremely vulnerable in the following years within 21st century with use of high-accuracy TanDEM-X DEM
data, which would be an advantage for further elevation-based dynamic assessments of coastal inundation events
considering storm surges, abnormal high tides, and extreme precipitation events. which would be vital for locally
coastal protection and decision-making.

1 Introduction

Global sea-level rise projections for 2100 between 530 and
970 mm (RCP8.5) and up to about 500–1400 mm, which will
threaten many coastal cities, low-lying islands and coastal
plains on a global scale, even in absence of land subsidence
(Pachauri et al., 2014; Hinkel et al., 2015; Cazenave et al.,
2014; Cazenave and Cozannet, 2014). The alteration and
adaptability of coastal land-cover types to a range of sea-
level-rise scenarios should be geospatially resolved.

Use of high-accuracy and high-resolution elevation data
is an advantage for elevation-based assessments of coastal
inundation events (e.g. storm surges, abnormal high tides,

or extreme precipitation events). Researchers investigating
global changes (e.g. sea level rise, coastline erosions, earth-
quake hazards, and land use change) have an increasing de-
mand for high spatial resolution globally topographic data
(Gesch, 1994).

As the first bistatic SAR Mission, TanDEM-X (TerraSAR-
X add-on for Digital Elevation Measurements) Mission has
been designed to generate three-dimensional images of the
Earth with homogeneous quality and unprecedented accu-
racy (Zink et al., 2014). Since the quality of DEMs varies
spatially in a regional level, TanDEM-X DEM should be as-
sessed quantitatively and used carefully (Wessel et al., 2018;
Rizzoli et al., 2017; Avtar et al., 2015). In this study, we fo-
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cus on the evaluation of TanDEM-X DEMs and evaluate the
potential of TanDEM-X DEM for coastal vulnerability map-
ping in the Qingdao coastal area, East China, in order to in-
vestigate the effect of the accuracy and resolution of coastal
topography on the reliability and usefulness of elevation-
based sea-level rise assessments.

Firstly, high-resolution TanDEM-X bistatic InSAR-
derived DEMs with pixel spacing of 4 m in Jiaozhou Bay
are collected and generated from Coregistered Single look
Slant range Complex (CoSSC) data. After raw data mosaic-
ing, filling, clipping, datum conversion and projection, eight-
neighbor water connectivity algorithm are used to simulate
flooding event and extract flooded area in the end of 21st
century. The sea level is calculated through adding the storm
surge and sea level rise to the present water level. Then, we
discuss the influence on different administrative division and
land cover over the Jiaozhou Bay.

2 Study area and background

The study area Qingdao is located in the southern part
of Shandong Peninsula (119◦30′–121◦00′ E and 35◦35′–
37◦09′ N) adjacent to the Yellow Sea in the east and south
as depicted in Fig. 1. As an important coastal economic de-
velopment area in Shandong Province and even China, the
study of sea level change in Qingdao is of great significance.
Qingdao is a coastal hilly city with an area of 11 293 km2,
where the terrain is high in the east and low in the west, the
north and south sides are raised and the middle is low con-
cave. Among them, the mountain, hills, plains and depres-
sion respectively accounted for 15.5 %, 2.1 %, 37.7 % and
21.7 % of the city’s total area. The entire Qingdao coastline
is 730.6 km among which 162.2 km is protected by sea wall
and only 31 % (50.7 km) is up to the standard of design storm
surge prevention. The coastal economy vigorously develops
around the bay and the shape of the bay-type city is formed.
At present, five districts of Huangdao City, Jiaozhou City,
Chengyang District, Licang District and Shibei District and
Shinan District are located along the Jiaozhou Bay.

As a regular half-day tide port, there are two climaxes and
two low tides on each lunar day (24 h and 48 min) in the
Qingdao port. The average annual astronomic tidal range is
about 2.8 m. The sea level in August is 0.5 m higher than that
in January. The average tidal level observed by the Dagang
tide station in Qingdao is regarded as the “average sea sur-
face of the Yellow Sea”. In 1987, the average sea surface of
the Yellow Sea measured by the Qingdao tide station from
1 January 1952 to 31 December 1979 was taken as start-
ing face of the national elevation. It is also presumed that
the national elevation of Qingdao Guanxiang Mountain of is
72.260 m. The elevation system established based on the el-
evation starting plane is called the 1985 National Elevation
Reference.

Figure 1. Location of study site with the coverage of TanDEM-X
DEM (three rectangles) and GPS observations (red triangles).

As one of the northern area in China that is under the
threaten of typhoon and extratropical cyclone, there exists
storm surge of varying levels every year. According to China
Sea Level Bulletin (2018), July to September is the sea-
sonal high tidal level period for southern Shandong Province.
When the tropical cyclones moving northward, it is likely to
result in the disastrous high sea level during the superposi-
tion of seasonal high sea level, astronomical high sea level
and storm surge. According to statistics from 1949 to 2013,
typhoons affecting the coastal areas of Qingdao are gradually
decreasing with the dividing line of the early 1980s. How-
ever, the trend of typhoon storm surge in Qingdao coastal
area is increasing year by year. Since the 1980s, typhoon
storm surge disasters in this area have occurred less than four
years on average, whilst serious or particularly serious cases
occur less than eight years on average and the frequency of
disasters at the same level has increased significantly. Dur-
ing the transit of Typhoon No. 9216, the highest tidal level of
storm surge measured at wharf 5 was 548 cm and the maxi-
mum water increase was 113 cm, which was a severe storm
surge disaster.

3 Datasets and Methods

3.1 Elevation datasets

3.1.1 AW3D30

The AW3D30 (ALOS World 3D-30m) data set is a global
digital surface model (DSM) with horizontal resolution of
approximately 30 m (1 arcsec) by the Panchromatic Remote-
sensing Instrument for Stereo Mapping (PRISM) on board
the Advanced Land Observing Satellite “ALOS” (Takaku
and Tadono, 2017).

3.1.2 SRTMGL1

The Land Processes Distributed Active Archive Center (LP
DAAC) released seamless 1 arcsec resolution DEMs as the
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Table 1. Specifications of the DEMs used in this study.

Absolute
Pixel Tile Horizontal Vertical Void Data Byte Delivery Vertical

Name Methodology Coverage Spacing Size Datum Datum Value Type Order Format Accuracy

AW3D30 Photogrammetry Global 30 m 1◦ ITRF97 EGM96 −9999 INT LE Geotiff 5 m
SRTMGL1 InSAR Global 30 m 1◦ WGS84 EGM96 −32 768 INT BE HGT 16 m (LE90)
TDX4 InSAR Local 4 – WGS84 WGS84 NAN FLT LE Geotiff 1.7 m

Table 2. Absolute accuracy for TDX DEM in Qingdao area.

Area DEM-GPS GPS Number Corr. Min Max ME STD RMSE

AW3D30 0.92 −12.67 11.34 −1.80 2.74 3.28
QD SRTMGL1 3094 0.91 −18.63 26.22 −0.77 4.74 4.80

TDX4 0.95 −10.32 13.52 −0.95 1.52 1.79

NASA SRTM v3 collection (also known colloquially as
SRTM Plus, hereafter named SRTM3) on 20 November 2013
(NASA, 2013).

3.1.3 TDX4

TanDEM-X (TerraSAR-X add-on for Digital Elevation Mea-
surements) is an Earth observation radar mission that con-
sists of a SAR interferometer built by two almost identical
satellites flying in close formation (Zink et al., 2014). In this
study, we generate 4 m TanDEM-X DEMs (TDX4) with ref-
erence to the WGS84 ellipsoid processed from four CoSSC
(Coregistered Single look Slant range Complex) scenes in
StripMap mode. Since the CoSSC data are already coregis-
tered, the main steps for DEM generation are the following:
interferogram generation, phase removal, phase unwrapping,
absolute phase calibration and geocoding.

3.2 Datum conversion

AW3D30, SRTMGL1 and TDX4 DEMs were used to delin-
eate coastal areas of the Jiaozhou Bay as depicted in Table 1.
In order to make a consistent comparison, all DEMs must
refer to the same horizontal coordinate system and vertical
datum (Li et al., 2016, 2013). We assessed the absolute verti-
cal accuracy with a RMS difference of 1.7 m and mean error
of −0.9 m by comparing with 3094 ground control points
(GCPs) from high-accuracy GPS observation that is shown
in Table 2.

3.3 Inundation model

A static linear addition by expansion method with Python
Version 3.5 was employed as the future inundation model.
The algorithm performs iterative cell-by-cell analysis of
DEMs to select all cells with elevation values less than or
equal to a particular value, and with locations adjacent or
connected by cells of equal or lesser value to the sea (Ciro

Aucelli et al., 2017). We note that surface subsidence pub-
lished can be neglected in Qingdao area due to geologi-
cal structure in Qingdao area covered with stable granite
batholith.

3.4 Sea level rise scenarios

According to previous study, there is a systematic error of
35 cm between EGM96 and the National Vertical Datum
1985 in the Dagang Tidal Gauge station, which was added in
the formula of elevated sea level in the end of 21st century.
Storm surge value of 326 cm was determined from the “Shan-
dong Provincial Coastal Warning Tide Level Verification” is-
sued in 2018, while the annual extreme water level sequence
was firstly established from the Xiaomai Island gauge sta-
tion and the 5th Wharf gauge station. Then according to the
type I extreme value distribution. According to the Climate
Change Risk Assessment-Developing Indicators of Climate
Risk (Pachauri et al., 2014), the potential long-term flood
height at the end of the 21st century caused by the worst sea
level rise scenario was estimated to be about 109 cm. There-
fore, an extreme projected sea level of 470 cm can be calcu-
lated from the above. We use an interval of 50 cm to represent
other different scenarios in the end of 21st century.

3.5 Risk map generation

The mean sea level (m.s.l.) computed in Sect. 2.4 and DEMs
were used as inputs to a python-based eight-connectivity
algorithm. A random selected seed was selected in the
Jiaozhou Bay and pointed the projected sea level value. Value
of pixels lower than projected sea level with connections to
the Jiaozhou Bay directly or indirectly would be flooded.
Then outputs were transformed to raster overlapping with
Shandong municipal boundaries from national geospatial in-
formation service platform MAPWORLD. The municipal
boundary shapefiles that delineate the extent of legally de-
fined boundaries of governmental units used in censuses and
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Figure 2. Inundation map with scenario (a) 2.7 m, (b) 3.7 m, (c) 4.7 m a.m.s.l. and three different DEMs.

Figure 3. Histogram of the inundated percentage of Qingdao coastal zone generated on TDX4.
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Table 4. Comparison between different landcover.

Sea Level Rise

Total
Land Use area Up to Up to Up to Up to Up to
Types (km2) +2.7 m above +3.12 m above +3.7 m above +4.2 m above +4.7 m above

Constructed Wetland 135.24 65.31 (48.29 %) 81.78 (60.47 %) 107.58 (79.55 %) 119.38 (88.27 %) 124.47 (92.04 %)
Farmland 163.95 3.29 (2.07 %) 4.78 (29.16 %) 11.04 (6.73 %) 16.51 (10.07 %) 19.83 (12.1 %)
Rural Land 52.2 0.09 (0.17 %) 0.15 (0.29 %) 0.68 (1.3 %) 1.3 (2.49 %) 2.17 (4.16 %)
Sea Filling of Port 42.87 5.45 (12.71 %) 6.6 (15.4 %) 9.05 (21.11 %) 12.02 (28.04 %) 17.95 (41.87 %)
Urban Land 195.16 0.29 (0.15 %) 0.78 (0.4 %) 3.44 (1.76 %) 5.68 (2.91 %) 10.47 (5.36 %)
Industrial Land 41.12 1.23 (2.99 %) 3.15 (7.66 %) 8.65 (21.04 %) 11.55 (28.09 %) 13.46 (32.73 %)
Mountainous Area 58.56 0 0 0 0 0.02 (0.03 %) 0.03 (0.05 %) 0.04 (0.07 %)
Leisure Area 17.54 1.03 (5.87 %) 1.69 (9.64 %) 2.63 (14.99 %) 6.76 (38.54 %) 8.07 (46.01 %)
Silty Mud Intertidal Zone 65.65 60.35 (91.93 %) 63.65 (96.95 %) 64.04 (97.55 %) 64.26 (97.88 %) 64.42 (98.15 %)
Sand Gravel Intertidal Zone 3.76 3.12 (82.98 %) 3.16 (84.04 %) 3.27 (86.97 %) 3.44 (91.49 %) 3.52 (93.62 %)
Continental Water Region 26.59 9.1 (34.22 %) 9.09 (34.19 %) 11.98 (45.05 %) 17.6 (66.19 %) 18.69 (70.29 %)

survey program are used to calculate the flooded area in each
administrative division in GIS environment. The results are
depicted in Figs. 2 and 3.

4 Results and Discussion

4.1 Comparison between different DEMs

The TDX4 DEM delineates a more detailed inundation map
and smaller flooded areas compared with other DEMs in all
scenarios. With elevated sea level of 2.7 m above the present
m.s.l., it is obvious that a bridge cutting off the connectivity
in the high resolution TDX4 leads to underestimates of the
inundation area.

4.2 Comparison between different administrative
divisions and landcover

The inundated percentage under different scenarios are pre-
sented in Fig. 3, Tables 3 and 4. The statistics clearly reveals
that both Chengyang district and Jiaozhou city with major-
ity of silty mud and sand gravel intertidal zone as well as
constructed wetlands are extremely vulnerable owning to the
flat banks along the Dagu River and the Moshui River, whilst
Shinan and Shibei districts are less affected due to artificial
ports and rocky coasts. However, tourism in all the above
highly populated regions depend on the coastal beach. There-
fore, the government should pay more attention to avoid se-
vere economic loss.

5 Conclusions

The potential of TanDEM-X DEM for coastal vulnerability
mapping in the Qingdao coastal area were evaluated in or-
der to investigate the effect of the accuracy and resolution
of coastal topography on the reliability and usefulness of
elevation-based sea-level rise assessments. The results reveal
that coastal lowland areas over the JiaozhouBay, Qingdao,

are extremely vulnerable in the following years within 21st
century with use of high-accuracy TanDEM-X DEM data,
which would be an advantage for further elevation-based dy-
namic assessments of coastal inundation events considering
storm surges, abnormal high tides, and extreme precipitation
events.
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Abstract. To analyze the generation of different ground fissure disasters, two typical ground fissures were se-
lected. With geological survey and exploration data, the spatial characteristics of the Songzhuang and Gaoliying
fissures were investigated. The different occurrence factors for the Songzhuang and Gaoliying fissures were
analyzed based on geological structure and groundwater. The conclusions contain are as follows. The affected
body of the Songzhuang fissure exhibits obvious tensile deformation, and it is not contact with buried faults.
The fracture-affected body of the Gaoliying fissure shows obvious vertical dislocation and shear, and this is
compounded with buried faults. The distribution characteristic of the Songzhuang fissure was controlled by the
tectonics and the normal fault, while the buried fault not only control the distribution feature of the Gaoliying
fissure but also controlled its deformation characteristic. A buried fault is the geological background for the
formation of the Gaoliying fissure. The long-term exploitation of groundwater has caused the horizontal defor-
mation of the soil and the rigid rotation of stratum in the subsidence edge. Both of them are the reason for the
tensile deformation. Due to the activities of buried faults and differential subsidence in small areas, the affected
bodies of the Gaoliying fissure showed vertical dislocation and shear deformation.

1 Introduction

Ground fissure is a kind of geological hazard which directly
or indirectly reduces the environmental quality and endan-
gers the development of human beings and the biosphere,
with potential, slow-changing and instant-like characteristics
(Holzer, 1984). The ground fissures in Beijing appeared after
the Xingtai earthquake in 1965. Statistical results show that
more than 40 ground fissures have been found in the Bei-
jing plain area since the 1960s, and seven ground fissures are
still developing rapidly in the plain area, as shown in recent
investigations (Zhao et al., 2018b).

In the long-term investigation and monitoring of ground
fissures, the author found that there are different manifes-
tations of disaster bodies in Beijing plain area; one type is
mainly horizontal tension, and the other type is mainly ver-
tical dislocation. It was found by field investigation that the
two types of manifestations were unrelated to the type of dis-

aster, having obvious regional characteristics. So what fac-
tors influence this phenomenon, and what are the different
genetic patterns? Do different genetic patterns have an influ-
ence on the future control work?

In this paper, the characteristics and influence factors for
the disaster bodies of two ground fissures with typical disas-
ter phenomena (Gaoliying ground fissure and Songzhuang
ground fissure) are analyzed from the perspectives of re-
gional stress fields, concealed faults and differential subsi-
dence in detail.

2 Ground fissure development characteristics

2.1 Surface distribution and disaster characteristics

The Songzhuang ground fissure developed in the northeast
of Tongzhou district, spreading in the northeastern direction
and starting from Xiaozhong River in the south to Shuangb-
utou village, Gouqu village, Dapang village and Pingjiatuan
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village, with intermittent development and a total length of
8.7 km. The Gaoliying fissure developed at the junction of
Changping and Shunyi, spreading in the northeastern direc-
tion and extending from Baxian village in Changping district
through Wenyu River to Xiwanglu village in Shunyi district,
with intermittent development and a total length of 10 km
(Fig. 1).

In order to fully reveal the different disaster characteristics
of the two fissures, two areas with serious fissure disasters
were selected for comparative analysis of the disaster char-
acteristics of the wall and ground. The analysis results show
that the Songzhuang ground fissures are mainly character-
ized by tensile failure. At the bottom of the wall, there are
vertical cracks and high-angle inclined cracks that extend up-
ward at high angles, and the ground exhibits obvious tensile
deformation. In contrast, the damage caused by the fissure
in the Gaoliying fissure is mainly characterized by vertical
displacement and shear failure. At the bottom of the wall,
oblique cracks are formed at a low (slow) angle, and the wall
is twisted. There is a significant vertical shift on the ground
(Fig. 2).

2.2 Shallow profile characteristics

The shallow structural characteristics of the two ground fis-
sures are obtained by trenching, respectively. In the profile,
Songzhuang ground fissures extend approximately upright,
and the width of the fissure narrow gradually expands from
top to bottom and then disappeared at the bottom, which
looks like a trumpet. Its widest point is at more than 1 m,
and its narrowest point is at about 1 cm. The attitude is ap-
proximately horizontal, and the lithology is mainly silty soil
and silty clay, and there is no obvious dislocation on both
sides of the ground fissure. The main crack is filled with
a large number of secondary deposits whose moisture con-
tent is higher than that of soil on both sides, with an obvious
phenomenon of hydrodynamic erosion. The Gaoliying fis-
sure extends longitudinally inclined to the southeast with a
dip angle of 80◦, which is basically consistent with the at-
titude of the Huangzhuang–Gaoliying fault. A total of nine
strata sets are revealed, which are artificial fill, clay powder,
silty clay, silty sand and sandy silt. The strata staggered by
the ground fissure (one side of the stratum relative decline
is called the upper wall; the other side is called the lower
wall) includes three layers of clayey silt, four layers of silt,
five layers of clayey silt, six layers of medium sand and eight
layers of silty clay, among which the maximum displacement
is 1.24 m belonging to the three clayey silt layers.There are
seven layers of sandy silt absented in the upper wall, and the
thickness of five silt layers in the upper wall is less than that
of the lower wall (Jia et al., 2007).

3 Analysis of influencing factors

A large number of research results show that earthquake, hid-
den faults and groundwater dynamic factors are the main
factors affecting the formation and development of ground
fissures in Beijing. In this section, the response of differ-
ent factors to the characteristics of ground fissure disasters
is systematically analyzed by using long-sequence monitor-
ing data and synthesizing field investigation results.

3.1 Regional stress

Under the combined influence of subduction of the Pacific
plate and northward migration of the Qinghai–Tibet block,
the North China Plain is in an approximately east–west
compressive stress field. The Nanyuan–Tongxian fault and
Huangzhuang–Gaoliying fault developed in the Beijing plain
and are northeast-trending distributed faults, which generate
a dextral torsion by the compression of east–west-trending
tectonic stress (Xu, 2012). Under the regional stress, the
ground fissure that developed over the conceal fault possess
the dextral deformation feature in Beijing. Therefore, the re-
gional stress affects the deformation of ground fissure.

3.2 Concealed fault

The field investigation results show that the underlying
Nanyuan–Tongxian fault has a certain controlling effect on
the development of Songzhuang ground fissures because the
Songzhuang ground fissures are concentrated in the upper
wall of the Nanyuan–Tongxian fault and the dominant trend
is northeastern, which is consistent with that of the Nanyuan–
Tongxian fault.

The latest active period of the Nanyuan–Tongxian fault
was in the late Pleistocene and not the Holocene. The ex-
ploration results reveal that the Songzhuang ground fissures
are developed in Holocene strata at a depth of 0–17 m and
have no reconnecting compound relation with the Nanyuan–
Tongxian fault (Zhao et al., 2018a).

Based on the analysis of prospecting trench profile infor-
mation and monitoring data, it is shown that the Songzhuang
ground fissures are characterized by both horizontal tension
and horizontal dextrality, while the Nanyuan–Tongxian fault
is characterized by vertical stratum dislocation. The average
vertical activity rate is 0.2 mm a−1 in the latest active period,
which was the late Pleistocene (Zhao et al., 2018b). There-
fore, in terms of main deformation, there is a great difference
between them.

The disaster bodies of ground fissures in Gaoliying are lin-
early distributed, and the influence range of ground fissures
is relatively small. The strike of ground fissures is consis-
tent with that of the Huangzhuang–Gaoliying fault (northern
Qijia–Gaoliying section). The results of trench exploration
reveal that the fissures in Gaoliying are reconnected with
Huangzhuang–Gaoliying fault. In other words, the ground
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Figure 1. The location of Songzhuang ground fissures and Gaoliying ground fissures (a); work layout of Gaoliying fissures (b); work layout
of Songzhuang fissures (c).

Figure 2. Hazard of Songzhuang ground fissures (a) and Gaoliying ground fissures (b). The photos in this figure are from Zhao et al. (2018b).

fissures in Gaoliying are the result of the extension and devel-
opment of the Huangzhuang–Gaoliying fault and its surface
performance.

From the monitoring data, it is known that vertical disloca-
tion of ground fissures is the main deformation feature. The
spatial distribution of ground fissures decreases in the south-
east and rises in the northwest. The Huangzhuang–Gaoliying
fault, a Holocene active fault, has the fault pattern in which

the southeast disk descends, while the northwest disk rises
and is a positive fault property. The results are relatively con-
sistent from the perspective of main deformation characteris-
tics.

The average vertical activity rate of the Holocene is
known to be 0.10 mm a−1 from the borehole data of
the Huangzhuang–Gaoliying fault (northern Qijia–Gaoliying
section) (Zhang et al., 2017). The average vertical activity
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rate of ground fissures is 8.1 mm a−1 (2009–2017), as ob-
tained from the ground fissure monitoring data. Obviously,
the deformation rate of the two is at least 1 order of mag-
nitude different. From the viewpoint of deformation rate, the
deformation rate of Gaoliying ground fissures is much higher
than that in the Huangzhuang–Gaoliying fault.

3.3 Groundwater power

A large number of scholars have shown that the ground sub-
sidence caused by groundwater exploitation leading to lo-
cal stress field changes is an important factor leading to the
formation of ground fissures (Tian et al., 2017; Yang et al.,
2014). The results of InSAR (interferometric synthetic aper-
ture radar) monitoring in 2014 are shown in Fig. 3; the in-
terpretation results were tested by level and GPS at a single
point, and the maximum correlation coefficient is 0.889. It
can be seen that the two fissures both developed on the edge
of the ground settlement funnel, where there is a significant
differential settlement. As the sedimentation rate from A to
A′ presents a trend of decreasing fluctuation and the defor-
mation gradient is between positive and negative as shown
in Fig. 3a, the Songzhuang ground fissures are developed
in areas with a steep subsidence rate and large gradient of
surface deformation. Figure 3b shows that the sedimentation
rate from B to B ′ presents a trend of decreasing fluctuation,
and the deformation gradient is between positive and nega-
tive, showing that the ground fissures in Gaoliying are also
developed in the areas with a steep subsidence rate and large
gradient of surface deformation.

The spatial distribution of ground subsidence and ground-
water depression in the Beijing plain has a good consistency
(Tian et al., 2017), so the two ground fissures are developed
simultaneously at the edge of groundwater depression; that
is, the groundwater affects the development of ground fis-
sures to a certain extent.

The following points are specifically analyzed, firstly, as a
vertical deformation of the soil layer caused by water level
depression. The long-term continuous and concentrated ex-
ploitation of groundwater results in the differential compres-
sion of the strata from the mining center outward. The for-
mation rigid will be reversed (Bouwer, 2010), and the tensile
failure will be formed on the surface when the accumulated
amount exceeds the tensile strength of the soil, as the tensile
stress is concentrated and accumulated continuously at the
edge of the settlement. Secondly, under the action of seepage,
on the one hand, with the water flow velocity increasing, the
loose fine particles in the dual-structure soil layer are washed,
and a large number of fine sand particles are taken away, re-
sulting in a change of the original stress state of the aquifer
caused by a large number of voids in the aquifer (Yang et al.,
2014). On the other hand, the horizontal compression of the
aquifer occurs due to viscous dragging of the original aquifer
skeleton (Helm, 1994). Based on the Darcy–Gersevanov gen-
eralized relation, combined with the volume permeability re-

lationship (Eq. 2) and the osmotic force relationship (Eq. 3),
the combined Eqs. (1), (2) and (3) can obtain Eq. (4), indicat-
ing relationships between the radial average flow velocity of
solid particles, the osmotic force and the hydraulic gradient,
and the horizontal compression of the soil in the aquifer.

q = n (Vw−Vs)= k
∂h

∂r
, (1)

where Vs is the flow velocity of water, Vw is the flow velocity
of water, n is the aquifer porosity, k is the aquifer permeabil-
ity coefficient and ∂h

∂r
is the radial hydraulic gradient.

qb = nVw+ (1− n)Vs, (2)

where Vs is the flow velocity of solid particles, Vw is the flow
velocity of water and qb is the volume flow of pore water
and solid particles passing through radial unit cross section
in unit time.

Fb = (ρg/K)qb, (3)

where Fb is the osmotic force per unit volume, ρ is the water
density, g is gravity acceleration and K is the aquifer con-
ductivity tensor.

Vs =
Fb

ρg/K
− k

∂h

∂r
, (4)

where Vs is the flow velocity of solid particles, Fb is the os-
motic force per unit volume, ρ is the water density, g is grav-
ity acceleration, K is the aquifer conductivity tensor, k is the
aquifer permeability coefficient and ∂h

∂r
is the radial hydraulic

gradient.
The horizontal movement rate of soil particles is affected

by the permeability coefficient and hydraulic gradient as
shown in Eq. (4); the horizontal movement rate of soil parti-
cles is different because of the complexity of the groundwa-
ter system. Because of the differential horizontal movement
rate, tension stress is formed in the soil layer, and the accu-
mulation of tension stress is released in the weak place of the
ground surface, which leads to the appearance of the tension
failure of ground fissures.

4 Conclusions

Songzhuang ground fissures and Gaoliying ground fissures
both developed in the Beijing plain area, but their manifes-
tations of shallow-section characteristics are quite different.
There is obvious stretching deformation in the disaster bodies
of Songzhuang ground fissures; the fissures extend vertically
near the surface in the shallow, with a small extension depth,
and the fissures are not reconnected with concealed faults.
The disaster bodies of ground fissures in Gaoliying are char-
acterized by significant vertical dislocation and shear failure.
Ground fissures extend from the surface in the shallow sec-
tion with a large extension depth and dislocation of strata,
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Figure 3. Rate of land subsidence measured by InSAR in the ground fissures and deformation characteristics.

and the fissures are reconnected with concealed faults in the
deep section.

The formation of ground fissures in Songzhuang is con-
trolled by both internal and external dynamic geological pro-
cesses. Important fissure initiation conditions for the devel-
opment of ground fissures in Songzhuang are provided by
the ground fracture zones formed by regional stress field and
normal fault dragging. The inducing condition for the de-
velopment of Songzhuang ground fissures is the long-term
sustained and concentrated exploitation of groundwater, re-
sulting in differential horizontal movement of soil particles
under seepage as well as the rigid inversion of strata at the
subsidence margin. This is the main reason for the horizontal
tension deformation of the affected bodies.

The formation of ground fissures in Gaoliying is con-
trolled by both internal and external dynamic geological
processes. Concealed faults provide an important geological
background for the formation of ground fissures in Gaoliy-
ing. The one inducing condition for the development of
Gaoliying ground fissures is the long-term sustained and con-
centrated exploitation of groundwater, resulting in the differ-
ential horizontal movement of soil particles under seepage as
well as the rigid inversion of strata at the subsidence margin.
This is the main reason for the horizontal tension deforma-
tion of the affected bodies. The other inducing condition for
the development of ground fissures in Gaoliying is the differ-
ential subsidence and concealed fault activity in a small area.
These are important reasons for the vertical dislocation and
shear deformation of the disaster bodies.
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Abstract. Water authorities responsible for water quantity and water quality management may strongly influ-
ence the magnitude of greenhouse gas emissions from the surface waters and the adjacent peat areas within
their territories. Climate smart water management (reducing influx of organic matter and improving water qual-
ity) is therefore a potentially strong mitigation tool. We hypothesize that climate smart water management has
a stronger mitigation potential than reducing emissions from the operational management of a Water Author-
ity. Based on literature data on greenhouse gas emissions from ditches and agricultural peatlands, we present
a case study of a Dutch Water Authority – Amstel, Gooi and Vecht (operated by Waternet). We estimate that
greenhouse gas emissions from the 195 km2 large peat area within its territory are 470 kt CO2-eq per year. An
additional 231 kt CO2-eq yr−1 is emitted from the water bodies within the 102 km2 large water area territory.
Both emissions are considerably higher than the estimated climate footprint of the operational management of
the water board (∼ 62 kt CO2-eq per year in 2017). While Waternet strives to have a net zero emission of green-
house gases related to its operational management by 2020, we postulate that measures (to be taken before 2030)
such as the prevention of organic matter and nutrients entering surface waters, the removal of organic carbon
from ditches and higher groundwater levels in agricultural peatlands, may reduce greenhouse gas emissions in
ditches and agricultural peat meadows with 26 and 27 kt CO2-eq per year, respectively. Measures that are taken
to reduce greenhouse gas emissions in water bodies are expected to have a positive impact on water quality as
well.

1 Introduction

In line with the Paris agreement of 2015, the Dutch gov-
ernment aims to reduce greenhouse gas (GHG) emissions
(Government of the Netherlands, 2019). The work of the
Dutch water boards, responsible for water quantity and wa-
ter quality management, influences aquatic and terrestrial
GHG emissions. However, the Dutch water boards currently
are not responsible for dealing with GHG emissions from
the water systems they manage. Nevertheless, the Dutch
waterboards support climate-change mitigation. The Dutch
waterboards have set ambitious goals for energy efficiency
(more than 30 % reduction in energy use in 2020 compared
to 2005) and renewable energy production (the goal is to be
40 % self-supporting in 2020) (Goorts and Kolkuis Tanke,

2018). Waternet works for the regional water authority Am-
stel, Gooi and Vecht (AGV) and for the municipality of Am-
sterdam for water-tasks. Activities conducted by Waternet in
the realm of the water cycle in and around Amsterdam re-
sult in GHG emissions. Waternet aims to become a net zero
emitter of GHGs in 2020 (van der Hoek, 2012). In 2014 the
climate footprint of Waternet was calculated as 50 kt CO2-
eq yr−1. To realize the net zero emission ambition, it was de-
cided that measures are required to lower the emissions or to
compensate them.

In the climate footprint of the water boards, the emissions
in the environment (water bodies and peatlands) are normally
not taken into account. These emissions are potentially high.
In 2017, the emissions from the decrease in carbon stored in
peat soils and peaty soils in The Netherlands were reported as

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.



636 A. M. Motelica-Wagenaar et al.: The potential impact of measures taken by water authorities

6.4 Mt CO2-eq, which represents 3.2 % of the CO2-emission
in the Netherlands (RIVM, 2019). The emissions of water
bodies have not yet been included in the terrestrial GHG bal-
ance, but these are potentially high as well (Bastviken et al.,
2011). Currently, the magnitude of the emission from inland
water has a high uncertainty. In the Netherlands, the num-
ber of measurement locations is limited and the existing data
is predominantly from peat areas (Koschorreck et al., 2020;
Schrier-Uijl et al., 2011; Vermaat et al., 2011).

We hypothesize that climate smart water management has
a stronger mitigation potential than reducing emissions from
the operational management of a Water Authority. In this pa-
per, a case study of Waternet’s GHG emissions is investi-
gated. Questions that are posed include: what are the present
GHG emissions in ditches, shallow waters and peat mead-
ows? What is an achievable possible reduction in GHG emis-
sions by 2030 in the area of Water authority of Amstel, Gooi
and Vecht? How do these reductions relate to their own com-
pany emissions and other emissions in the water management
area?

2 Material and methods

2.1 Estimation of operational management related
GHG emissions

The climate footprint of the business operations of AGV con-
sists of Scope 1, 2 and 3 emissions. These emissions are de-
rived from consumption of natural gas, transport fuels and
process-related emissions (Scope 1), consumption of heat
and electricity (Scope 2), consumption of chemicals, mate-
rials for building, transport of residuals, transport of employ-
ees (home-work and business transport by own cars or public
transport), travelling by plane and outsourced maintenance
of the water system (Scope 3). Methods applied in this paper
are largely consistent with the “klimaatmonitor” of the Dutch
water authorities (Goorts and Kolkhuis Tanke, 2018) and the
calculation method developed for drinking water companies
(Snip and Oesterholt, 2019). N2O emissions are multiplied
by a factor 265 (g g−1 CO2-eq/N2O) and CH4 emissions are
multiplied by factor 28 CO2-eq/CH4 (g g−1) comprise the
global warming potential of a 100-year time horizon (IPCC,
2014).

The direct process related emissions at the waste water
treatment plant (wwtp) and effluent of N2O and CH4 are
based on measurements of N-load and Chemical Oxygen De-
mand (COD) and default emission intensities general num-
bers (Frijns et al., 2008). Besides, N2O emissions are mea-
sured at wwtp Amsterdam-West.

2.2 Estimation of GHG emissions from surface waters

The total area of the water bodies within the territory of
Waternet was derived from the national Dutch database
(BGT watervlakken). Water types within the territory area

(ditches, lakes, canals and ponds) are distinguished based on
morphology, soil type and expert judgement in line with the
Water Framework Directive (Elbersen et al., 2003). For these
water types GHG emissions are estimated as described be-
low. Methane emissions are estimated for all water types,
carbon dioxide emissions are estimated for dirched, lakes and
ponds only. No nitrous oxide emissions are estimated, due to
a lack of data. For each type of water body, the total area is
multiplied by an emission factor.

The emission factors of diffusive GHG emissions in
ditches and lakes are determined based on the mean
methane and carbon dioxide diffusive flux measurements
in West-Netherlands by Schrier-Uijl et al. (2011). The
mean day-time summer GHG diffusive emissions in these
studies were 25 and 2.8 mg CH4 m−2 h−1 and 124 and
53 mg CO2 m−2 h−1 for ditches and lakes respectively on
peat soils. Notably these emissions had a large standard de-
viation. These numbers are used for all soil types in our ap-
proach, though there may be differences in GHG emissions
between soil types. Subsequently, we adjusted these day-time
summer emission intensities to account for potential diel and
seasonal variation as follows.

Diffusive methane and carbon dioxide emissions – Lower
GHG emissions in the night and in the winter are expected
due to decreased temperatures (Schrier-Uijl et al., 2011; Ver-
maat et al., 2011; Van der Nat et al., 1998; Xing et al., 2004).
However, diffusive emissions have also been found to in-
crease during the night (Harisson et al., 2005). To obtain a
conservative estimate of average diel emissions we multi-
plied day-time diffusive fluxes with 2/3 (based on Schrier-
Uijl et al., 2008). In addition, we assumed summer emissions
to account for 70 % of total year-round CH4 and CO2 emis-
sions in ditches (Schrier-Uijl et al., 2011). For lakes, these
GHG emissions corrections are not performed, as the temper-
ature in lakes is more stable than in ditches. Besides, higher
CO2 emissions were found in winter than in summer in lakes
in Denmark (Trolle et al., 2012).

Ebullitive CH4 emissions – the emission of methane
through ebullition is often higher than diffusive emissions
(Aben et al., 2017; Davidson et al., 2018; Van Bergen et al.,
2019), but reliable data is scarce (Aben et al., 2017). To ob-
tain a conservative estimate we assumed ebullition to account
for 50 % of total methane emissions from ditches and lakes
(Vermaat et al., 2011; Wu et al., 2019).

Total GHG fluxes from ditches and lakes are assumed to
be 33 and 18 tCO2-eq ha−1 yr−1 respectively. These emis-
sion factors compare well with fluxes determined based on
measurements in Dutch peatland water bodies of 35 t CO2-
eq ha−1 yr−1 (Vermaat et al., 2011).

Methane estimated emissions from canals are based on
general numbers of 11.6 t CO2-eq ha−1 yr−1 as provided by
IPCC (2019).

GHG emissions from ponds were estimated with an emis-
sion factor of 34 t CO2-eq ha−1 yr−1, based on measure-
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ments in a Dutch urban pond in the province of Gelderland
(Van Bergen et al., 2019).

2.3 Estimation of GHG emissions from agricultural
peatlands

The estimated emissions in the agricultural grassland on peat
are based on the relation with the average ground water levels
and corrected for clay layer (Jurasinski et al., 2016; Troost et
al., 2018).

2.4 Potential effect of water management measures to
reduce GHG emissions

Mesocosm experiments show a distinct effect from nutrient
loading, with a two-fold increase in (diffusive and ebullition)
methane emissions from high nutrient lakes compared to low
nutrient lakes (Davidson et al., 2018). Therefore, we assume
that a reduction in nutrient loading can reduce methane emis-
sions by 50 % in eutrophic water bodies.

We assume that ditch depth is inversely related to methane
emission intensity, since the shallowing of ditches is almost
always caused by the deposition of organic matter fueling
methane production, either by strong run-off from the land
and erosion or by a strong primary production or both, com-
bined with a lack of ditch management. In most cases, ar-
eas with shallow peat ditches are also richer in phosphorus
(Van Rotterdam et al., 2019). We assume that methane emis-
sions in shallow eutrophic peat ditches can be reduced by
50 % by 2030 as a result of dredging and consequent deep-
ening of the ditch. The residual emission of the organic mat-
ter/sludge removed from the ditch (and partly probably emit-
ted as CO2 instead of CH4), is not taken into account.

The potential GHG emissions reduction by water man-
agement measures in other water bodies (lakes, canals and
ponds) is not quantified.

The potential of lowering the emissions in agricultural peat
meadows by 2030 are determined for four measures: a strong
raise of groundwaterlevel up to 10 cm below surface (paludi-
culture), 20 cm higher ground water level from 1 April un-
til 1 October, subsurface irrigation by submerged drains and
nature development (for the latter measure, it is assumed that
nature is a net-zero greenhouse gas emitter). The possible
GHG emission reduction for each measure was derived from
the relation of mean ground water level and GHG emission
(Jurasinski et al., 2016; Troost et al., 2018). The total area
where the measures can be taken are based on expert judge-
ment at Waternet.

Table 1. Estimation of methane emissions in water bodies in the
water management area of AGV.

Water body Emission Area Total
factor [ha] emission

[t CO2-eq [kt CO2-
ha−1 yr−1

] eq yr−1
]

Ditches 33 3540 118
Lakes 18 4753 88
Canals 11.6 1710 20
Ponds 34 171 6

Total 10 174 231

3 Results and discussion

3.1 Estimation of operational management related
GHG emissions

As previously indicated the 2014 emission of AGV was es-
timated to be 50 kt CO2-eq yr−1. To become a net-zero emit-
ter by 2020 the implementation of several measures are con-
templated. It should be noted, however, that since 2014 it
has become apparent that the actual emissions of AGV are
higher than previously estimated. In 2017, the climate foot-
print is about 62 kt CO2-eq (see Fig. 1). This is despite var-
ious measures like energy consumption reduction and solar
energy production.

The overall emissions went up largely because of high
N2O emissions measured at wwtp Amsterdam-West. These
emissions were high due to maintenance in this period
(28 kt CO2-eq). Besides, the analysis of emissions is updated
and more complete in 2017 than it was in 2014. For the direct
process related emissions, the analysis includes all wwtp’s of
AGV instead of only wwtp Amsterdam-West. Emission fac-
tors were used to estimate emissions from the other wwtp’s
of Waternet.

3.2 Estimation of GHG emissions from surface waters

Total GHG emissions from water bodies in the AGV wa-
ter management area are estimated to be about 231 kt CO2-
eq yr−1 (see Table 1). The highest surface area of water bod-
ies are lakes (both shallow and deep), but following our as-
sessment, the majority of the methane emissions take place
in ditches (see Table 1).

The water management area of AGV consists of about
35 million m2 ditches (of which 24 million m2 in peat areas
and 11 million m2 in sand/clay soil). The median water depth
is 33 cm. GHG emissions in these ditches are estimated based
on measurements in the West of Netherlands in peat ditches.

The IPCC Refinement of 2019 uses another standard emis-
sion factor for methane emissions from ditches (and canals)
and ponds of 11.6 and 5.12 t CO2-eq ha−1 yr−1, respectively
(which is 3 and 4-fold lower than our emission factors, re-
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Figure 1. Climate impact and opportunities regional water authority Amstel Gooi and Vecht (AGV). Figure 1 was created by © Waternet.

spectively) (IPCC, 2019). These emission factors are used
world-wide (IPCC, 2019). If these emission factors are used,
the methane emissions of ditches and ponds in the water
management area of AGV would be “only” 41 and 1 kt CO2-
eq yr−1, respectively. However, in the IPCC Refinement, it is
stated that good practice includes the development of coun-
try specific emission factors (IPCC, 2019). We argue, that
the emission factors in this paper are more representative for
the GHG emissions from ditches and ponds in the AGV wa-
ter management area than the IPCC emission factors. The
principle reason is that our emission factors are based on
GHG emissions measurements in ditches and lakes in the
West of the Netherlands and in a Dutch pond, whereas the
IPCC emission factors are based on emissions from ditches
and ponds worldwide.

More than half of the ditches in the area of Waternet are
shallow eutrophic or hypertrophic. About 20 % of the ditches
are hypertrophic (duckweed cover > 10 %). A 50 % reduc-
tion of methane emissions in half of the ditches may imply a
reduction of about 26 kt CO2-eq yr−1.

Methane emissions can be reduced by removing the
sludge, but a more sustainable plan would be preventing
organic matter from reaching the ditches. This can be ac-
complished either by limiting fertilizers (from both sludge
and from fields) and inflow of nutrient-rich water and thus
limiting the primary production (plant growth, algae) in the
ditches. In addition, it is important to slow down or stop the
degeneration of nearby (peat) soils, which causes the ditch to
fill over time (via run-off) with sludge. Improved submerged
vegetation and increased depth will both cause a drop in the
temperature of the water and will cause (more) oxygen to
reach the sludge via the roots of the plants. All these factors
are assumed to reduce the emissions of methane and CO2.

As pointed out earlier, the estimation of methane emis-
sions in ditches is still highly uncertain. To which extent the
emissions can be reduced is even more uncertain.

Our assumption that methane emissions will be lowered
due to measures targeting a reduction in nutrient loading, for
instance, is based on mesocosm experiments (Davidson et
al., 2018). In the field, however, so far no consistent differ-
ences in methane emissions from eutrophic and mesotrophic
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ditches have been found (Schrier-Uijl et al., 2011). We ex-
pect, that this lack of field evidence for the impact of trophic
state is likely due to large spatial variations. Although we
aimed to be conservative in our estimates, this example high-
lights that our estimated potential to lower the methane emis-
sions may be overestimated. On the other hand, the tem-
perature induced increase of methane emission will likely
strongly increase future methane emissions (Davidson et al.,
2018).

Although lakes and canals also fix carbon internally via
photosynthesis, lake metabolism is generally a net source of
CO2 and CH4 (Sanches et al., 2019; Huttunen et al., 2003).
Environmental factors, such as the external organic and nu-
trient loads, temperature and precipitation act as important
driving factors for CH4 emissions. Higher emissions occur
where nutrient loading and air temperature and precipitation
are high (Sanches et al., 2019; Huttunen et al., 2003). Nu-
trient loading increases primary production in aquatic sys-
tems. Plant biomass decaying under anoxic circumstances in
the sediment can increase CH4 release from lakes to the at-
mosphere. The carbon dioxide fluxes are higher from reser-
voirs and lakes whose catchment areas are rich in peatlands
or managed forests, and from eutrophic lakes in compari-
son to oligotrophic and mesotrophic sites (Huttunen et al.,
2003; Deemer et al., 2016). Within the management area of
AGV, numerous measures are implemented to reduce nutri-
ent loading to lakes and canals and to improve their water
quality. These measures will also reduce methane emissions
from canals and lakes. However, this reduction is not quanti-
fied in this study.

Ponds constitute only about 2 % of the total water manage-
ment area of AGV. However, the GHG emission factor used
for this water body is relatively high, compared to lakes (see
Table 1).

Urban ponds often receive a lot of organic matter (like
drainage ditches) from run-off, street- and roof water, and
adjacent water bodies. These ponds are subject to leaves, lit-
ter and dog/bird droppings and sometimes even sewage af-
ter heavy rainfall. Methane emissions can be reduced by im-
provement of the roof- and streetwater sewage system (re-
ducing first flush in case of heavy rain).

3.3 Estimation of GHG emissions from agricultural
peatlands

The water management area of AGV consists of about
19 400 ha agricultural peat meadows, which emit about
470 ktCO2-eq yr−1 (mainly due to oxidation as a conse-
quence of drainage) (Troost et al., 2018; Van den Born et
al., 2016). The average emission for drained peat meadows
is about 24 t CO2-eq ha−1 yr−1.

Higher groundwater levels in part of the management area
of AGV (rewetting of peatland) may reduce these emissions
by about 27 kt CO2-eq yr−1 by 2030 (see Table 2).

Table 2. Calculation of total possible GHG reduction until 2030 for
the agricultural peat meadow in the water management area of AGV.

Measure GHG Area Total
reduction [ha] GHG
[t CO2-eq reduction

ha−1 yr−1
] [kt CO2-

eq yr−1
]

(1) Paludiculture 15 300 4.5
(2) Higher summer groundwater level 5 500 2.5
(3) Submerged drains 0.165 1500 0.25
(4) Nature 20 1000 20

Total 27.25

Transformation from normal agricultural land to paludi-
culture could be applied at the lowest parts of peat-polders.
These lowest parts are in general equipped with extra pumps
to keep the meadow dry. It would take little technical effort
(mainly switching off the pumps and place some extra weirs)
to start paludiculture here. It is estimated that 300 ha could be
transformed to paludiculture. These areas have relatively low
water levels with high GHG emissions. Therefore, the GHG
reduction of 15 t CO2-eq ha−1 yr−1 is a conservative estimate
(Geurts and Fritz, 2018).

It is expected that a 20 cm higher groundwater level typi-
cally measured from 1 April until 1 October will lead to a
10 cm higher mean annual ground water level, which will
lead to an emission reduction of about 5 t CO2-eq ha−1 yr−1.
This could take place at about 500 ha which is a conserva-
tive estimate, though it would require changes in the current
water management practice. Higher ground water levels are
reached by higher water levels in ditches (sometimes water
levels will have to be raised more than 20 cm, especially in
infiltration areas, alternatively one could dig more irrigation
ditches). This could lower the production of the grass and
thus have impact on the business of the farmer.

The total potential area for subsurface irrigation by sub-
merged drains has been determined to be about 4500 ha.
In this analysis it is assumed that in 1/3 of the potential
area these drains can be implemented. The estimation of the
GHG reduction is small for this measure, as the potential
is based on the difference of the mean annual groundwater
level. The subsurface irrigation by submerged drains leads to
higher groundwater levels in summer and lower groundwa-
ter levels in winter, therefore the mean annual groundwater
level is hardly affected. If this irrigation is carried out with
active pumping, the emissions of GHG may be reduced by
as much as 63 % (Hoving et al., 2018). Subsurface irrigation
with pumps has little or slight positive effect on the produc-
tion on the grassland, but requires an investment of about
EUR 2600 per ha (Hoving et al., 2018). Agricultural use re-
mains unchanged.

The transformation of agricultural land to natural habitat
is assumed to make the GHG emissions climate neutral. In
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the Dutch climate agreement (“klimaatakkoord 2019”) it is
stated that 10 000 ha agricultural land will be transformed to
natural habitat. The water management area of AGV emits
about 10 % of the national emission of agricultural peat
meadow. Therefore, in this analysis, it is assumed that in the
water management area of AGV, 1000 ha is transformed to
natural habitat. It is assumed that the wetter peat soils (with
lower GHG emissions than average) are first transformed to
natural habitat, therefore the estimation of the GHG emission
is assumed to be lower than 24 t CO2-eq ha−1 yr−1 (which is
the mean GHG emission of the agricultural peat meadow in
the AGV water management area). In Table 2, we present
a reduction of 20 t CO2-eq ha−1 yr−1 in case of transforma-
tion to nature, which we derived from both “klimaatakko-
ord (2019)” and Schrier-Uijl et al. (2014). Schrier-Uijl et
al. (2014) measured a reduction of 20.4 t CO2-eq ha−1 yr−1.
They compared rewetted nature (net CO2 sink) with tradi-
tional peat meadow (net emission).

For measures 2 and 3 (higher summer ground water level
and the subsurface irrigation by submerged drains), the GHG
reduction potential is underestimated because the reduction
is calculated on the basis of annual ground water levels
even though summer water levels are higher. The highest
GHG emissions are normally taking place at higher temper-
atures (Moore and Dalva, 1993).

Measured phosphorous concentrations are higher in shal-
low ditches with higher groundwater levels in the water man-
agement area of AGV (Van Rotterdam et al., 2019). This in-
dicates that rewetting of peat to reduce GHG emissions from
the peatland can have side-effects. Wetting of peat, especially
when water can run off from the fields or flow out of drainage
pipes, could result in an increased phosphorus load tot the
ditch. This is because phosphorus in (partly) decomposed
peat will become available in anoxic conditions.

4 Conclusions

This investigation shows that GHG emissions in the territory
of the water board AGV, which are influenced by the water
management practices, are much greater than the emissions
of the business operations of AGV. Therefore, it may be more
effective to implement measures to reduce GHG emissions in
the environment than it is to focus only on reduction of the
climate footprint of the water company itself. GHG emis-
sions in water bodies (especially ditches and lakes) and agri-
cultural peat meadows are significant.

Water management measures that are aimed at lowering
GHG emissions have an impact on water quality. This is
especially true for those measures applied to water bod-
ies because a synergy is expected between the lowering
GHG emissions and water quality. Since water authorities are
experts and have experience in implementing water manage-
ment measures, water authorities are important stakehold-
ers in lowering the emissions from water bodies and peat-

lands. For the implementation of practices aimed at reducing
GHG emissions in the environment, cooperation with other
stakeholders like farmers is important, since farmers are in
most cases owner of the ditches.

Although there are various uncertainties to be addressed,
like the origin of the sludge in peatland ditches and the need
for more measurements of GHG emissions and the effect of
water management measures on these emission, some mea-
sures can be taken right way as they are no-regret because
besides having a likely positive climate effect they also have
other positive effects. These measures on peatland are (in or-
der of decreasing climate effect): improvement of water qual-
ity in the ditches, transfer agricultural land to wet nature,
summer raise of the ditch levels, paludiculture and pump
driven submerged drains.

Data availability. Underlying data is stored in a non-public
database of Waternet. Datasets are available by contacting the cor-
respondence author.
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Abstract. Soil subsidence is one of the major issues in the management area of the water authority Amstel,
Gooi and Vecht, including emissions of greenhouse gases. This paper describes four different methods to calcu-
late these emissions in agricultural peat meadows, based on (1) the mean lowest groundwater level, (2) the mean
groundwater level, (3) the subsidence rates and (4) general numbers. The emissions were calculated in two pold-
ers (about 2600 ha peat meadow), these were comparable for all methods, ranging from 42 up to 50 kton CO2-
eq yr−1 (based on data of 2015), which is about 14.5 up to 19 t CO2-eq ha−1 yr−1. Besides, the greenhouse gas
emissions were compared for different policy scenario’s in one polder subunit (283 ha): (1) standard policy (low-
ering surface water level at the same rate as soil subsidence taking place), (2) passive rewetting (surface water
level fixation), (3) subsurface irrigation by submerged drains, and (4) a maximum surface water level decrease of
6 mm yr−1. Comparing the four policy scenario’s in one polder subunit, greenhouse gas emissions were lowest
in case of subsurface irrigation, decreasing greenhouse gas emissions by about 35 %–50 % in this polder com-
pared to standard policy, meaning a decrease of about 5.5–9.3 t CO2-eq ha−1 yr−1. This represents a value of
about 550–930 EUR ha−1 yr−1 (at a price of EUR 100 per ton CO2-eq). The scenario passive rewetting leads
to a decrease of about 12 %–21 %, or 2–3 t CO2-eq ha−1 yr−1 compared to standard policy. The estimation of
the decrease in GHG emissions depends on the assumptions made. In this study it was assumed that subsurface
irrigation halves soil subsidence. The water board will use the described procedures to estimate greenhouse gas
emissions in the future to support water level management in areas with peat soils.

1 Introduction

Waternet is the executive agency of the regional water au-
thority Amstel, Gooi and Vecht (AGV). Soil subsidence is
one of the major issues in the management area of AGV,
including emissions of greenhouse gases (GHG). Different
methods exist to estimate GHG emission from peat soils. In
Waternet, a literature study was done to estimate GHG emis-
sions (Stoffels, 2009). Another estimation can be performed
based on mean groundwater levels (Jurasinski, 2016). In the
model RE:PEAT, CO2 emissions are estimated based on es-
timated soil subsidence (van den Akker et al., 2008). This
model is applied in the study of PBL to estimate the societal
costs of soil subsidence in the Netherlands (van den Born et
al., 2016). Finally, for the national counting of CO2 emis-
sions, emissions are estimated based on general numbers in
peat meadows (Arets et al., 2016; RIVM, 2016).

The question was if calculations of GHG emissions based
on these different methods would give comparable outcomes.
A method is developed to calculate these emissions as a
final step in groundwater modelling. It was hypothesized
that GHG estimations in part of the water management area
would be comparable for different methods (±25 %).

In this paper these methods are also used to evaluate GHG
emissions of different policies. It was expected that the for-
mulated scenario’s in this study (passive rewetting, applying
subsurface irrigation and lowering surface water level at a
rate of 6 mm yr−1) would lower GHG emissions compared
to the current emissions (with standard policy).

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Area of investigation Groot Wilnis-Vinkeveen and Wilnis-Veldzijde, with division into polder subunits (source of topographic
underlayer: © Kadaster, 2016).

2 Materials and Methods

2.1 Research area

In this study, current GHG emissions in the agricultural peat
lands of Groot-Wilnis Vinkeveen and Wilnis-Veldzijde are
calculated (about 2600 ha peat meadows), see Fig. 1. The
GHG in the water bodies or built area are not calculated.

It is common practice that the water authority lowers the
surface water levels in the same rate as the soil subsidence
that has taken place since the last level correction. In a part of
Groot Wilnis-Vinkeveen a convenant is made, meaning that
the surface water levels will be lowered at a maximum rate
of 6 mm yr−1. Soil subsidence rates in this research area were
estimated based on historical data for 18 polder subunits in
the research area (data not shown).

GHG emissions were calculated for different policies in
one polder in Groot-Wilnis Vinkeveen: polder subunit 9
(about 283 ha peat meadows).

2.2 Methods to calculate current GHG emissions

Different methods were compared to calculate current GHG
emissions (2015), which are shortly described in Table 1.

Figure 2 shows the CO2-eq emission based on method
1 developed at Waternet. GHG emissions at different mean
lowest groundwater levels were interpolated to gain a rela-
tion between mean lowest groundwater table and total GHG

Figure 2. GHG emissions as a function of average lowest ground-
water level (Stoffels, 2009).

emissions. In this method, global warming potentials of N2O
and CH4 were based on IPCC 2007 (as 298 kg CO2-eq kg−1

for N2O and 25 kg CO2-eq kg−1 for CH4) (IPCC, 2007).
Figure 3 shows the CO2-eq emission based on method 2

(Jurasinski et al., 2016). It is assumed that the CO2 emission
depends linear on mean groundwater level. Derived from
the graph (Fig. 3), GHG emissions N2O and CH4 are esti-
mated, shown in Table 2. In this method, a correction of CO2-
emission is performed in case of presence of a clay cover (see
Tables 1 and 2). The global warming potentials of N2O and
CH4 were based on IPCC (2014) (as 265 kg CO2-eq kg−1 for
N2O and 28 kg CO2-eq kg−1 for CH4).

Proc. IAHS, 382, 643–649, 2020 proc-iahs.net/382/643/2020/
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Table 1. Methods used to calculate GHG emissions due to soil subsidence.

No. Method GHG emission
[t CO2-eq ha−1 yr−1]=

Input data
needed besides
area of peat

Background GHG
esti-
mated

1 Waternet (Stof-
fels, 2009)

−0.212 [t CO2 ha−1 yr−1 cm−1] ·

mean lowest groundwaterlevel [cm] +
1.677 [t CO2 ha−1 yr−1]

mean lowest
groundwater
table

This method is developed based on
a literature study of GHG emissions
in Dutch peat meadows in grass land
(Stoffels, 2009), see Fig. 2.

CO2,
N2O
and
CH4

2 Jurasinski et
al. (2016)

−0.408* (mean groundwater level [cm
− mv] − clay cover [cm]) + emission
N2O [t CO2-eq ha−1 yr−1] + emis-
sion CH4 [t CO2-eq ha−1 yr−1] (see
Table 2)

mean ground-
water level clay
cover

This method is used by GDNK (2018).
This method is developed based on a lit-
erature study by Jurasinski et al. (2016),
see Fig. 3.

CO2,
N2O
and
CH4

3 Van den Akker
et al. (2008)

2.3 [CO2 ha−1 mm−1] · soil subsidence
[mm yr−1]

subsidence
rates

This method is used by PBL (van den
Born et al., 2016).

CO2

4 Arets et
al. (2016)

19 t CO2 ha−1 yr−1 – This method was used for the national
CO2 counting by RIVM (RIVM, 2016).

CO2

Table 2. Emissions of CO2, CH4 and N2O (derived from Jurasinski et al., 2016).

Mean annual CO2 CH4 N2O CO2-eq emission Total
water level emission emission emission CH4 and N2O CO2-eq emission

[cm] [t ha−1 yr−1] [kg ha−1 yr−1] [kg ha−1 yr−1] [t ha−1 yr−1] [t ha−1 yr−1]

0 0 318 0 8.9 8.9
−10 4.1 143 0 4.0 8.1
−20 8.2 0 7.2 1.9 10
−30 12.2 0 9.8 2.6 14.8
−40 16.3 0 16.6 4.4 20.7
−50 20.4 0 17.0 4.5 24.9
−60 24.5 0 6.8 1.8 26.2
−70 28.5 0 0.75 0.2 28.7
−80 32.6 0 0 0 32.6
−90 36.7 0 0 0 36.7
−100 40.7 0 0 0 40.7

The estimation of the soil subsidence taking place per
polder subunit based on historical values is used as an input
for calculation of the GHG emissions for method 3.

For method 4, only peat meadow surface area is needed to
estimate the CO2 emissions.

2.3 Calculation of GHG emissions for different policies

In the study area, four different policies were compared:
(1) standard policy (assumption: GHG emissions are not af-
fected as the water authority lowers the surface water levels
in the same rate as the soil subsidence), (2) passive rewet-
ting (assumption: soil subsidence is not influenced by this
policy, while the (mean and lowest) ground water levels are
affected), (3) submerged drains (assumption: soil subsidence
is half of measured soil subsidence, meaning that only the
CO2-emissions are affected for methods 1, 2 and 3 (see Ta-

ble 1), based on the PBL study, van den Born et al., 2016),
(4) surface water level is lowered at a maximum rate of
6 mm yr−1 (assumption: GHG emissions are lowered propor-
tionally to the lower GHG emissions, comparing standard
policy and passive rewetting and the actual soil subsidence
(of 8.3 mm yr−1)).

GHG estimations based on method 4 (peat meadow sur-
face) are not influenced by policy scenario as the surface area
is not affected.

Also for the polders Groot-Wilnis and Wilnis-Veldzijde
GHG emissions are estimated for the policy passive rewet-
ting and compared to standard policy (with the same assump-
tions as in case of only polder subunit 9).
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Figure 3. GHG emissions and net GHG balance of peatlands de-
pend on the average annual water table. The hairline graphs illus-
trate the 95 % confidence intervals, respectively (Jurasinski et al.,
2016).

Figure 4. Estimation of total GHG emissions in Groot-Wilnis
Vinkeveen and surrounding area (for different methods: Table 1).

3 Results and Discussion

3.1 Calculation of GHG emissions with different
methods

The calculated total GHG emissions in Groot Wilnis
Vinkeveen and surrounding area were comparable for all
methods, ranging from 42 upto 50 kton CO2-eq yr−1, or
14.5–19 t CO2-eq ha−1 yr−1 see Fig. 4.

Figure 5 shows the calculation of GHG emission in the re-
search area (Groot-Wilnis Vinkeveen and Wilnis-Veldzijde)
based on mean ground water level (Jurasinski et al., 2016)
with a correction for clay cover.

The methods to estimate GHG emissions differ. In case
of applying method of Waternet and Jurasinski, besides CO2
emissions, also N2O and CH4 emissions are estimated. The
proportion of these emissions are about 20 % of the current
emissions (Jurasinski et al., 2016) upto about 28 % (of the
current emissions using Waternet method).

However, methane emissions are expected at relatively
high ground water levels and therefore are normally only a
small portion of the total GHG emissions in agricultural peat
meadows for both methods.

There is uncertainty about how accurate the different
methods are, especially regarding the N2O emissions.

It is stated that the hairline graphs illustrate the 95 % con-
fidence intervals for method 2, it seems however, that there
is a high variability measured on GHG emissions (Jurasinski
et al., 2016), see Fig. 3.

N2O emissions are expected to be relatively high at mean
groundwater levels around 50 cm (Jurasinski et al., 2016). In
case of applying the Waternet method, these emissions are
expected to be higher at lower groundwater levels (Stoffels,
2009; Kroes et al., 2000). Besides groundwater levels, nitro-
gen inputs of manure affect N2O emissions.

Note that the global warming potential in the Waternet
method was not updated of N2O and CH4, which leads to
an overestimation of N2O emissions in case of the Waternet
method: this proportion would be about 22 % instead of 26 %
of total current GHG emissions if the global warming poten-
tials would be updated.

Besides the presented methods in this paper, also other
methods exist to calculate GHG emissions from agricultural
peat lands, for example measurements of CO2 emissions in
Dutch peatlands (Fritz et al., 2017). This method is highly
similar to the method of Jurasinski et al. (2016), though based
on Dutch measurements and also applied in the method of
the Green Deal Nationale Koolstofmarkt (GDNK) to valorize
CO2 emissions reductions in peat (GDNK, 2018).

Another method which is not shown in this paper is to use
the land subsidence model Phoenix in RE:PEAT, which de-
termines land subsidence in peat soils based on mean lowest
groundwater level, in combination with the CO2 emissions
based on this predicted soil subsidence by van den Akker et
al. (2008) as also is used in the PBL study (van den Born et
al., 2016).

3.2 Comparison of influence of different policies on
GHG emissions

In Fig. 6, the GHG emissions are shown for different methods
for polder subunit 9.

The estimations of the effect of different policies on GHG
emissions differ, and these estimations are sensitive to the
assumptions made. Therefore, the methods presented in this
paper are rough concerning GHG emission estimations.

The estimation of GHG emissions based on general num-
bers (as used in the national counting), shows no effects of
measures. This can be expected, as this estimation is only
based on peat area and GHG emissions in peat area will only
lower if soil types are changed, for small peat layers this
means that if the peat disappears due to oxidation of the peat,
also the GHG emissions will be lowered. This means that the
efforts to lower soil subsidence and GHG emissions related
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Figure 5. Calculated current CO2-eq emission per parcel in Groot-Wilnis Vinkeveen and Wilnis-Veldzijde based on mean ground water
level (Jurasinski et al., 2016) with a correction for clay cover (source of topographic underlayer: © Kadaster, 2016).

Figure 6. GHG emissions with four different policies in polder sub-
unit 9.

to this soil subsidence will not show effect on the national
counting.

Emissions are lowest in case of applying submerged
drains, decreasing GHG emissions by 35 %–50 % depending
on the method applied (see Fig. 6). In this estimation, the as-
sumption is made that soil subsidence is lowered by 50 % and
the CO2-emissions are reduced likewise based on the study
of PBL (van den Born et al., 2016). However, the real ef-
fect on soil subsidence and GHG emissions is unknown. In
another study, the effect of submerged drains on GHG emis-
sion reduction was much lower in AGV peat area (Troost et
al., 2018). In this study, GHG emissions estimation were only
based on mean groundwater levels (Jurasinski et al., 2016).
As submerged drains have little effect on mean groundwater
levels (with lower groundwater levels in winter and higher

groundwater levels in summer), GHG emissions were more
similar to standard policy.

The value of the lower GHG emissions can also be
quantified: the lower emissions in this polder subunit in
case of submerged drains represent a value of about 550–
930 EUR ha−1 yr−1 (at a price of EUR 100 per ton, conform
the policy of AGV, AGV, 2019). For the whole polder sub-
unit, this represents a value of 0.16–0.27 M EUR yr−1.

The scenario passive rewetting leads to a decrease of about
12 %–21 % after 10 years, or 2–3 t CO2-eq ha−1 yr−1 com-
pared to standard policy, representing a value of about 0.05–
0.1 M EUR yr−1 for the polder subunit, using the methods of
Waternet and Jurasinski et al. (2016).

In this study, it is assumed that the soil subsidence is not
influenced by the policy of passive rewetting or maximum
water level change (of 6 mm yr−1). This is a simplification,
in fact it is expected that the soil subsidence will be low-
ered by applying these policies, meaning that the effects of
these policies on groundwater levels are overestimated. The
real reduction on GHG emissions will therefore probably be
lower than presented in this study.

The method of Jurasinski is based on mean groundwater
levels (Jurasinski et al., 2016). However, it is expected that
highest emissions take place in summer with lower ground-
water levels.

For the whole polder Groot-Wilnis Vinkeveen and Wil-
nis Veldzijde, it is expected that passive rewetting leads to
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9 %–12 % GHG reduction compared to standard policy af-
ter 10 years (results not shown), thus a reduction of about
3.7–5.8 kton CO2-eq yr−1, or 1–2 t CO2-eq ha−1 yr−1 com-
pared to standard policy, representing a value of about 0.37–
0.58 M EUR yr−1 for the polder Groot-Wilnis and Wilnis
Veldzijde, using the methods of Waternet and Jurasinski et
al. (2016).

4 Conclusions

Different methods were compared to estimate GHG emis-
sions in agricultural peat land areas, which lead to compa-
rable current GHG emission estimations. However, not all
methods can be used to analyze effects of different policies
on GHG emissions.

In this paper, different methods are used to analyze the ef-
fects of different policies on GHG emissions. This procedure
will be used by the water authority AGV in the future to sup-
port water level management in areas with peat soils. It is
recommended to update these methods regularly when new
insights become available on GHG emissions in agricultural
peat land areas.

In this paper, it was shown that different water manage-
ment policies will affect GHG emissions in the study area.
Within the scenario’s compared, GHG emissions are ex-
pected to be decreased most by applying submerged drains.
Estimations of GHG emission reductions depend on assump-
tions made.
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Abstract. Buildings in subsiding areas may suffer from settlements causing damages of different severity levels
with high impact in terms of yearly economic losses. In these contexts, a systematic damage assessment jointly
with continuous monitoring of relevant parameters (e.g. settlements exhibited by points located on the roof)
can be extremely useful to control the building behaviour and develop forecasting models. In this regard, the
paper presents the results of an integrated analysis carried out on a subsidence-affected urban area in the Nether-
lands where the availability of multi-temporal building damage surveys and a long DInSAR monitoring dataset
allowed both retrieving quantitative empirical relationships between the cause (magnitude of the selected inten-
sity parameter, IP) and the effect (recorded damage severity level, DL) and generating empirical fragility and
vulnerability curves. The results pointed out the importance of considering the exact dating of the onset of build-
ing damage and the corresponding magnitude of the considered IP in the generation of quantitative forecasting
models.

1 Introduction

Damage analysis and settlement monitoring of buildings at
subsidence risk is a topic of particular concern when the most
suitable strategies for land-use planning and urban manage-
ment have to be identified. However, addressing this topic
usually involves complex technical aspects, which include a
thorough knowledge of the mechanisms, the properties of in-
volved soils, the building/foundation typology, and the avail-
ability of (high quality and quantity) data gathered from the
monitoring of buildings undergoing settlements. For this rea-
son, an integrated approach based on the joint use of monitor-
ing data, such as those provided by the processing of space-
borne Synthetic Aperture Radar (SAR) images via Differen-
tial Interferometry techniques (DInSAR), and information on
the damage severity level recorded by buildings (classified
during in situ surveys) can be extremely useful to set up reli-
able forecasting models tailored for managing the risk to ex-
posed buildings and to develop suitable mitigation strategies.
In this regards, with reference to a densely urbanized area in
the Netherlands, where masonry buildings have been suffer-

ing from subsidence-induced damage, this paper shows how
the combination of the DInSAR-derived building settlements
with the recorded damages (in the form of cracks on building
façades) is helpful to develop damage forecasting models.
In particular, empirical relationships between differential set-
tlement 1 (selected as intensity parameter, IP) and damage
severity level (DL) as well as empirical fragility curves are
retrieved for masonry buildings in the study area. Moreover,
the availability of multi-temporal building damage surveys,
jointly with SAR data associated with the settlement mon-
itoring, allows discussing the key role played by the exact
dating of the onset and evolution of damage along with the
corresponding value of the selected IP in deriving quantita-
tive forecasting models that can be successfully used within
procedures aimed at managing the risk to which buildings in
subsiding areas are exposed.

2 Case study

The analyzed case study is the municipality of Zaanstad lo-
cated in the northern part of the Netherlands (Fig. 1a). As
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Figure 1. Zaanstad case study with (a) cumulative thickness of soft soils (organic and clayey) courtesy of Deltares; (b) geological cross-
section (extracted from the portal of the Geological Survey of the Netherlands – DINOloket); (c) predisposing factors to settlements occur-
rence and (d) consequences in terms of damages to buildings.

Figure 2. Maps of multi-temporal building damage surveys carried out in (a) March 2016 and (b) April 2018 and distributions of the
recorded DL on 81 masonry buildings with pile foundation considered for the analysis. Source: Image from OpenStreetMap.
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a typical Dutch geological context, the subsoil of the area
mainly consists of Holeocene clayey and peaty soil layers
superimposed to sandy deposits of Pleistocene age (Stafleu
et al., 2011). In detail, a generic cross-section along the A–
A′ profile (Fig. 1a, b) – extracted from the nationwide 3-D-
“GeoTop” model – shows that the upper deposit has a cu-
mulative thickness not exceeding 10 m, whereas the lower
deposit includes some thin lenses of clay or sandy clay (Pe-
duto et al., 2016, 2019). The presence of weak and compress-
ible fine-grained (soft) soils in both deposits, characterized
by high compressibility in both primary and secondary (or
creeping) consolidation stages (Fig. 1c), represents one of the
predisposing factors leading to the occurrence of settlements
in the built-up area (Den Haan and Kruse, 2006; Peduto et
al., 2017).

The above described mechanical behaviour of soft soil has
promoted in the past the adoption on wooden piles in order
to prevent large settlements of the masonry buildings. Nev-
ertheless, in the last decades several piled foundations still
in service posed urging problems due to the effects of wood
decay (Klaassen and Creemers, 2012) associated with fungi
or bacteria attack (Fig. 1c) that originate detrimental abso-
lute/differential settlements. As a result, several buildings
suffer from widespread damages (Fig. 1d) affecting the aes-
thetics or compromising either the functionality or even the
stability. A multi-temporal building damage survey (Fig. 2),
carried out in March 2016 and April 2018 by filling ad-
hoc predisposed factsheets (Ferlisi et al., 2015; Nicodemo
et al., 2017), is available for two selected neighbourhoods
of the Zaanstad municipality. The DLs of surveyed masonry
buildings with wooden pile foundations, assigned based on
the analysis of crack patterns exhibited by building façades,
were differentiated in six classes (from D0= negligible to
D5= very severe) adapting those provided by Burland et
al. (1977). The results of the two survey campaigns jointly
with the distributions of the DLs recorded on 81 masonry
buildings considered for the analysis are shown, respectively,
in Fig. 2a and b. As for settlement monitoring, very high-
resolution DInSAR data provided by the processing via the
Persistent Scatterer Interferometry (PSI) technique (Ferretti
et al., 2001) of SAR images acquired by TSX radar sensor on
the ascending orbit between February 2009 and April 2018
are available. The PSI velocities distribution over the two se-
lected parts of Zaanstad are shown in Fig. 3.

3 Cause-effect relationship analysis and results

In order to set up reliable forecasting models tailored for
managing the risk to the exposed buildings in subsidence-
affected urban areas, the relationship between the magni-
tude of the IP (cause) and recorded building DL (effect)
was preliminarily retrieved. For this purpose, PSI data were
used to derive the differential settlement 1 experienced by
a given building. In particular, the vertical PSI-derived set-

Figure 3. PSI velocity distribution on ascending orbit provided by
the TSX radar sensor in the period 2009–2018. Source: Image from
© Google Earth.

tlement measurements (i.e. computed by multiplying the av-
erage velocity recorded on the building roof for the observa-
tion period) were interpolated within the building’s perimeter
(Nicodemo et al., 2017; Peduto et al., 2019) and the 1 was
assessed as the maximum difference of the recorded cumu-
lative settlement profile along a longitudinal cross-section of
the building (Nicodemo et al., 2020).

Merging the PSI-retrieved IP with the corresponding DL
assigned to the buildings during the last in-situ damage sur-
vey (April 2018) allowed retrieving the empirical relation-
ship (Fig. 4a) between 1 and DL. The obtained diagram
(Fig. 4a) shows that the DL increases as the magnitude of
selected IP (1), on average, increases.

Then, following the procedure described in Peduto et
al. (2019), empirical fragility (Fig. 4b) and vulnerability
(Fig. 4c) curves were generated.

The former were obtained by adopting as probabilistic
model the log-normal distribution function, whose fragility
parameters, median 1i and standard deviation βi , were
computed using the maximum likelihood estimation method
(Shinozuka et al., 2003):

P (Damage≥Di |1)= φ
[

1
βi

ln
(
1

1i

)]
(1)

In particular, Eq. (1) provides the conditional probability
P (·) for a randomly selected building at risk to be in, or
exceed, a certain DL (Di) when the IP (1) equals a given
value. The vulnerability curve, relating the expected mean
level of damage severity (µD) to a value of the IP (1) for
a given building, was generated by fitting the empirical data
obtained by multiplying the discrete probability Pi , associ-
ated with each Di , for a numerical index di (adapted from
Pitilakis and Fotopoulou, 2015):

µD (1)=
Di∑
i=0

Pi · di (2)
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Figure 4. Empirical cause–effect relationships for masonry buildings in subsidence-affected urban area in terms of (a) damage severity level
vs. differential settlements; (b) fragility curves and (c) vulnerability curve.

Figure 5. Comparison of building’s DL recorded during March 2016 and April 2018 in-situ surveys: (a) same damage (DL2018=DL2016);
(b) increased damage (DL2018>DL2016) and (c) repaired damage (DL2018<DL2016).

using as regression model the tangent hyperbolic function
(Lagomarsino and Giovinazzi, 2006):

µD = a [b+ tanh(c ·1i + d)] (3)

with four fitting coefficients (a, b, c, and d) determined for
the analyzed building sample.

4 Discussion and conclusions

The combined use of monitoring PSI data and information on
damages suffered by the structures allowed generating em-
pirical cause-effect relationships and forecasting models as
empirical fragility and vulnerability curves of masonry build-
ings undergoing settlements.

These empirical predictive tools, once further validated
also with results of numerical analyses aimed at investigat-
ing the role played by both soil mechanical properties and
the foundation deformation mode on the building response
(Ferlisi et al., 2019), could provide a cognitive basis to inves-
tigate the vulnerability of buildings affected by settlements.

However, their exportability in urban areas presenting sim-
ilar soils characteristics and urban fabric as well as their re-
liable use within procedures aimed at managing the risk re-
quire further studies concerning:

i. the exact dating of the onset of building damage (gener-
ally unknown) and/or its evolution in time;

Figure 6. Building damage evolution (2016–2018) vs. increase of
1 in the same time interval.

ii. the real value of the selected IP that can be considered
as direct cause of a certain DL.

From this point of view, the availability of a multi-
temporal damage survey jointly with a continuous moni-
toring of the selected IP (e.g., computed via PSI data) can
help to overcome the above mentioned open issues. For this
purpose, a preliminary analysis on the sample of 81 ma-
sonry buildings in Zaanstad area was carried out by compar-
ing the DLs recorded during March 2016 with those dated
April 2018 (Fig. 5); the cumulative values of 1 suffered by
the buildings in the time interval spanning between the two
surveys (2018–2016) were also computed. These latter were
correlated with the evolution of the DLs recorded on the in-
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vestigated buildings sample in April 2018 (Fig. 6) with re-
spect to their starting damage state in March 2016 (assumed
as initial condition) and excluding those buildings which un-
dergone a repair intervention (Fig. 5c).

The new retrieved1 vs. DL relationship (Fig. 6) highlights
that, in the time interval (2016–2018), most of the investi-
gated buildings (53 out of a total of 72) exhibit the same DL
as the one recorded in March 2016 (e.g., Fig. 5a), probably
due to 1 values that turned out to be too low to induce a
transition to higher DLs. Out of the remaining 19 buildings,
some show an increase of DL (not greater than one level)
that is associated to a substantial increase of 1 (e.g., DL that
compromises their functionality (D3) or even their stability
(D4/D5)); some others experienced a slight increase of 1,
which, however, has induced a progression of the precedent
damage state corresponding to a higher DL.

The sample of buildings exhibiting no damage in 2016,
once further enriched with similar cases, could represent a
sample of masonry buildings useful to investigate the “real”
response (in terms of the onset and development of dam-
ages) of settlement-affected buildings in time. This could al-
low finding the tolerable/intolerable values of the selected IP
(e.g., the differential settlement,1) to be used within quanti-
tative forecasting models for risk management of subsidence-
affected urban areas.

Data availability. The data supporting the results of this study are
available within the paper. The building damage dataset could be
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Abstract. Flood-inundation hazard maps are generally made based on the anticipated flood patterns under the
configurations such as current topography and land use/land cover situations. These maps have not taken into
account the possible significance of land subsidence and surface environmental changes. The Kujukuri Plain,
Japan, the site of this research, has experienced severe land subsidence due to 2011 Tohoku earthquake. This
paper aims to quantify the effects of local land subsidence on flood hazards under heavy rainfalls in the Kujukuri
Plain. The high-resolution LiDAR data at two different periods (before and after the Tohoku earthquake) were
obtained and used as the input data for the physically-based hydrological model. Through the comparison of
simulated inundation areas of the scenarios with the same precipitation pattern but different topographies, the
effect of land subsidence was discussed. The maps estimating the inundation areas by only considering rainfalls,
i.e., without taking into account the effect of land subsidence, underestimated the inundation areas by around
10 % compared with the ones that accounted for the local land subsidence. The results of this study highlight
the importance of taking into account the temporal changes of elevations and other parameters in flood hazard
assessments.

1 Introduction

Flood hazard, which means intensity and severity of floods,
affects human society and its economic development (Will-
ner et al., 2018; Winsemius et al., 2013). Globally, 42 % of
the land shows an increase in flood hazard under the Rep-
resentative Concentration Pathways (RCP) 8.5 scenery (van
Vuuren et al., 2011; Hirabayashi et al., 2013). Specifically,
the low latitude regions in Asia and Africa, show severe
inundation hazards with the warmer climate (Hirabayashi
et al., 2013; Moss et al., 2010). Earthquake is another natural
hazard, which causes significant negative repercussions in-
cluding soil liquefaction, infrastructure collapse, landslides,
tsunamis and land subsidence. Understanding the compound
hazards of flood and the earthquake-induced land subsidence
would be of great help in preventing a hazard turning to a
disaster (Obanawa et al., 2010).

The Kujukuri Plain, Chiba Prefecture, Japan, located
nearby Tokyo Metropolitan area, along the Pacific coast
(Fig. 1a), was selected as the research site. Figure 1b shows

the topographic map in the year 2013, which indicates that
the elevations in the south and west parts are higher than
those in the central and east coastal areas. Two river systems
– Nabaki River, with a catchment area of around 116.5 km2,
and Ichinomiya River, with a catchment area of around
203.0 km2, flow through the study area. The tectonic move-
ment due to 2011 Tohoku earthquake has caused severe land
subsidence in this area. Ozawa et al. (2011) reported that al-
most all the land in the study area showed more than 0.1 m
settlements. The main objective of the contribution is to ex-
amine the effects of the local land subsidence on the inunda-
tion hazards in the coastal basins.

2 Method

The dynamic flood model, coupling MIKE HYDRO River
(DHI, 2017a) and MIKE SHE (DHI, 2017b), was applied in
this research. The model has been widely applied for both
academic researches and engineering managements (House
et al., 2015; Locatelli et al., 2017). The geological condi-

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Location and topographic map of the study area. (a) The location of the study area. (b) The topographic map of research site in
the year 2013. Torabashi is a river gauging station, where the river water level was used to calibrate the model parameters. Kujukuri_1 is a
groundwater observation well, where the validation of the model was performed. The modelled geological cross section along the line A–A′

is shown in Fig. 2a.

Table 1. Scenarios for the calibration, validation and quantification of the dynamic flood model. NA indicates there was no typhoon during
the examination period. Total precipitation means the whole rainfall within the examination duration.

Scenarios Topography Simulation period Examination duration Typhoon Total precipitation Maximum precipitation

T13N 2013 Jan 2018–Mar 2019 Feb 2019 NA 8.00 mm 5.00 mm h−1

T13W 2013 Jan–Dec 2013 15–16 Oct 2013 Wipha 272 mm 42.0 mm h−1

T04W 2004 Jan–Dec 2013 15–16 Oct 2013 Wipha 272 mm 42.0 mm h−1

Figure 2. Simplified geological cross section used in this model; calibration and validation of the dynamic flood model. (a) Modelled
geological cross section. Location of the cross section A–A′ is shown in Fig. 1b. (b) Calibration of river water levels at the Torabashi
gauging station, the location of which is indicated in Fig. 1b. (c) Comparison of groundwater levels in three consecutive months including
the examination period at the Kujukuri_1 groundwater observation well, the location of which is also indicated in Fig. 1b.

Proc. IAHS, 382, 657–661, 2020 proc-iahs.net/382/657/2020/
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Figure 3. Comparison of simulated and measured spatial distribu-
tion of groundwater levels.

tion and underground structure in the model were based
on Tamura et al. (2003), as shown in Fig. 2a. Three lay-
ers: surface deposits, Holocene unconsolidated sand unit and
Pilo-Pleistocene low-permeable Group, were included in the
model. The scenarios of this study are listed in Table 1, where
the first letter represents the topography, following number
indicates the year of input topography, and the final one is
the initial letter of the name of typhoon. The case T13N was
first applied to calibrate the parameters through the compari-
son of river water levels. Figure 2b shows that the simulated
river water level agrees well with the measured water level
in the Torabashi gauging station, of which location is shown
in Fig. 1c. To further ensure the appropriateness of the pa-
rameters used, the typhoon Wipha which attacked the study
area from 15 to 16 October 2013, was selected to validate the
model (T13W). The goodness of fit by Pearson’s chi-square
test was 0.986 for the groundwater level (Fig. 2c) in the Ku-
jukuri_1 observation well; the reproducibility of the flooded
areas was evaluated by comparing the simulated results and
actual flooded areas (Fig. 4). The comparison of spatial dis-
tribution of groundwater levels at the mountainous areas is
presented in Fig. 3. All the above evidences proved that the
parameters are appropriate in this study. Subsequently, the in-
put topography of the case T13W was changed to the topog-
raphy of 2004 (T04W), while keeping the others constant, to
quantify the effects of land subsidence on the spatial features
of floods.

3 Results

The simulated inundation areas of the scenarios T13W and
T04W are illustrated in Fig. 4, together with the observa-

tions. Around 98 % of the surveyed flooded area can be re-
produced by the calculated inundation areas with T13W case,
which further gained the confidence of the developed dy-
namic flood model. For the simulated inundation areas in
Ichinomiya River watershed, approximately 79 % of simu-
lated flooded areas were actually reported to be flooded.

The inundation areas of both case T13W and T04W
(Fig. 4) showed that the coastal areas, urban areas (central
part), and the places along the rivers were most vulnerable
to floods. Comparison of these maps elaborated that during
the typhoon Wipha, the change of input topographies would
alter the spatial patterns of the floods. The calculated inunda-
tion areas by case T13W was 67.0 km2, while those by case
T04W 60.5 km2, indicating additional 6.50 km2 (9.70 %) of
flooded area was somehow related to the land subsidence in
the research site.

To spatially quantify the effects of land subsidence on the
inundation areas, the difference of the calculated inunda-
tion areas between T04W and T13W, i.e., the area flooded
by T13W but not by T04W, was obtained and shown in
Fig. 5. This figure noted that the land subsidence would
exacerbate the inundation areas in the study site. Specifi-
cally, in the northern mountainous environment, the inun-
dated locations were exaggerated by the earthquake-induced
land subsidence. The Kujukuri plain has also been suffering
from continuous land subsidence possibly due to groundwa-
ter exploitation, and the next step would tackle the effect
of groundwater abstraction-induced land subsidence on the
changes of the possible flood pattern and the assessment of
future floods.

4 Conclusions

We developed a dynamic flood model to quantify the impacts
of land subsidence on inundation areas in Kujukuri plain. The
results revealed that the earthquake-induced land subsidence
would change the spatial distribution of flooded areas. For
the examination period in this study, the increase of inunda-
tion areas at around 10 % were calculated to be caused by the
local land subsidence. Detailed comparison of inundation ar-
eas indicated that land subsidence would exacerbate the flood
hazards not only in the mountainous environment but also in
the urban and coastal zones.

The possible consequence of the increased inundation ar-
eas includes salt water intrusion, accelerated coastal erosion,
and wetland losses, which may lead to unprecedented socio-
economic impacts (Chen et al., 2015; Ito et al., 2015). This
research provided an improved and updated hazard maps for
the catchments suffering land subsidence (Erkens and Su-
tanudjaja, 2015), and information for the mitigation mea-
sures (Aichi and Tokunaga, 2015).

proc-iahs.net/382/657/2020/ Proc. IAHS, 382, 657–661, 2020
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Figure 4. Inundation areas of observation and simulation in both Nabaki and Ichinomiya River watershed. The boundary of the watershed
is based on Dutta et al. (2006). The regions surrounded by red lines are the reported inundation areas by Chiba Prefecture (2013) mainly in
Ichinomiya River watershed.

Figure 5. Comparison of the inundation areas by subtracting the
inundated locations by T04W case from those by T13W case.
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Abstract. Two earth fissures appeared in Murcia province (southeastern Spain) after the flood occurred because
of a heavy downpour on 28 September 2012. In this area, located within the Guadalentín Valley, up to 212 L m−2

was reported that day. More than 200 agricultural exploitations were destroyed by the flooding, with a devastating
effect on many infrastructures, such as a main A-7 highway bridge that collapsed in this event. The earth fissures
appeared after this flooding in the towns of Puerto Lumbreras and Totana. The first fissure showed a straight-line
direction approximately parallel to the main geological structures of the Guadalentín Valley. The total length of
the fissure was 400 m and was 2 to 3 m in depth. The soil in the fissure is classified as a low-plasticity silt with
some sand and clay, ML, according to the Unified Soil Classification System. From the sieve and hydrometer
tests, the percentage of silt in these samples was between 48 % and 68 %, the clay content between 12 % and
30 % and the sand content between 2 % and 40 %. The plasticity index was smaller than 9.2 for all the samples.
To evaluate the piping and internal erosion susceptibility of the soil, pinhole, crumb and geochemical tests
were done on the collected samples. A result of non-dispersive soil was obtained from crumb and pinhole tests.
Nevertheless, the pH, sodium adsorption ratio and exchangeable sodium percentage tests showed that some
samples could be affected by the dispersion of the soil. Also, the collapsible potential of the soil was studied,
showing negative results for all the samples except for that collected at the southern end of the fissure, which
showed a medium to high potential. Concerning the Totana fissure, it appeared with different branches and holes
instead of as a rectilinear pattern. The total length of the fissure was 190 m, with the soil characterized as a silty
soil. Lastly, INSAR data, GPS, GPR and land subsidence maps were used to study the possible origin of these
fissures.

1 Introduction

Earth fissures are open-ground fractures that form in uncon-
solidated sediments as the result of tensional stresses ap-
plied in the ground. These fissures are usually associated with
land subsidence due to water withdrawal (Arizona Geologi-
cal Survey, 2019; Schumann and Poland, 1970). This kind of
fissure associated with land subsidence has been reported in

many places around the world, as in Arizona (USA) (Jachens
and Holzer, 1982), Saudi Arabia (Bankher and Al-Harthi,
1999) or China (Zhang et al., 2008; Hu et al., 2019). In all
these cases, the fissures appeared in arid and semi-arid lands.

The soil affected by the earth fissure in the Saudi Arabia
case (Bankher and Al-Harthi, 1999) was a Quaternary allu-
vium soil classified as a low-plasticity silt. This soil showed
some collapsibility potential. The geophysical investigation
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Figure 1. Location of the Puerto Lumbreras earth fissure and the
locations of signs of piping and sample collection (modified from
Mulas, 2013). Orthophoto from PNOA 2019 CC-BY scne.es.

done in this case indicated that the open-earth fissures were
located above ridges and steps of the buried bedrock surface,
where the aquifer alluvium thins. Moreover, the fissures were
opened and enlarged by flood erosion. Regarding the case
reported by Zhang et al. (2008) in China, the earth fissures
affected Quaternary deposits of alluvial, lacustrine, marine
and palustrine types, formed by clay, silty clay, silt, sand
and gravel. In this case, the earth fissures mainly occurred
in belts. These belts were formed by a main fissure, 3 to 6 cm
in width, and several subordinates’ fissures on both sides of
the main one. An extensive area affected by subsidence was
studied. Earth fissures were detected only in the zone where
the bedrock tectonics is complex, including several folds and
faults, and some buried scarps that change abruptly the thick-
ness of the Quaternary deposits. In other zones of the study,
such as Shanghai or Suzhou, the bedrock basement is deeper
and changes smoothly. No earth fissures were detected on
these zones, although the total subsidence was bigger here
than in the other zones.

Also in the case reported by Jachens and Holzer (1982) in
Arizona, all of the fissure zones occurred above either ridges
or steps in the bedrock features. This seems to be a common
pattern in subsidence areas where fissures have appeared.

In this study, the two earth fissures that developed after
a flood event in the Guadalentín Valley (Murcia, southeast-
ern Spain) have been both geometrically and geotechnically
characterized. The purpose of this characterization was to
know the soil properties where the cracks were open and to
define the cracks’ geometry. This information, together with
that provided by future research, could help to understand the
cause of the earth fissures that appeared after the flood.

The flooding was caused by an intense rainfall that lasted
3 d accumulating up to 212 mm m2. This event caused 10 fa-
talities (3 in the area near the Puerto Lumbreras fissure), de-
stroyed more than 200 agricultural farms and had a catas-

Figure 2. Signs of piping along the fissure. Soil erosion caused by
water beneath the surface of the ground creating an underground
tunnel.

trophic impact on many infrastructures, collapsing, amongst
others, a main highway bridge.

2 Materials and methods

The geometrical and geotechnical characterization of both
fissures was done in two stages: (1) mapping the fissures
using a GPS in the field and (2) collecting soil samples
from within the fissures to analyze them in the laboratory. In
addition to mapping the fissure, a ground-penetrating radar
(GPR) was used near both fissures to detect possible anoma-
lies in the first meters of depth.

Regarding the laboratory tests performed to characterize
the soil, five samples were collected in the Puerto Lumbreras
fissure by the Geological Survey of Spain performing the
following tests: (a) particle size distribution (sieve and hy-
drometer); (b) Atterberg limits; (c) free swell index; (d) col-
lapsibility index; (e) pinhole, crumb and double hydrometer;
(f) sulfate content; (g) sodium adsorption ratio; and (h) ex-
changeable sodium percentage.

In addition, one sample was collected to characterize the
soil within the Totana fissure. Soil classification tests (sieve
analysis, hydrometer and Atterberg limits) and soil disper-
sion tests (pinhole, crumb and double hydrometer) were per-
formed on this sample.

3 Results and discussion

The mapping of the Puerto Lumbreras earth fissure is shown
in Fig. 1, modified from Mulas (2013). This figure shows the
distribution of the fissure that appeared when waters receded
on a very flat land. The main crack was about 400 m long and
was perpendicular to the main flow of the flood, except for
the northern section of the crack where it was nearly parallel
to the flow. The crack presented a main NW–SE orientation
(N150E) that changes to E–W in the northern section.
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Figure 3. Ground-penetrating radar along the ditch beside the road.

It is important to point out that the continuity of the earth
fissure was disrupted by the road located at the center of the
figure, which presents a lower elevation. The orange points
in Fig. 1 indicate those locations in which signs of piping
were recognized in the field (Fig. 2), and the green triangles
indicate the locations from which soil samples were collected
to be tested later in the laboratory.

During the field inspection, a damaged ditch was observed
beside the aforementioned road after the flooding. This road
was approximately parallel to the main flow of the flood and
some erosion was clearly observed below the ditch.

A GPR was used along the ditch beside the road to analyze
what was beneath the concrete (Fig. 3). The contact between
the natural soil and the filling is observed in this figure. A
water pipe was also detected, as well as some loss of signal
that can be due to soil erosion. However, no good informa-
tion was obtained below 1.5 to 2.0 m, probably due to the
silty clay composition of the soil. Figure 4 shows an aerial
view of the northern section of the crack and the runoff flow
direction. Note how the fissure intersects and surrounds the
building. Figure 5 shows the location in which the direction
of the fissure changed from NE–SW to E–W. The aperture
of the fissure can be seen in this figure. The fissure showed
rough and vertical sides with a maximum depth of 3.7 m and
a maximum aperture of 2.7 m.

As said above, for the geotechnical characterization, five
soil samples were collected along the Puerto Lumbreras fis-
sure. These samples were collected at the surface of the
ground at several points along the main crack. According to
the particle size distribution, the samples had a silt content
between 48 % and 68 %, a clay content between 12 % and
30 % and a sand content between 2 % and 40 %. In all the
samples, the plasticity index was lower than 9.2. Therefore,
the samples were classified as a low-plasticity silt (ML) ac-
cording to the Unified Soil Classification System (USCS).
The clay minerals of the soil were mainly of the illite type.
The result of the tests showed that the soil was neither
expansive nor collapsible, except for one of the five sam-
ples, which exhibited a medium to high collapsibility. The
soil also showed a low content of sulfates, between 0.03 %
and 0.20 %. Regarding the dispersion tests, crumb, double-

Figure 4. Aerial view of the northern section of the crack (courtesy
of Puerto Lumbreras City Council). The yellow arrows indicate the
location of the earth fissure (modified from Mulas, 2013).

Figure 5. Aerial view of the third and second northern sections of
the crack (courtesy of Puerto Lumbreras City Council). The yellow
arrows indicate the location of the earth fissure (modified from Mu-
las, 2013).

hydrometer and pinhole tests showed a non-dispersive soil.
Finally, the sodium absorption ratio obtained in the tests was
between 0.8 and 8.8 and the exchangeable sodium percent-
age between 1.9 % and 14.4 %. Therefore, these results show
a non-dispersive soil for most of the samples, except for two
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Figure 6. Location of the Totana earth fissure and the locations
of signs of piping and sample collection. Orthophoto from PNOA
2019 CC-BY scne.es.

of them, which had a result of slightly to moderately disper-
sive soil. The non-dispersive results discard the clay particle
dispersion into water and the later remobilization as the ori-
gin of the crack.

Regarding the Totana earth fissure, the location and dis-
tribution of the fissure observed when water receded can be
seen in Fig. 6. Figure 7 shows a view of the fissured that
appeared in Totana. The fissure appeared on a flat land and
was discontinuous and ramified. Both soils, in Totana and
Puerto Lumbreras, have a similar origin and a distal allu-
vial fan, although the age of the soils in Totana is older
than in Puerto Lumbreras, Late or Upper Pleistocene (more
than 10 000 years ago) in Totana and Holocene (less than
10 000 years ago) in Puerto Lumbreras. Some signs of piping
were also observed in this fissure and one sample was col-
lected at the site to test it later in the laboratory. The results
of the tests show sand, silt and clay of 25 %, 53 % and 22 %,
respectively. The liquid limit was 31.8 and the plasticity in-
dex 8.3. Therefore, the soil was classified as a low-plasticity
silt (ML) according to the USCS. The results to assess the
soil dispersion (crumb, double hydrometer and pinhole tests)
showed a non-dispersive soil.

According to the hydrogeological scheme of the Guada-
lentín Valley (Cerón and Pulido-Bosch, 1996), the borders of
the valley are formed by Perm-Triassic and Miocene materi-
als. The basin filling is composed of gravels, clays and silts
reaching up to 400 m thickness. The same authors performed
a geoelectrical prospection to define the Plio-Quaternary
thickness isolines and the main faults of the substratum. The
cross section of the valley shown in that section indicated the
existence of a graben structure. This kind of structure, where
fault blocks are downthrown relative to their surroundings,
can generate earth fissures due to differential land subsidence
(Schumann and Poland, 1970; Zhang et al., 2008). Figure 8
shows an SAR interferometry deformation map derived from

Figure 7. Image of the fissure that appeared in Totana.

Figure 8. Locations of both fissures on the SAR interferometry de-
formation map of the Guadalentín Valley from Envisat 2003–2010.
Continuous black lines represent surficial faults.

an Envisat dataset covering the period 2003–2010, where the
location and main direction of the fissures have been drawn.
As can be seen, both fissures are located near the edge of
the subsidence bowl. It is worth pointing out that this valley
presents the highest subsidence rate due to groundwater ex-
traction in Europe, with accumulated settlements up to 2.5 m
from 1992 to 2012 (Bonì et al., 2015).

The direction of one of the main geological structures
of the Guadalentín Valley can be seen in Fig. 8. The other
main direction is perpendicular to the first one (Cerón, 1997).
Therefore, the directions of both fissures are approximately

Proc. IAHS, 382, 663–667, 2020 proc-iahs.net/382/663/2020/



J. L. Pastor et al.: Characterization of an earth fissure in the Guadalentín Valley (Spain) 667

parallel to one of the directions of these main geological
structures or faults in this area.

It should be mentioned that earth fissures reported in previ-
ous research due to subsidence have also appeared after high-
intensity rainstorms because of the flood erosion (Bankher
and Al-Harthi, 1999; Schumann and Poland, 1970) and, thus,
this could be the possible origin of the earth fissures studied
in this work.

4 Conclusions

Two earth fissures were detected after a flood occurred be-
cause of a heavy downpour in the Guadalentín Valley. In
both cases, the fissures appeared in a very flat area after wa-
ters receded. Signs of piping were observed along the fissures
which affected low-plasticity silty soils. These soils showed
low collapsibility potential in nearly all the tests and were
classified as non-dispersive soils. The high subsidence rate
of the area and the direction of the geological structures of
the valley suggest that these fissures could be related to land
subsidence. However, further studies are required to confirm
this hypothesis.
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Abstract. Waternet is the executive agency of the regional water authority Amstel, Gooi and Vecht. Water au-
thority Amstel, Gooi and Vecht manages the water levels (ditches) for 19 400 ha of peat meadows around the
Netherlands capital Amsterdam. At present the ditches levels at about 40–60 cm beneath the peat meadow sur-
face, resulting in a groundwater level between from 30 until 80 cm below peat surface and a subsidence of about
9 mm each year. A study was carried out on peat soil subsidence in the Amstel, Gooi and Vecht water authority
water management area towards 2100: for short term effects (until 2027), midterm effects (until 2050) and longer
term effects (until 2100). This study explores 4 scenarios: (1) present policy (maintain ditch waterlevel at maxi-
mum 60 cm below surface); (2) active rewetting, groundwater level at surface; (3) passive rewetting, subsidence
is not compensated by lowering of water levels; (4) subsurface irrigation by submerged drains (infiltration in
summer, drainage in winter). The scenarios are compared on farming, houses, public infrastructure, greenhouse
gases and water management.

At present, the total net benefit for farmers are EUR 7 million per year for the whole area, while the costs for
the water authority are EUR 37 million per year for managing ditches, dikes and pumps. Costs for greenhouse
gases are EUR 18 million (at a price of EUR 40 per ton CO2-eq). Active rewetting would reduce soil subsidence
maximally from 2 to 0.5 m towards 2100 but reduces the benefits for farming, whilst the costs for water man-
agement stay alike. The costs for greenhouse gases however drops with EUR 3 million per year immediately
because CO2-eq emissions drops. Best (financial) results (with respect to all stakeholders) on the long term
are booked by passive rewetting with lower costs for water management, houses, public works and greenhouse
gases. This scenario will eventually take away the farming possibilities, but not before 2050 and could be too
slow to contribute strongly to Paris agreement goals. Best result with respect to climate for short and long term
is active rewetting, which will drop the greenhouse gas emissions strongly (equivalent of EUR 2.3 million per
year), reduce soil subsidence, but makes farming harder (drop from 7.1 up to EUR 2.5 million per year benefit)
and brings no direct reduction of costs for the water authority. Best result on short term for farmers is submerged
infiltration drains. However, the effect of this scenario on GHG emission is limited in this study.

1 Introduction

Water authority Amstel, Gooi and Vecht (AGV, operated by
Waternet; see AGV, 2019 for policy on soil subsidence) is
responsible for water levels and water quality in the peat-
meadow area around the capital Amsterdam (see Fig. 1 for
distribution of the peat soils). The drainage ditches in the
peat levels in the area between 30 and 60 cm (by policy
of the authority) below the peat surface, thus draining the

toplayer of the peatsoil. This management causes the soil
subsidence by 9 mm each year (van den Born et al., 2016) as
a side effect of making the soils suitable for agricultural use.
The latter works well, the soils are very productive grass-
lands, cattle (milk) farming on peat soil is profitable. Before
the year 1200, the peatbogs elevated above the rivers and
lakes, but after eight hundreds of years of soil subsidence,
this has turned around. The peatsoils dropped several me-
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ters and are now low lands: polders. Polders with typically
an elevation around or even well below (−3 m) sea-level.
In the peat-meadow area of AGV the yearly costs for one
hectare of water maintenance (dikes and assets) are around
EUR 1539 (this study), whilst the (net) profits of a farmer
are lower (around 200–EUR 1000 per hectare per year, van
den Born et al., 2016). The landuse (grassland farming with
drainage ditches) is not without consequences. Besides sub-
sidence and direct cost like pumping stations and dikes, or
foundations of houses, the emitted (large) amounts of CO2,
CH4 and N2O from the peat has be taken in to account too.
Subsidence and oxidation of the peat also causes the cover
layer (on sand or clay) of polders to disappear, making them
more vulnerable to seepage from higher water levels around,
leakage in fact. This seepage water could be salt or brackish,
thus causing troubles in nature, agriculture and the prepa-
ration for drinking water. The higher parts in the area (of-
ten peat wetlands or peaty nature reserves) are drained by
the surrounding lower polders. A very important aspect of
peat drainage (and peat soil subsidence) is the release of nu-
trients from the peat itself by oxygen and other (oxidizing)
substances (like SO4 or NO3) entering the peat. It appears
(van Beek et al., 2007) that the decomposition of peat is an
important source for the loads of nitrogen and phosphorus to
the waterbodies in peat area’s and can be seen as a result of
land-use, even without taking the fertilizer into account.

By performing a social costs and benefit analysis, the wa-
ter authority gains more insight in several aspects of the wa-
ter management in peat areas and takes more responsibility
for side effects of drainage of peat. The aim of our authority
(with respect to soil subsidence and water related land use) is
to contribute to a sustainable development of the peat areas,
including its users, over time.

The present policy in peat-meadow “polders” is to “fol-
low” the subsidence with lowering of the ditch waterlevels
from time to time, with some exceptions. Basically we ex-
pect this present policy to be suitable for the future. The
cost/benefit analyses was carried out to reject or prove this
hypothesis by comparing present policy with 3 alternatives
towards 2027, 2050 and the year 2100.

We further expect that a future cost/benefit exploration
will give more insight for policy makers to decide on strat-
egy against (peat)soil subsidence, which typically is a long
term process. We think that by calculating the more extreme
scenarios of measures taken everywhere (active rewetting,
submerged infiltration pipes) against the present policy will
make a clear difference on the longer term of 2050 or even
the year 2100. Because changes in land use will be required
on quite a large scale to really slow down the soil subsidence,
it is required to have a few looks from different angles of
view toward the future, since changes in land use takes many
years or even decades to be implemented.

Which approach in water management of the peat area
of AGV is most sustainable for farmers and water author-
ity but also for society (including all economical aspects)

as a whole? In each approach: what will be the soil subsi-
dence, farmer profit, emissions of greenhouse gases, costs for
houses, costs for infrastructure and costs for water authority
towards 2027, 2050 and 2100?

2 Material and Methods

For the water management area of the Water Authority AGV,
an analysis is performed to determine the social costs and
benefits due to soil subsidence for four scenarios (see Ta-
ble 1). Three of these scenarios represent comparable poli-
cies to the policies analyzed in the study of van den Born et
al. (2016). Active rewetting is added as an extra scenario as
this is expected to have the highest impact in lowering GHG
emissions and soil subsidence:

All scenarios are analysed in year 2016–2017 (as
“present”)

– 2027 – Shows effects on the short term (within 1 term
of policy)

– 2050 – Shows effects on the mid-term (fitting in 1 hu-
man generation)

– 2100 – Shows effects on the long term (fitting in 2
human generations and fitting the terms used in climate
adaptation)

The analyses were carried out with the model RE:PEAT
(Developed at water authority Stichtse Rijnlanden, Houten,
Netherlands). RE:PEAT (Waterschap Stichtse Rijnlanden,
2017) is available as a spreadsheet calculation core. Soil sub-
sidence is calculated for those land-areas with a peat soil or a
peat soil with a clay cover, using the land subsidence model
Phoenix in RE:PEAT, as follows:

Soil subsidence rate (myr)= 0.02354

· [mean lowest groundwaterlevel (m)] + 0.01834
· [thickness clay cover (m)] + 0.00668

In the study, the AGV water management area is subdivided
into urban and rural area. The analysis is performed for each
polder subunit. Effects of soil subsidence on economy of ur-
ban and rural areas are based on PBL study (van den Born et
al., 2016). The analysed features in the analysis are shown in
Table 2. Note: The individual results of the polder subunits
are not presented in this paper, but are available. We only
present the results of the complete AGV peat area.

Taxes (for households, farmers as a cost or for authorities
as a profit) were not modelled.

An analyses of Sensitivity to assumptions was carried out
for milk price, food price, paludiculture (only added in sen-
sitivity analysis), interest rate, climate scenario.

Other important settings and basic assumptions for the
model were:
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Table 1. The applicable scenarios in the analysis.

Scenario
number

0 (PP) 1 (AR) 2 (PR) 3 (SD)

Title Present policy Active rewetting Passive rewetting Submerged irrigation
drainage

Purpose of
scenario

To show the
consequences of the
present policy of
continous ditch level
lowering

To minimize the soil-
subsidence by strong
ditch level rise

To minimize or stop the
soil-subsidence on the
long term

To slow down the soil-
subsidence by applying
submerged irrigation
drains.

Waterlevel
(2016)

Present water levels
(between 25 and 60 cm
below landsurface)

Waterlevel 10 cm below
land surface

Present water levels Present water levels

Waterlevel
alteration
after 2016

Adjust the ditch level
with the average
subsidence of the polder
section

Adjust the ditch level
with the average
subsidence of the polder
section

None, unless waterlevel
within 10 cm of land sur-
face (in that case as AR)

Adjust the ditch level
with the average
subsidence of the polder
section

Exceptions in
waterlevels

Fixed levels in urban
areas

No alteration in level in
urban areas in compari-
son with present

Fixed levels in urban
areas

Fixed levels in urban
areas, but also in area’s
with seepage

Table 2. Analyzed features.

Stakeholder/theme Kind of effect

Water authority Costs sluices/pump. stations & watermanagement
Costs sludge removal
Costs dikes
Shortage of waterstorage

Public works Roads, sewage system and cables

Households Costs foundation
Costs groundwater damage

Nature & Landscape Landscape
Meadow birds
Water quality, nutrients in surface water

Farmes + food/supply chain Nett added value of Agriculture activity

Environment Greenhouse gasses

2.1 Soil type, groundwater table and presence of clay
on peat

The exact thickness of the peat soil is unknown, it is assumed
in the calculations that for all peat soils, soil subsidence con-
tinues until 2100. For the soil type and the presence of a clay
layer the BOFEK 2012 soil map of The Netherlands was used
(Wosten et al., 2013). Very thin clay layers (< 7.5 cm of clay)
were ignored, because the field experience of employees of
the water authority pointed out that in these areas there was
no clay at all (but strongly decomposed peat). See Fig. 2 for
the used clay thickness.

2.2 Greenhouse gases

Effects of soil subsidence on greenhouse gas (GHG) emis-
sions are based on the relation between mean groundwater
level and GHG emission (Jurasinski et al., 2016). The GHG
emission is corrected for clay cover thickness. We assumed
EUR 40 per ton carbon dioxide as a price in the model, mak-
ing the emissions from peat, a cost. Jurasinski’s et al. (2016)
tool is performed on mean groundwater levels and calculates
for CO2, CH4 and N2O. Note that soil subsidence in our ap-
proach is based on the mean lowest groundwater levels, while
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Figure 1. Water authority area Amstel Gooi and Vecht (with Ams-
terdam middle-north/west of map) and the presence of peat soils.
Gray/white is urban area or no peat soils. Dikte Hollandveen =
Thickness peatlayer. Map and map-topography is a strongly modi-
fied version of dutch GEOTOP map, published by TNO- Geologis-
che Dienst Nederland, 2012.

the emissions of GHG is based upon mean groundwater lev-
els.

2.3 Agriculture chain

In most scenarios the meadows become wetter. As a result the
grass yield is modelled less and therefore also more costs for
cattle-food. In other words: wetter peat means more costs for
the farmer. Other figures for agriculture costs and profits (like
milk price or costs for new sheds) are not included in this
paper, but of course play an important role in the modelled
calculations (see also the sensitivity analysis in Results and
Discussion).

The effects on the market chain (milk products, food sup-
pliers) is not part of the model. We follow in this the line of
van den Born (2016), where is stated that effects in one part
of the chain should not be transferred to the next part in a
healthy market. The food industry is considered as a healthy
market. We also assume in our model that farmers will con-
tinue the present use of the farm and the land use will remain.

2.4 Foundations of buildings

The lowest groundwater levels determine the effect on the
wooden foundation piles, hence the period that wooden parts
are exposed to oxygen and starts weakening. The longer the
period of low groundwater levels (related to subsidence) the
higher the (long term) costs. Only one repair is taken into ac-
count, existing damage is not taken into the model. Older
houses brings higher costs. High ground water levels can
also bring costs. The model assumes costs when the highest
groundwater level is more than 70 cm below surface. Costs
for water damage because of more rain, more upward seep-

Figure 2. Soil types and thickness of clay layer in the AGV area.
Veen = Peat; Klei = clay; Zand = sand; kleidekdikte = thickness
of claylayer. Grey = Urban area or sand soil. Map is a modified
version of BOFEK2012, de nieuwe bodemfysische schematisatie
van Nederland. Published by Alterra 2013.

age, already fixed water levels and flotation of peat are not
modelled.

2.5 Public works (roads, pipes, cables)

Subsidence makes that these assets must be repaired more
often, the stronger the subsidence, the higher the costs. Dif-
ferences in costs were made for sewage systems, dikes, roads
and pipes. Peat subsidence has an oxidation and a compres-
sion factor in it. Only the oxidation factor is modelled.

2.6 Water authority

Assets (like pumps, pipes and weirs) were written off in
25 years. Polders are subdivided into areas with the same wa-
ter level. More divisions as a consequence of ongoing subsi-
dence were not taken into the model. In scenario 1 (AR) the
initial costs for water-assets were not taken into account.

The sludge layer is modelled as removed once in 10 years
in all scenarios, but the production of sludge differs between
the scenarios, where strong drainage leads to strong growth
of sludge.

Water storage (in the ditches) decreases if the soil sub-
sides, but the levels are not adjusted. In the scenario of active
rewetting this is modelled as “no storage” (this means that
storage on the fields is not taken into the model). Although
most scenarios will require more water (to moisten the peat),
this was not taken into the model as cost or a check on avail-
ability.

In case of increasing difference in height, exceeding
60 cm, new dikes ware modelled. The more the height of the
dike, the higher the costs. Existing dikes are modelled written
off in 50 years.
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2.7 Submerged irrigation drains

Costs for the irrigation drains were modelled as costs for the
farmer as well as the profits of it. Costs for installation is
modelled as EUR 2100 per hectare over 20 years life. The ir-
rigation drains (scenario 3) are applied at 4500 ha of the total
of 19.400 ha of peat in the AGV area. This is roughly the area
where the ditch waterlevels are between 30 and 60 cm lower
than the meadow surface level. Only the reach 30–60 cm is
regarded as suitable for submerged irrigation drains (Troost
et al., 2018). In wetter conditions the drains would “drain”
too much, taking nutrient rich water to the ditch whereas in
more dry peat (ditch waterlevel lower than 60 cm of land sur-
face) there will be still oxygen entering below the irrigation-
drain and also the tubes would have to be dug very deep.
Areas with (upward) seepage are regarded as not suitable for
this measure and were left out of the model.

2.8 Water quality

Mineralization of peat leads to P and N loads to the ditch.
We assume a P load of 0.00015 g per m2 yr−1 surface wa-

ter per 100 cm subsidence (Troost et al., 2018). Abrupt rewet-
ting (scenario 1) is modelled with a big initial P-load towards
the ditches.

3 Results and Discussion

As shown in Table 3 the subsidence will be up to 1.5 m by
the year 2100 if we don’t change policy (but in some polder
units just 20 cm). The strongest reduction in subsidence is
calculated for scenario 1, active rewetting. This scenario will
decrease the subsidence from 1.5 to just 0.5 m by 2100. Pas-
sive rewetting decreases the subsidence by half, but will only
do so after 2050, since in this approach the subsidence will
not drop in the first ten years or so. Submerged drains (over
4500 ha, see Material and Methods) will have immediate ef-
fect, but the gain is 50 cm in 2100 compared with present pol-
icy (still 1 m subsidence), therefore shows the least reduction
of subsidence of the 3 alternatives in 2100. The profit for
the farmers (with submerged infiltration) on the other hand
(Table 4), keeps in line until 2100, like the present policy,
whereas in active or (a little less) in passive rewetting the
profits for the farmers will be minimized by 2100.

The costs and profits (Table 4) shows a strong negative
effect on farming profit in the scenario of active rewetting
(drop from 7.1 to EUR 2.5 million yearly profit) and decrease
in costs of houses. In scenario 2 (passive rewetting), the costs
for water authority drop (from 37.7 to EUR 29.6 million per
year) (Table 4).

The results shows that the costs for water authority, green-
house gases or public works are larger than the profit of the
farmer. The houses (repair costs of foundation) show a large
effect of the alternatives active and passive rewetting (cut
down from 3.1 to less than EUR 1 million) but almost no ef-

Figure 3. Average differences in yearly costs (EUR million per
year) in each period in each of the 3 scenarios, compared with
present policy.

fect of the alternative submerged infiltration drains. The lat-
ter can be explained by the fact that the infiltration drains
will only be applied in the fields and not near the houses. But
the alternatives active and passive rewetting (of the polder
as a whole) will influence the foundation of the houses too.
Note that (by court decision) the owners of the houses in The
Netherlands will have to pay the repairs of foundation them-
selves.

Moreover, the costs for greenhouse gases remain high in
2100, even if active rewetting is applied. In tons CO2-eq the
emission at present (2016) is 469 kton (or 0.469 Mton) for the
AGV area and will drop to 393 kton in 2100 in case of active
rewetting. There is no satisfactory explanation for this result,
but is well in line with the predicted subsidence in Table 3.
But a likely cause is the fact that RE:PEAT uses the average
groundwater levels to predict GHG emission, instead of the
(perhaps more predictive with respect to GHG emissions and
subsidence) mean lowest ground waterlevel.

Figure 3 shows the effects of the scenarios over the peri-
ods 2016–2027; 2027–2050 and 2050–2100 separately. This
figure also zooms in on the differences in the 3 scenarios and
shows a few new things:

– Scenario 3 (submerged infiltration drainage) shows little
effect on costs and benefits compared to present policy.

– Passive rewetting (scenario 2) shows little effect in the
first decades compared to present policy, but a strong
effect towards 2100.

– Active rewetting (scenario 1) shows immediate effect
compared to present policy, but no further progress as
time passes. This scenario also shows that the loss in
profit of the farmers is bigger than the reduction of the
costs for the rest of society, in the first 10 years.
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Table 3. Soil subsidence in the 4 analyzed scenarios.

Soil Subsidence in timeframe 2016–2100

Scenario 0
(PP)

Scenario 1 (AR) Scenario 2 (PR) Scenario 3
(Submerg. Infilt.)

Soil Subsidence
(meters)

Min 0.20 0.10 0.15 0.15

Max 1.50 0.50 0.75 1.00

Reason for slowing
down the subsidence
→

High groundwater-
levels

High groundwater-
levels, but after some
time

High groundwater-
levels in summer-
time.

Table 4. Main results in EUR million per year for the period 2016–
2100. The table shows yearly costs, but yearly profits if the figures
are negative.

present active passive infiltration/
policy rewetting rewetting drains

water autorithy 37.773 37.505 29.592 37.182
public works 22.143 21.965 22.005 22.109
houses 3.177 0.911 0.825 3.037
farmers + chain −7.123 −2.478 −6.037 −7.423
Greenhouse gasses 18.053 15.731 16.237 18.007

Public works (roads, sewage, cables) show only small differ-
ences between different scenarios and appear relatively in-
sensitive to the scenarios and time. Or one might say that
public works remain a strong source of costs in peat areas.

3.1 Sensitivity to assumptions

The analyses showed strong sensitivity for the following pa-
rameters:

Milk price and food price in profits for the farmers. The in-
terest, a change of 1 % in interest results in a change of 15 %
in costs. The climate scenario: If a less strong climate sce-
nario was used, the subsidence by 2100 would be 10 cm less.
This especially has an effect on the costs of infrastructure
(dikes, roads, pipes).

The sensitivity analysis was not carried out for method of
calculation of GHG emission and the used soil map. GHG
emission could also be calculated based on mean lowest
groundwater level instead of mean groundwater level.

3.2 Discussion

The analysis was carried out to obtain a first impression and
was not meant to be a very precise scientific study. It does
however give some clues to fields of interest in which more
elaboration is desired: a reliable groundwater model, ground-
water measurements and the same holds for the emission of
greenhouse gases. Also more elaboration is desired for the
effects (and water consumption) of submerged infiltration

drains and (the appliance of) paludiculture in case of strong
rewetting.

As GHG emissions are predicted based on mean ground-
water level in peat areas and submerged infiltration drains
have little effect on mean groundwater levels, the effect on
lowering GHG emissions will probably be underestimated.

The analysis shows that the costs for greenhouse gases
plays a role, but at EUR 40 per ton cannot cover the extra
costs as shown in Fig. 3, except from scenario 1 (immedi-
ate active rewetting). To cover the peat area related costs for
the water authority in the period 2050–2100, would require a
CO2 price of EUR 63 per ton CO2-eq. At present this would
require a CO2 price of EUR 50 per ton CO2-eq.

The approach of a social costs and benefits analyses can-
not show all aspects, but gives some interesting insights. Of
course, there is more than money: farming is rooted in the
culture and the peat meadow landscape is unique. But one
could wonder if things are sustainable in the end as it is now.
This study also shows that changes in land use, will not im-
mediately stop the emissions of greenhouse gases and as well
that it is not easy to take good measures against soil subsi-
dence without making real choices in land use.

We suggest to use the model RE:PEAT in the discussions
in the local areas of interest, if possible as an interactive
“serious game”. Local stakeholders (farmers, house own-
ers, regional government, water authority) will have to be
involved to produce tailor-made measurements against soil
subsidence.

4 Conclusions

Based on this cost-benefit study in RE:PEAT, a change of the
current water management policy is necessary to reduce soci-
etal costs due to soil subsidence. For all alternative scenarios
(active rewetting, passive rewetting and submerged infiltra-
tion drains), soil subsidence will decrease compared to the
standard water management policy and the societal costs will
drop towards 2100.

On short term (before 2027), active rewetting has high-
est impact on reducing soil subsidence and GHG emission.
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However, this would imply lower income for farmers and
higher costs for water authorities on the short term. In this
study, the farmer profits may be underestimated as paludi-
culture was not included as a business model. On short term
(before 2027), submerged infiltration drains will reduce soil
subsidence, while farmers will have higher income and water
authorities lower costs. However, the effect of submerged in-
filtration drains on GHG emission is much lower than in case
of active rewetting.

On long term (2100), passive rewetting will lead to the
highest cost reduction for water authorities, and comparable
GHG reduction and comparable cost reduction for houses as
active rewetting. This would cause lower income for farmers
(but not as low as in case of active rewetting).

The model is sensitive to the assumptions used, especially
for farming prices. More insights are needed to improve the
models in RE:PEAT, especially regarding the calculation of
GHG emissions. The model should be calibrated by measure-
ments of GHG emissions and groundwater levels.

The Paris Climate agreement (and the GHG emissions
from peat) has raised the urgency to reduce the GHG emis-
sion from peat areas. Reduction of GHG emissions is a sup-
plemental policy-goal in peat meadow areas to the subsi-
dence itself.

Data availability. The data used for the model re:peat is inside the
publication Troost et al. (2018). Furthermore data of groundwaterta-
bles were derived from within company models.
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Abstract. Earth fissures are pervasive cracks that develop on valley floors as a consequence of land subsidence
associated with extensive groundwater withdrawal. To capture geometrical, geological and geotechnical informa-
tion of ground fissures is of paramount importance for their characterization. Recent advances in remote sensing
techniques and the accessibility to remotely piloted aircraft systems (RPAS) as well as the evolution of onboard
digital cameras enable the capture of digital photos and videos. Using digital photos along with the Structure
from Motion (SfM) technique and following certain strategies, we can reconstruct a 3-D model of the earth fis-
sures under study. This technique requires digital photos, but when a digital video is available, we can convert
it into a set of frames and equally apply the procedure. Besides, the extraction of frames from a video assures a
key condition for the SfM technique: the overlap between photos. The resulting 3-D model should be scaled and
oriented using a rigid transformation matrix or even better including ground control points (GCP) into the cap-
tured photos or frames. The latter enables the geo-referencing of the point cloud and the correction of linear and
non-linear deformations. In this work, the proposed methodology is illustrated through the application of SfM
technique to a high-resolution video downloaded from YouTube (i.e. https://youtu.be/9xdAnftBKvY, last access:
20 February 2020). The video shows a mile-long earth fissure that appeared sometime between March 2014 and
December 2014 near the Tator Hills (Arizona, USA) over Quaternary sediments. The Arizona Geological Survey
captured these videos using an RPAS. The frames of the video were downloaded and extracted using a simple
Matlab code. Then, we sub-sampled the frames and processed them using the software Agisoft Metashape Pro-
fessional. Finally, we got metric data from Google Earth and generated a 3-D model. The quality of the 3-D
model strongly depends on the quality of the photos and the GCP. However, this study shows the potential of
this technique, instrumentation and data available on Internet for the development of 3-D point clouds and 3-D
models for the detailed analysis of earth fissures.

1 Introduction

When Earth processes apply tensions to the soil surface,
earth fissures may appear as tension cracks that open the ter-
rain. On valley floors, this phenomenon usually occurs be-
cause of an extensive water withdrawal that leads to the land
subsidence. This phenomenon is common in Arizona (Slaff,
1993), and is highly interesting for the scientific community
and planners, since they play a key role in the development

of urban areas, industrial settlements, agricultural and other
economic activities.

The earth fissures characterisation partially comprises
field inventory. The operators usually map the fissure ge-
ometry (e.g. width, depth, morphology and vertical displace-
ments) and collect soil samples. However, the new available
techniques enable the remote acquisition of new data which
is of high interest to the scientists.

Light Detection and Ranging (LiDAR) instruments are
precise tools for the scanning of millions of points in a few

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Location of the fissure. Source: © Google Earth.

Figure 2. Evolution of the earth fissure since 2016 to 2018. Source: © Google Earth.

minutes. However, the ground-based sensors may not be ca-
pable of capturing the inner part of the earth fissure because it
may not be accessible. Nevertheless, the development of re-
motely piloted aircraft systems (RPAS), the weight reduction
of the instruments and the development of automatic regis-
tration processes (Engel et al., 2018) enable the scanning of
earth fissures. Nevertheless, the cost of this instruments may
still be a barrier to its access to part of the scientific commu-
nity.

However, the recent advances in remote sensing tech-
niques, the accessibility to RPAS and the evolution of on-
board digital cameras enable the capture of digital photos and
videos. Using digital photos along with the Structure from
Motion (SfM) technique and following certain strategies, it
is possible to reconstruct 3-D models of earth fissures.

In this contribution, we applied the SfM technique to re-
construct the geometry of a recent earth fissure near the Tator
Hills in Arizona (USA; Cook, 2017a) (Fig. 1). The study are
lies in the Picacho Basin which is almost 3000 m deep in

places (Richard et al., 2007). The fissures have formed in ar-
eas with more shallow bedrock (∼ 300 m or less) and there
are bedrock inselbergs (Tator Hills) about 3.5 km to the west
(Richard et al., 2007). The near-surface sediment is predomi-
nantly Quaternary fine-grained sands, silts, with some gravel
interbeds (Arizona Bureau of Mines and University of Ari-
zona, 1959). Overall the area is not well incised and sheet-
flow is common following heavy rains. Since the fissure has
formed many drainages have been captured and have con-
tributed to erosion and infilling along the fissure. The fissures
formed closely aligned to measured subsidence patterns mea-
sured by InSAR (Arizona Department of Water Resources,
2019). It is likely many fissures in AZ formed in response to
land subsidence linked with pumping from decades prior.

The fissure was divided into two equal lengths tracks. The
northern track firstly appeared on Google Earth in Decem-
ber 2014, and the southern track in 2016. The southern track
had sharp vertical walls and a v-shaped geometry of 9 m
depth. Since this fissure was discovered it has been grow-
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Figure 3. Snapshot of the Agisoft Photoscan software after processing the data.

Figure 4. Snapshot of the Agisoft Photoscan software illustrating the insertion of three GCP and their distances.

ing as it is shown in Fig. 2. In January 2019 it was inspected
again showing a rapid degradation of the sidewalls and in
filling in the fissure. The deposits reduced the depth to 3 m
forming a broad, flat-bottomed channel of sand and sedi-
ments captured from drainages (Fergason, 2019).

In addition to the aforementioned studies, the authors gen-
erated a 3-D model using the photos captured during the
flight (Gootee, 2016). Besides, the video recorded using a
RPAS that shows a mile-long earth fissure was uploaded to
YouTube (Arizona Geological Survey, 2017b). This video
was downloaded from YouTube and using several metric in-

formation obtained from Google Earth a 3-D model was gen-
erated enabling the study of the geometry of the fissure with-
out accessing inside it.

2 Materials and methods

The SfM technique uses digital photos to reconstruct the 3-
D geometry of a surface. However, when a digital video is
available their frames can be extracted, and the same pro-
cedure can be performed. Besides, the extraction of frames

proc-iahs.net/382/677/2020/ Proc. IAHS, 382, 677–681, 2020



680 A. Riquelme et al.: Reconstruction of earth fissures 3-D from videos

Figure 5. (a) view of the 3-D point cloud, coloured with the photos; (b) transects every 5 m overlayed on the 3-D point cloud; (c) transects
isolated. Source: CloudCompare.

Figure 6. Example of a transect and the extraction of distances using the software CloudCompare.

from a video assures a key condition for the SfM technique:
the overlap between photos.

Firstly, two videos recorded using a RPAS of the fissure
was downloaded from Youtube (Arizona Geological Sur-
vey, 2017b, a). From this file a Matlab code was used to
extract 204 and 173 frames respectively, which size was
3840× 2160 px. The first video captures the fissure from its
top, while the second video captures the inner part of the
fissure. Figure 3 shows a screenshot of the Photoscan soft-
ware. Blue rectangles are the location and orientation of the
extracted frames and describe the fly path of the RPAS. The
right panel of this figure shows the loaded frames.

3 Results and discussion

The alignment process estimated the location and orientation
of each camera. Figure 3 presents the RPAS flight, where
each blue rectangle is a photo. To scale the model, three
points were identified in the photos and in the Google Earth
software (Fig. 4). The distance between each pair of objects
was measured in Google Earth. After placing the points in
the photos, the distances were inserted. This process enabled
scaling the model. The errors of the distances after optimiz-
ing the cameras were 10 and 13 mm, respectively, and the
overall error was 12 mm.

A 3-D point cloud and a textured mesh were generated.
Figure 5a presents an orthographic view of the point cloud.

As the distance of the GCPs was introduced in the process,
the scale is 1 : 1 and measurements can be directly extracted.
Every 5 m a transect was extracted from the point cloud
(Fig. 5b) using the software CloudCompare (Girardeau-
Montaut, 2019). Extraction of distances is possible, as shown
in Fig. 6. These transects aid to understand the geometry of
the fissure even from its inside.

The result of this process presents the geometry of an earth
v-shaped 2 m wide and 4 m depth fissure with solely using
a video downloaded from YouTube and measurements ex-
tracted from Google Earth. This process is fair enough to
reconstruct the shape and size of the fissure. Distances, tran-
sects of the inside of the fissure, volumes and other features
can be obtained using open-source tools.

Further analysis may be of interest to the scientists, such
as the evolution of the fissure along time. The procedure pre-
sented in this contribution could be of interest if the position
of fixed elements (i.e. the coordinates of a point), that act as
a reference, is available when capturing the photos.

If the references are captured at every stage and their co-
ordinates are inserted into the SfM workflow, the resulting
3-D point clouds will be automatically registered. Compari-
son of the models is possible by applying available methods,
such as M3C2 distances computation (Cook, 2017b; Midg-
ley and Tonkin, 2017). Therefore, the evolution of the earth
fissure can be quantified not only from the outside but also
from the inside when the RPAS has accessed in it (e.g. walls
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earth falls, erosion processes, earth fissure opening, etc.) can
be quantified.

4 Conclusions

The use of SfM technique to the study of earth fissures of-
fers a cost-effective technique to other more expensive in-
struments, such as LiDAR. This technique allows the inspec-
tion of the inner part of earth fissures and to reconstruct their
geometry with high accuracy. Additionally, the derived 3-D
point clouds at different moments can be compared in order
to quantified geomorphological changes of the earth fissure.
Therefore, this methodology is a complementary tool for the
study of earth fissure that provides a valuable information for
its geomorphological characterization.

Data availability. The video used in this work is available in next
link: https://www.youtube.com/watch?v=9xdAnftBKvY&feature=
youtu.be (last access: 20 February 2020; Arizona Geological Sur-
vey, 2017b). The frames extracted from the video and the generated
3D point cloud are available upon request by contacting the corre-
spondence author.
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Abstract. Mexico City, a large megacity with over 21 million inhabitants, is exposed to several hazards, in-
cluding land subsidence, earthquakes, and flooding. Hazard assessments for each hazard type is typically treated
separately and usually do not include considerations for any relations among the hazards. Our data makes it plau-
sible for an earthquake triggering case that temporarily accelerated the subsidence rate in the metropolitan area
as a result of theMw 8.2 Tehuantepec and theMw 7.1 Puebla, September 2017 earthquakes that affected Mexico
City. Furthermore, the triggering effect induced rapid slip along previously developed shallow faults associated
with subsidence. These results indicate that any future scenario of land subsidence should consider a potential
triggering effect by large earthquakes. Similarly, earthquake hazard assessments should also consider potential
impact on shallow faulting and fracturing associated with land subsidence.

1 Land subsidence in Mexico City

Mexico City is one of the fastest-subsiding metropolises
in the world, where subsidence rates exceed 360 mm yr−1

(Fig. 1). The subsidence occurs mainly as the response to ag-
gressive groundwater extraction over the past century, caus-
ing progressive damage to the city’s buildings and criti-
cal infrastructure. The subsidence process has been docu-
mented for almost a century (Gayol, 1925; Carrillo, 1948;
Figueroa-Vega, 1984; Ortega et al., 1993). Subsidence rates
vary spatially, mainly due to highly heterogeneous shal-
low stratigraphic sequence beneath the city (Santoyo-Villa
et al., 2005; Auvinet et al., 2017), which responds differ-
entially to groundwater extraction. Highest subsidence rates
occur above thick layers of lacustrine sediments (Cabral-
Cano et al., 2008; Solano-Rojas et al., 2015), whereas non-
subsiding areas correspond to volcanic rocks. Subsidence oc-
curs differentially, particularly between stable volcanic rocks

and highly subsiding sediments, producing significant topo-
graphic elevation changes and causing shallow faulting and
fracturing along well-defined areas of the city (Fig. 2).

Mexico City subsidence has been studied in the past
with conventional topographic methods (e.g., Auvinet et al.,
2017). However, in the past decade subsidence has moni-
tored by advanced satellite geodetic techniques, mainly satel-
lite Interferometric Synthetic Aperture Radar (InSAR) and
GPS (e.g. Cabral et al., 2008; López-Quiroz et al., 2009; Os-
manoğlu et al., 2011; Du et al., 2019). These studies have
routinely detected the highest subsidence rates in the eastern
sector of the city within two areas that correspond to the for-
mer Texcoco and Chalco-Xochimilco lakes (Fig. 1). More-
over, most of the previous studies focused on the city-wide
subsidence signal, which is important for understanding the
city’s aquifer mechanics in response to groundwater extrac-
tion. Both GPS and InSAR measurements indicated limited
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Figure 1. Subsidence velocity map for Mexico City and its municipalities (black lines) derived from the interferometric analysis of Sentinel-
1 SAR data between November 2014 and November 2017. Black lines show Mexico City’s municipalities. The shaded topographic base
layer is taken from Continuo de Elevaciones Mexicano 3.0 © Instituto Nacional de Estadística Geografía e Informática (INEGI).

temporal changes in the subsidence rate throughout the past
two decades with limited seasonal variability.

2 September 2017 earthquakes

Mexico City recently experienced two large earthquakes
that took place only 11 d apart: the Mw 8.2 8 Septem-
ber 2017 with its epicenter offshore Chiapas, and theMw 7.1
19 September 2017 with its epicenter in Puebla (Singh et al.,
2018). The epicenter of the Mw 8.2 earthquake was located
over 700 km away from Mexico City causing only minor im-
pact to the city. However, the epicenter of the Mw 7.1 earth-
quake occurred only ∼ 100 km away from the city, which re-
sulted in severe damaged in the city. Mexico City is very sus-
ceptible to seismic-induced damage, because part of the city
is built over a sedimentary basin with clay rich lacustrine sed-
iments up to 400 m thick (Santoyo-Villa et al., 2006; Auvinet
et al., 2017). This sedimentary unit amplifies seismic energy
causing site effects and making buildings and infrastructures
more vulnerable, depending on their locations within the city.

Local seismic acceleration and site effects have been pre-
viously studied as part of the city building code developed
after the Mw 8.2 1985 earthquake. However, not much at-
tention has been paid to the shallow faulting associated with
land subsidence that has developed on the transitional zones
between the lacustrine deposits and the volcanic structures
outcropping and its role as a potential risk during large earth-
quakes. This situation creates a strong horizontal gradient of
subsidence where faulting and fracturing of the surface is
common and is and addition element when considering the
vulnerability for civil structural damage.

3 Remotely triggered subsidence acceleration

We use satellite-acquired SAR data from the Sentinel-1 satel-
lites provided by the European Space Agency (ESA) through
the Alaska Satellite Facility SAR Data Center repository. The
InSAR process using ISCE software includes multilooking,
topography removal, flattening, filtering, unwrapping, geo-
referencing and re-wrapping steps to obtain a longer-term
baseline for the regional subsidence velocity (Fig. 1).

Proc. IAHS, 382, 683–687, 2020 proc-iahs.net/382/683/2020/
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Figure 2. Horizontal subsidence gradient map for Mexico City derived from the Sentinel-1 velocity map (Fig. 1). Black lines show Mexico
City’s municipalities. Blue lines show the field mapped subsidence associated faults after CENAPRED (2017). The shaded topographic base
layer is taken from Continuo de Elevaciones Mexicano 3.0 © Instituto Nacional de Estadística Geografía e Informática (INEGI).

Figure 3. Sentinel-1 based wrapped differential interferograms for the Mexico City Metropolitan Area covering (a) 19 July–12 August 2017,
(b) 12 August–5 September 2017, and (c) 5–29 September 2017. Color lookup table for all interferograms depicts 1 cycle = 6.6 cm.
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Figure 4. Subsidence velocity difference obtained by subtracting
the 24 d subsidence vertical velocity field calculated from Fig. 3b
prior to the Mw 8.2 Tehuantepec and the Mw 7.1 Puebla, Septem-
ber 2017 earthquakes vertical velocity field calculated from Fig. 3c.

We examined the effects of both earthquakes on the up
to 360 mm yr−1 subsidence process in Mexico City using
Sentinel-1 derived subsidence. As a baseline for pre-seismic
deformation, we generated two 24 d SAR interferograms
of data acquired between 19 July–12 August (Fig. 3a) and
12 August–5 September (Fig. 3b). These interferograms,
covering the Mexico City Metropolitan area, show roughly
0.5–1π phase change (light blue to purple), which is equiv-
alent to 0.7–1.4 cm surface change in the highly subsiding
regions within the city (Fig. 1). As the observed subsidence
occurred over a period of 24 d, the two interferograms re-
flect subsidence rate of roughly 100–200 mm yr−1. We also
processed a third differential interferogram of data acquired
on 5 and 29 September, which encompasses the integrated
deformation for both the Mw 8.2 and Mw 7.1 earthquakes
(Fig. 3c). This interferogram shows that the previously men-
tioned areas underwent an increase subsidence with much
larger spatial coverage in comparison to the previous inter-
ferograms (Fig. 3a and b) which are 24 and 48 d older. The
change in subsidence velocities (up to∼ 33 mm total vertical
displacement, equivalent to ∼ 38 % rate increase over a 24 d
time window) and areal extent integrated during both seismic
events (Fig. 4) indicates that most of the seismically triggered
subsidence centered on these rapidly subsiding areas.

It is indeed possible that the energy released during these
earthquakes is responsible for a distinctive deformation ve-
locity pattern that is not shared by other sectors of the city
where the underlying lacustrine sediment package is either
thinner or absent.

A closer analysis of this circumstance shows that a large
portion of the reported subsidence associated damage cor-
relates with the presence of preexistent, subsidence-related
faults (CENAPRED, 2017). Moreover, we find evidence of
phase discontinuities in the 5–29 September interferogram,

which also correspond to these areas around the lower slopes
of the Sierra de Santa Catarina.

We conclude that the seismic energy from both earth-
quakes induced a fast soil consolidation and triggered the co-
seismic faulting of the preexistent subsidence related faults.
This circumstance not previously observed 32 years ago dur-
ing the Mw 8.1 19 September 1985 earthquake creates a new
variable that needs to be addressed in future updates to the
building codes and urban zoning considerations in Mexico
City.

4 Conclusions

Our data makes it plausible that the seismic energy released
by theMw 8.2 8 September 2017, and theMw 7.1 19 Septem-
ber 2017 earthquakes induced fast soil consolidation within
a short time span, and triggered slip on the preexisting sub-
sidence associated faults. This effect has not been previ-
ously documented but may be triggered again during an-
other strong earthquake. Future hazard assessments for Mex-
ico City should consider this triggering mechanism for the
assessment and the inclusion shallow faulting for future ur-
ban building code and land use.

Data availability. Sentinel-1a and b SAR data used on this work
was provided by the European Space Agency (ESA) through the
Alaska Satellite Facility SAR Data Center (ASF SDC) at https://
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Abstract. Relative sea-level rise (RSLR), i.e. sea-level rise due to climate changes combined with land subsi-
dence, is one of the processes that is most severely threatening the coastal systems around the world. The Venice
coastland forms the major low-lying area in Italy and encompasses a variety of environments, such as farmlands,
estuaries, deltas, lagoons and urbanized areas. Valuable ecosystems, historical heritages and economic activities
are located in this area. Since most of the territory lies at a ground elevation below or slightly above the mean
sea-level, also a few mm yr−1 of land subsidence can seriously impacts on the Venice coastal system. In this
study, we present an analysis of the vulnerability to RSLR considering an uneven land subsidence distribution,
with an application on the Venice coastland. The analysis is delineated at the regional scale by an index-based
model and a proper coupling of various thematic layers, such as high spatial resolution land subsidence data re-
trieved by satellite SAR interferometry, ongoing and projected sea-level rise trends, and morpho-physiographic
setting of the coastland.

1 Introduction

Sea-level rise due to climate changes (SLR) combined with
land subsidence, namely relative sea-level rise (RSLR), is
one of the processes that is threatening most severely the
coastal systems around the world. Flooding, saltwater con-
tamination of farmlands and aquifers, coastal erosion, loss of
tidal morphologies along with severe damages to infrastruc-
tures are among the major effects of RSLR.

Although at different rates, the ocean levels increased over
the last decades up to a few mm yr−1 and are expected to
rise even more quickly by the end of the century (e.g., IPCC,
2014). Despite this general rise, land subsidence in many
coastlands worldwide has exceeded the SLR up to a factor
of ten (Erkens et al., 2015).

At regional scales, SLR can be considered spatially homo-
geneous whereas ground dynamics is often characterized by
a considerable variability. During the last decade, the grow-
ing use of satellite SAR interferometry over large areas rev-
eled that land subsidence in low-lying coastlands often de-

picts uneven distribution patterns, primarily controlled by
shallow sediment compaction, especially the Holocene de-
posits (Tosi et al., 2010; Teatini et al., 2011; Jankowski et
al., 2017), and the hydro-morphological setting. These are
key driving mechanisms in the susceptibility of the low-lying
coastal plains to RSLR

Vulnerability analysis is a powerful method for studying
the interaction of the various environmental features that de-
termine the exposure of coastlands to RSLR (e.g., Gornitz,
1991). However, previous investigations neglected or poorly
considered the variability of the coastal subsidence, gener-
ally assuming a quite homogeneous sinking trend also over
large areas, or at least with a regional pattern.

Here we present a step forward in the analysis of the vul-
nerability to RSLR of the Venice coastal system (Fig. 1),
considering the actual pattern of the coastal subsidence (e.g.,
Teatini et al., 2011; Strozzi et al., 2013; Tosi et al., 2016).

The analysis is conducted at the regional scale by combin-
ing high spatial resolution ground movement data obtained
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Figure 1. Satellite image of the Venice coastland facing the north-
ern Adriatic Sea, Italy. Red line: boundary of the study area in the
mainland; Blue lines: major rivers; Green polygons: lagoon bound-
aries. Base map source: Esri, DigitalGlobe, GeoEye, Earthstar Geo-
graphics, CNES/Airbus DS, USDA, USGS, Aerogrid, IGN, and the
GIS User Community.

through multi-temporal SAR interferometry with informa-
tion on the hydro-morphological setting of the coastal system
and the present and projected sea-level rise trends.

2 Data and Methodology

The coastal vulnerability to RSLR was assessed by means
of an index-based model that considers the following in-
put dataset: high spatial resolution land subsidence; hydro-
morphological setting, including the distance of emerged
land from potential pathways for inundation due to RSLR,
i.e. the coastline, watercourses, lagoons and wetlands; sur-
face elevation of emerged and submerged sectors; present
and projected sea-level rise.

2.1 Land subsidence dataset

Ground movements are derived from a stack of 194 Sentinel-
1 images (∼ 3× 20 m spatial resolution) acquired between
30 March 2015 and 23 February 2019 processed with the In-
terferometric Point Target Analysis (IPTA) PSI chain (e.g.,
Wegmüller et al., 2004). Permanent GPS stations located
within the study area allowed calibration and validation of
the interferometric product. The line of sight (LOS) displace-
ments detected by the satellite have been assumed as to the
ground vertical movements to simplify the analysis. This as-
sumption introduces an error in the range of 20 %–25 % for
the ground movement velocities, which can be reasonably

neglected considering the intervals of the thematic layer clas-
sification adopted for the vulnerability analysis to RSLR.

2.2 Hydro-morphological data

The hydro-morphological dataset includes the ground eleva-
tion of emerged and submerged areas and the physiographic
setting of the major water bodies considered as the main po-
tential flooding sources.

The ground elevations data of emerged areas refers to a
20 m pixel size Digital Elevation Model (DEM). The DEM
was obtained by Wegmüller et al. (2009) using SAR cross-
interferometry on four pairs of satellite images as part of the
ERS2-ENVISAT tandem mission in winter 2007, 2008 and
2009, i.e. the season with the lowest presence of vegetation,
and validated on the basis of GPS surveys (Gasparetto-Stori
et al., 2012).

The bathymetric data are available from reclamation and
regional authorities and refers to the main lagoon basins.

The potential flooding sources are the Adriatic Sea, la-
goons, wetlands and the main rivers. The boundaries and
paths of the water bodies were drawn manually using images
from Google Earth.

2.3 Sea-level rise scenarios

Three SLR rates were adopted, i.e. the ongoing long-time se-
ries scenario, ongoing short-time series scenario and future
scenario, referring to the time intervals 1875–2018, 1992–
2018 and 2018–2050, respectively. The SLR rates for the on-
going long-time series scenario and ongoing short-time se-
ries scenario amount to 1.3 and 3.8 mm yr−1, respectively,
and were computed from the data recorded by the tide gauge
station of Trieste (Northern Adriatic Sea). Since this station
is located in an area where land movements are known to
be negligible, the records are representative of the sea level
changes. Regarding the future scenario, this study adopts the
worst-case projection of global mean sea-level rise provided
by the IPCC’s Fifth Assessment Report (AR5) (IPCC, 2014).
Under the Representative Concentration Pathway RCP8.5
scenario, a sea-level rise of 0.74 m with a likely range of 0.52
to 0.98 m (Church et al., 2013) is projected by 2100. For the
future scenario, a mean rate of 5 mm yr−1 by 2050 is conse-
quently used.

2.4 Index-based model

The vulnerability to RSLR was assessed by the following
steps: (a) Set-up of the thematic layers derived from the
selected indices (i.e. land subsidence, water distance and
DEM); (b) Classification of the thematic layers; (c) Assign-
ment of a weigh to each index; (d) Aggregation of the the-
matic layers into a GIS environment; (e) Computation and
classification of vulnerability to RSLR.

Proc. IAHS, 382, 689–695, 2020 proc-iahs.net/382/689/2020/



L. Tosi et al.: Vulnerability of Venice’s coastland 691

Table 1. Range of scores and weightings assigned to each classified
thematic layer.

Thematic Classified thematic Score Weight
layer layer

RSUBS cRSUBS 0–4 0.5
WD cWD 0–4 0.25
DEM cDEM 0–4 0.25

The thematic layers SUBS (land subsidence), DEM (in-
tegrated ground elevation and bathymetric dataset) and WD
(water distance) were set up through the interpolation of the
associated indices by the kriging technique. Specifically, a
200 m regular grid was chosen as it is a good compromise
for mapping both high density data areas (e.g., urban areas)
and sectors where SAR reflectors are diffused (e.g., farm-
lands and wetlands).

The three SLR rates were included in the SUBS layer for
obtaining the RSUBS thematic layers corresponding to the
different scenarios. SUBS rates were kept the same for the
three scenarios, assuming that the groundwater regulation
will prevent future increase in induced land sinking and the
secondary consolidation rates of Holocene deposits will re-
main unchanged during such a relatively short time period
(e.g., Teatini et al., 2011).

The DEM dataset consists in measurements carried out
over various time spans with a common mid-range year
around 2008. Because land subsidence is referred to the
2015–2019 period, the DEM dataset was updated by adding
the contribution due to ground displacements and SLR for
the time interval 2008–2019. The land subsidence trend is
assumed to remain unchanged before 2015.

In addition, depending on the investigated scenario, the
DEM layer was computed by two different approaches. For
the ongoing scenarios, DEM represents the present coastland
elevation estimated for the year 2019. For the future scenario,
i.e. in 2050, the DEM is estimated as in Eq. (1):

DEM2050 =(DEM2019)+ (SUBS2019 ·1t)

−(SLR2050 ·1t) (1)

where 1t is the interval period between 2019 and 2050.
The thematic layers were classified by converting their

values to an “importance” scale using a rating from 0 to
4 (e.g., Gornitz, 1991). The classification depends on local
conditions, with high ratings corresponding to high impact
of RSLR. The upper and lower bounds of the classes for the
thematic layers were defined by adapting the limit values to
the frequency distribution of the gridded dataset. The WD
index is assumed to remain unchanged by 2050, as it is rea-
sonable to believe that mitigation measures (e.g. beach nour-
ishment, embankment reinforcing) will keep the boundaries
of the water bodies roughly at present.

Table 2. Thematic layer classification: upper and lower bounds of
the classes and related scores.

RSUBS WD DEMma DEMla Score
(mm yr−1) (m) (m a.m.s.l.) (m a.m.s.l.)

>−1 > 4000 > 4 <−3 0
−1 to −2 2000–4000 2–4 −3 to −2 1
−2 to −3 1000–2000 1–2 −2 to −1 2
−3 to −7 500–1000 0–1 −1 to −0.5 3
<−7 < 500 < 0 >−0.5 4

Finally, the Index of Coastal Vulnerability (CVI) to RSLR
was computed with a weighted linear regression for both the
ongoing and future scenarios as in Eq. (2):

CVIi =wRSUBS · cRSUBSi +wWD · cWDi

+wDEM · cDEMi (2)

where cRSUBS, cWD, cDEM are the rating for each cell i

of the classified thematic layers and wSUBS,wWD, and wDEM
are the assigned subjective weights as shown in Table 1. Note
that the weight of RSUBS (wRSUBS)is double those associ-
ated to wW and wDEM, as high subsidence rates and projected
SLR trends are the major driving forces affecting delta vul-
nerability.

Lastly, the CVI values obtained from Eq. (2) were re-
classified into five classes (from negligible to extreme) by
the Jenks optimization method (Jenks, 1967), which reduces
variance within classes and maximizes variance between
them.

3 Results

The set-up of the SUBS, RSUBS, DEM and WD thematic
layers was the first step of the data analysis. The maps devel-
oped on the 200 m regular grid are shown in Fig. 2.

The SUBS thematic layer clearly depicts the variability of
the ground displacements although the SAR data are interpo-
lated on the 200 m grid. In general, this pattern is primarily
controlled by compaction of the Holocene deposits, which
thickness increases from less than 1 m in the mainland to
more than 20 m in the northern and southern coastal sectors
(Tosi et al., 2010). The presence of buried geomorphologi-
cal features, such as sandy paleo-channel and littoral ridge
systems contributes in increasing the local variabilities pat-
terns. To the author knowledge, induced land subsidence due
to groundwater exploitation is limited to local sectors in the
northern area.

The thematic layer has been classified based on the statis-
tical distribution of the RSUBS, WD, and DEM values (Ta-
ble 2).

The values 0 and 4 mean a low and a high contribution
to vulnerability, respectively. Considering the peculiarity of
the Venice area, whose territory lies at an elevation below
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Figure 2. Thematic layers: (a) SUBS, (b) RSUBS – ongoing long-
time series scenario, (c) RSUBS – ongoing short-time series sce-
nario, (d) RSUBS – future scenario, (e) DEM, (f) DEM – future
scenario, (g) WD.

or slightly above the mean sea-level, also a few mm yr−1

of relative sea-level rise seriously damage the coastal sys-
tem. Therefore, the class with null value has been limited
to RSLR less than 1 mm yr−1. In addition, since RSLR dif-
ferently affects the ecosystem of transitional environments,
the DEM thematic layer has been classified separately for
the mainland (littoral strips included) and lagoon areas (is-
lands included), hereinafter referred as DEMma and DEMla,
respectively. Specifically, in the lagoon areas, RSLR threats
the morphologies with a surface elevation within the tidal
range (e.g., salt marshes) and above sea level (e.g. islands and
historical centers) more than the lagoon bottom deeper than
−1 m a.m.s.l. (e.g., channels). Conversely, in the mainland,

Figure 3. Classified thematic layers influencing vulnerability to
RSLR: cRSUBS for the ongoing long-time series scenario (a), on-
going short-time series scenario (b), future scenario (c); cWD (d);
cDEM computed for both the ongoing long-time series and short-
time series (e), and for the future scenario (f).

the most threaten sectors are those with the lowest elevation
with respect to the sea level.

The adopted classification is the same for the three scenar-
ios, since the threat-classes are preserved even if subsidence
and SLR change.

The classified thematic layers, with scores from 0 to 4
(from low to high contribution to vulnerability), are shown
in Fig. 3. The colour-coding highlights the rating in accor-
dance with the classification shown in Table 2.

The Index of Coastal Vulnerability (CVI) to RSLR was
computed with a weighted linear regression for both the on-
going and future scenarios (see Eq. 2) and the values reclas-
sified into five classes, i.e. negligible, marginal, moderate,
critical, and extreme.

The maps showing the vulnerability to RSLR of the Venice
coastland for the ongoing long-time series scenario, ongo-
ing short-time series scenario and future scenario in 2050 are
presented in Fig. 4.
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Table 3. Percentages of the Po delta area in each class of the CVI
under the three scenarios.

Scenario

Vulnerability Ongoing long- Ongoing short- Future
classes time series time series

Negligible 13.5 0.0 0.0
Marginal 30.5 16.0 15.0
Moderate 23.5 27.0 24.5
Critical 22.0 33.5 28.5
Extreme 10.5 23.5 32.0

4 Discussion

The use of high spatial resolution land subsidence maps ob-
tained by Satellite SAR interferometry makes it possible to
take a step forward in the analysis of the vulnerability to
RSLR with respect to previous works that generally consid-
ered land subsidence quite homogeneous or with a region
trend.

The vulnerability analysis of Venice’s coastland to RSLR
presented here uses thematic layers at 200 m spatial resolu-
tion (Figs. 2 and 3).

Regarding the outcome of the vulnerability analysis
(Fig. 4), the percentages of the Venice coastland in each
class of the CVI under the ongoing long-time series, ongo-
ing short-time series and future scenarios are summarized in
Table 3.

Under the ongoing long-time series scenario, the areas
with negligible vulnerability to RSL cover only 13.5 %. Ar-
eas with marginal, moderate and critical vulnerability are
more extended, amounting to 30.5 %, 23.5 % and 22 %, re-
spectively. About 10 % of the coastland is in an extreme vul-
nerability condition. Using the ongoing short-time series and
future scenarios the areas with negligible class vanish and
27 %, 33 %, 23.5 % are the percentages of areas with moder-
ate, critical and extreme vulnerability, respectively.

By 2050, under the future scenario, 60 % of the coastland
will be in a critical and extreme vulnerability condition.

At the coastland scale, the high variability of vulnerability
to RSLR reflects the variability of land subsidence, which
superposes that due to the hydro-morphology setting.

Land subsidence plays a key role resulting in the variabil-
ity of the vulnerability to RSLR. Land subsidence rates vary
from less than 1 to about 5 mm yr−1, with local peaks reach-
ing 10 mm yr−1. Thus also under future scenario in some sec-
tors of the Venice coastland land subsidence and sea-level
rise of the Adriatic Sea contribute equally by 2050.

It is important to highlight that the specific indices used
here do not exhaustively cover all of the various factors in-
fluencing the Venice coastland in view of the expected RSLR
and various assumptions based on the scientific knowledge
of the study area have been made to simplify the analysis.

Figure 4. Vulnerability to RSLR of the Venice coastal area: (a) on-
going long-time series scenario; (b) ongoing short-time series sce-
nario; (c) future scenario in 2050. Base map source: Esri, Digital-
Globe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA,
USGS, Aerogrid, IGN, and the GIS User Community.

Assumptions, along with classification and weighting crite-
ria inevitably lead to some degree of subjective judgments.
The choice of the SLR scenarios to be used in the anal-
ysis is a critical issue. Regarding the present state, notice
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that the yearly average value of sea level changes is quite
variable and is characterized by pseudo-cyclicity and oscil-
lations (e.g., Carbognin et al., 2010). Time series shorter
than 50–60 years often yield fuzzy and contradictory pre-
dictions. The 1.3 mm yr−1 average SLR over the 1875–2018
time interval, i.e. the ongoing long-time series scenario, is
certainly significant and robust for the Adriatic Sea. How-
ever, the 3.8 mm yr−1 resulting from the 1992–2018 period,
i.e. the ongoing short-time series scenario, shows a fairly uni-
form trend that could be more representative for the present
state. Regarding the future scenario, the uncertainty charac-
terizes the quantification of both the expected SLR and land
subsidence evolution. To this end, the expected scenario here
considered is limited to 2050, being an evolution model of
land subsidence unavailable for the study area and the large
difference of the SLR projections by 2100. In any case, it is
possible to assume that land subsidence will continue in ac-
cordance with the present trend because the groundwater reg-
ulation adopted in Venice and the long-term secondary con-
solidation of the Holocene deposits will remain almost un-
changed over a relatively short period. Regarding the global
sea-level rise by 2050, a rate of 5 mm yr−1 computed from
the IPCC projections is adopted (IPCC, 2014).

In relation to the shoreline erosion and the sinking of the
embankments, it was assumed that over the next 30 years,
beaches nourishment and land reclamation will be able to
keep pace with the RSLR.

5 Conclusions

The vulnerability to RSLR exhibits substantial variability
among individual areas reflecting the heterogeneity of land
subsidence and the hydro-morphology setting. The key re-
sults of this study are the following:

Land subsidence rates vary from less than 1 to more than
5 mm yr−1. Thus, it means that also under future scenario
land subsidence in some sectors of the Venice coastland con-
tributes equally with the sea-level rise of the Adriatic Sea in
the vulnerability analysis.

Under the ongoing long-time series scenario, 30.5 %,
23.5 % and 22 % of the coastland area is classified with
marginal, moderate and critical vulnerability, respectively.

Under the future scenario, i.e. by 2050, the areas with crit-
ical and extreme vulnerability are expected to cover 60 % of
the Venice coastland.

Although this study represents a step forward in the as-
sessment of the vulnerability to RSLR of the Venice coast-
land, the authors are aware that further studies will have to
face the uncertainties not addressed in this analysis.
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Abstract. For the levee strengthening project Krachtige IJsseldijken Krimpenerwaard (KIJK) a study has been
done to examine all buildings along 10 km of levee. These buildings are an important factor in the design stage,
because of its sensitivity to deformations due to the natural compaction of the soft deposits (creep) and the
potential effects of the levee strengthening. This paper covers the quantification of building settlement due to
natural subsidence using InSAR. Research is performed in the city archives to establish the characteristics of
the buildings, such as the foundation type. Although the city archive is well organised, it is not complete. The
building data density is substantially improved using InSAR information. This enhanced data set is a key factor
in establishing an consistent assessment of the risk of damage for the different levee strengthening alternatives.

1 Introduction

Since January 2017 the assessment of safety for primary
levees in the Netherlands should comply to the WBI2017
(MIM). When a levee does not comply to the WBI2017
a levee strengthening project is initiated by the Water Au-
thority. An important factor in the design process of such a
project are the surrounding buildings and structures. Build-
ings are exposed to natural land subsidence, caused by creep
of soft layers, the drying out of peat or oxidation. Changing
water levels and loading of the levee might cause additional
effects leading to more subsidence and possibly damage the
buildings.

This paper covers the assessment of building settlement
and the risk assessment of additional settlement for differ-
ent levee strengthening designs. The case study for this risk
assessment was done for levee strengthening project KIJK.
The 10 km long KIJK (Krachtige IJsseldijken Krimpener-
waard) project is located next to the river Hollandse IJssel,
in the Krimpenerwaard near Rotterdam, the Netherlands (see
Fig. 1). The Krimpenerwaard is an area with soft Holocene

deposits with ongoing subsidence. The levee is densely pop-
ulated with buildings originating from 1650 till present.

The building settlement rate differs for each building de-
pending on the foundation type and -depth, the age and con-
dition of the building. Also, the potential risk of damage for a
building due to additional soil displacements, depends on the
foundation type and the condition of the building. The objec-
tive of this study is to perform a damage risk assessment of
all buildings located within 40 m from the crest of the levee.
This study uses InSAR data to determine the building settle-
ment rate and, by combining other data sources, determine
the buildings foundation type with certain probability. Us-
ing settlement characteristic and the foundation type, the risk
of damage can be determined for different preliminary levee
strengthening designs (IB KIJK, 2017). This risk of damage
is an important factor for choices made in the design process
and determining the most favourable design alternative.

2 Analysis method

The analysis starts by filtering the InSAR data (Skygeo,
2017) on useful data points that match the buildings. Data
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Figure 1. Location of the KIJK project (aerial photo 2016; © Nationaal georegister).

Figure 2. Example of InSAR measurements.

Figure 3. Data availability.

of AHN3 (Current Height Elevation, third data set, AHN,
2019) and BAG (Basic administration Addresses and Build-
ings, 2019) is used in this process. Also, multiple municipal
archives are searched for drawings of all buildings. This data
is used to establish a correlation to determine the character-
istics of the buildings that lack archive data. The objective is
to create a complete database of the foundation properties of
all the buildings.

The additional land subsidence due to the levee strength-
ening is calculated for different designs using the FEM (Fi-
nite Element Method) code PLAXIS. The established dif-
ferential horizontal and vertical soil displacements are com-
bined with the foundation type to assess the risk of damage.
The risk of damage can be determined using the limiting ten-
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Figure 4. Distribution per foundation type versus settlement rate in mm yr−1.

Figure 5. Distribution of pile materials over time.

Figure 6. Foundation types before and after data analysis.

sile strain method (Netzel, 2009). The objective is to mini-
mize this risk of damage by optimising the designs.

3 Analysis of InSAR data and other sources

3.1 InSAR (Interferometric Synthetic Aperture Radar)

The InSAR data consists of a large number of height mea-
surements for an object, i.e. the building. Every eleven days
the satellites pass the project area and scan the surface of
the earth, for this project three year of data has been used.
The measurements do not contain an accurate measurement
of the level of the location but do give an accurate difference
of height over time. An example on an individual surface
point is given in Fig. 2. InSAR data is generally available
on reflective points on the surface of the earth, such as roads
or buildings. The location of the buildings is relatively accu-
rately known using the BAG data (BAG, 2019). The height of

Figure 7. Types of levee strengthening, left to right, 1 to 4.

a building and the surrounding ground level is known using
the AHN3 data set (AHN, 2019). Both data sets have been
used to filter out the InSAR data points that are on a build-
ing. All measurement points that are more than 3 m above the
ground level, based on AHN3, and within 2 m of a building,
using BAG, are linked to that building. With this procedure
one or multiple measurement points are found for 90 % of
the buildings in the project area (see Fig. 3).

3.2 BAG

The building administration, BAG, does not only give the ac-
curate location of the buildings, but also contains a lot of reg-
istered municipal data. Some basic properties of all buildings
are included, like the address, the function, building year and
special properties such as a listed building or “monumental
status”.

3.3 City archives

The local city archives proved to be well organised but
far from complete. For 56 % of all buildings valuable in-
formation was available, ranging from drawings to calcula-
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Figure 8. Categorized risk due to dike strengthening with groundworks for buildings with a shallow foundation.

tions, which resulted in information on construction materi-
als, foundation type, material and depth, reconstructions and
miscellaneous.

3.4 Visual inspection

Visual inspections have been performed to get a better under-
standing of the area and the structural status of the buildings.
A photograph is made of every building from public terrain
to be included in the database

4 Combining data

The objective is to obtain building characteristics for the re-
maining 44 % of the buildings for which no archive informa-
tion was available. The building settlement rate is known for
90 % of the buildings, while for 42 % of all buildings draw-
ings are available. For 52 % of those buildings with draw-
ings, the foundation type is given in one of the drawings. A
distribution of the settlement rate versus foundation type is
given in Fig. 4. The foundation type is categorized in shallow
foundations, pile foundations or unknown. From the graph it
can be concluded that 72 % of all buildings that have a shal-
low foundation settle at least 2 mm yr−1, while only 12 %
of buildings founded on piles settle at that rate. 88 % of all
buildings on piles settle 1 mm yr−1 or less.

The data shows that there is no 100 % correlation between
the building settlement rate and the foundation type. An im-
portant factor could be the technical state of the foundation
as wooden piles deteriorate in time and possible other fac-
tors, such as reinforcements, which could have had impact
on the building during the period of measurements. The dis-
tinction is made to consider all buildings that settle more than
2 mm yr−1 to have a shallow foundation. All buildings that
settle less than 1 mm yr−1 are considered to be founded on
piles. This is a safe assumption in the design process.

Figure 9. Flow chart of the performed analyses.

The data shows that it was not possible to determine the
pile type only based on the building settlement rate. But
there is a correlation between the pile type and building year.
Wooden piles have been used in the past but have been re-
placed with concrete piles in the last couple of decades. Us-
ing the graph in Fig. 5 it can be stated that most buildings
build after 1980 are built on concrete piles.

Using the two derived correlations a foundation type and
material can be defined for all buildings where the archives
lack information (Fig. 6). This is important input for the de-
termination of the risk of building damage.

5 Ground deformation caused by construction
works

There are multiple methods for strengthening a levee, see
Fig. 7. Clay can be added to the crest and the slopes to in-
crease height and stability (1). To narrow the strengthened
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Table 1. Results, minimal distances to levee strengthening

Risk of damage

Location Foundation Design solution Severe, Severe, Moderate, Light, Very light, Negligible
in relation type (Conform constructive functional functional esthetical esthetical
to dike Fig. 7)

Distance between building and works till (m) Distance from (m)

In
la

nd
di

ke
,h

in
te

rl
an

d Shallow 1 3.0 – 3.5 – 9.5 9.5
foundation 2 – – – – 1.0 1.0

4 6.0 – 8.5 – – 8.5

Wooden 1 9.0 – – – – 9.0
piles 2 18.5 – – – – 18.5

4 22.5 – – – – 2.5

Concrete 1 – – – – – –
piles 2 – – – – – –

4 – – – – – –

O
ut

er
di

ke
,f

or
el

an
d Shallow 1 12.0 – 13.0 17.0 18.0 18.0

foundation 2 10.0 – 13.0 15.0 16.0 16.0

Wooden 1 13.5 – – – – 13.5
piles 2 12.0 – – – – 12.0

Concrete 1 6.5 – – – – 6.5
piles 2 6.0 – – – – 6.0

levee profile retaining walls can be installed at one or both
slopes to increase stability (2). Also, a single retaining wall
can be installed in the crest to ensure both stability and
height (3). Or the whole levee can be moved inland or out-
land when sufficient space is available (4).

When clay is placed on the levee, the underlying peat and
clay layers are loaded, leading to additional subsidence. The
additional subsidence is different depending on design and
location, due to the changing profile of the levee and the soil
heterogeneity. It is impossible to calculate the additional land
subsidence for each individual building and all the different
design options. So, the soil displacements are not calculated
for each location or building, but for five representative loca-
tions.

The soil displacements have been calculated using
PLAXIS for five locations and for all different designs. In
these models the buildings have not been modelled. When
determining the risk of damage, the soil or greenfield dis-
placements will be imposed on the different buildings, based
on their foundation. An example is given in Fig. 8 for levee
strengthening with only clay on both slopes of the levee. On
the right side is the hinterland, were buildings are located.
It shows the vertical displacements, which decrease with the
distance to the added load. Table 1 shows the risk of damage
for different designs and buildings in relation to the distance
to the levee strenthening for the project KIJK.

6 Assessing the risk of damage

Based on the method developed by Netzel (2009) the green-
field displacements are imposed on the building using the
limiting tensile strain method.

The amount of deformation imposed on the building de-
pends on the foundation type. The displacement of a shallow
foundation is considered to be equal to the greenfield dis-
placements. For pile foundations only a part of the greenfield
deformation will act on the building itself. The dragdown
force of the settling soil will impose a load on the pile (neg-
ative skin friction) which results in a settlement of the pile
which is less than the greenfield settlement. For wooden and
concrete piles respectively 20 % and 7 % of the vertical dis-
placement will act on the building itself. A safe upper limit
for the horizontal displacement factor is 50 % of the green-
field displacements. The percentages that have been used are
based on literature and experience by CRUX.

The risk of damage is categorized using the BRE-
classification using five levels of damage, ranging from struc-
tural damage (1) to light esthetical damage (5) or a negligible
risk of damage. This assessment has been done for 10 differ-
ent buildings along the levee for all four alternatives. The dis-
tance between the buildings and the levee axis, e.g. the dis-
tance to the levee strengthening alternatives, is known in the
database. This is combined with geometrical data (distance
between levee, construction method and building) to assess
risk of damage, as illustrated in Fig. 9. The graph shows that
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the vertical displacements decrease with an increasing dis-
tance to the levee. It shows that, for this case, buildings, with
a shallow foundation, within 3 m to the toe of the new levee
will suffer severe, constructive damage because of the soil
displacements, while for all buildings from 10 m from the
toe the damage will be negligible.

7 Conclusions

The InSAR measurements proved to be able to determine
the building settlement for almost all buildings of the KIJK
project. Combining the building settlement with other data
sources it is possible to estimate the foundation type of a
building. Although this is not 100 % accurate, it gives in com-
bination with safe assumptions a good indication in the pre-
liminary design phase of the project.

The foundation type, combined with distance to the con-
struction site and settlement prediction resulted in a predic-
tion of the risk of damage for each building and levee de-
sign. In these calculations the additional building settlement
is calculated for all the approximately 1000 buildings along
the 10 km of levee and all 4 design options. This risk assess-
ment has been an important parameter in the Multi Criteria
Analysis to establish the most favourable design alternative
for the KIJK levee strengthening project.

Data availability. The request for the provision of the data, as
owned by HHSK, will be treated by HHSK based on the purpose of
the request (see https://www.schielandendekrimpenerwaard.nl, last
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met, the purpose must be specified with the request.
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Abstract. Land subsidence in the Netherlands, mainly occurring in its western and northern peat and clay soils,
causes significant damage to houses and infrastructure, estimated at EUR 17 billion until 2050, through differ-
ential settlement of shallow foundations, negative skin friction and fungal decay of timber piles. Various studies
and reports both in The Netherlands and abroad have addressed the potential economic impacts of subsidence
on houses: yet, these studies lack spatially detailed data and instead rely on generic assumptions on expected
damage restoration costs. By using a hedonic pricing model, this study examines the impact of subsidence on
housing prices in the Dutch cities of Rotterdam and Gouda. In contrast to earlier studies, subsidence and its
impact on property values are examined at house level. We test for the effect of subsidence with data related
to (i) general (uniform) subsidence (mm yr−1), (ii) differential subsidence of a building and (iii) subsidence of
the surrounding area in relation to the house. Results show that uniform subsidence has the largest impact on
property values with approximately −6 %, while “differential” and “surrounding” subsidence show respectively
−2 % and no effect. These results could prove useful to policymakers, homeowners and housing corporations
by generating a better understanding of the impact of subsidence on property values and subsequently to create
awareness and spur investments in measures to mitigate damage. It should be noted that these results are specific
to the research area are therefore not immediately scalable to other cities as local conditions differ.

1 Introduction

Land subsidence is a substantial problem affecting many
cities worldwide. It potentially causes damage to houses,
businesses, agriculture and public infrastructure (Reddish
and Whittaker, 2012). These consequences are observed in
the Netherlands, which is prone to land subsidence due to ar-
tificial drainage of clay and peat soils, which leads to clay
settlement and peat oxidation (Nieuwenhuis and Schokking,
1997; Schothorst, 1977). Especially in urban areas subsi-
dence rates can vary over space due to a heterogeneous sub-
surface and loading by man-made structures such as build-
ings and infrastructure (Zeitoun and Wakshal, 2013). Sub-
sidence in the Netherlands is estimated to cause around
EUR 20 billion in damage up until 2050, of which at least
EUR 17 billion in expected repair costs of structural dam-
age – e.g. restoring foundations, cracked walls, sloping floors
– to buildings (Van den Born et al., 2016). This restoration
costs approach does not fully represent socio-economic im-

pact, as individual preferences such as risk aversion are not
accounted for.

1.1 Valuing subsidence risk in housing market

An approach that better reflects such individual preferences
is the revealed preference approach “hedonic pricing”, as
e.g. used by Yoo and Perring (2017) to assess the effect
of subsidence on house transactions in Phoenix, Arizona,
and to assess the impact of earthquake risks in Groningen
(Koster and Van Ommeren, 2015). This method takes all as-
pects which influence a buyer’s decision into account by us-
ing the actual transaction prices. Yoo and Perring (2017) find
that houses located in a subsiding area were valued 9.9 %
less on average. This study evaluates subsidence on a large
scale – local subsidence patterns and differences in founda-
tion are not included. In the Dutch housing market, aware-
ness of real estate damage due to subsidence has recently
increased, among other things due to the spike in damage re-
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ports in the dry summer of 2018 (Vereniging voor het Bouw-
en Woningtoezicht, 2019).

1.2 Study scope

Where previous hedonic pricing studies have assessed sub-
sidence effects on a larger spatial scale, this study investi-
gates the economic effects of land subsidence on the housing
market at the building level. We apply the hedonic pricing
method to assess the impact of subsidence on the property
market in two Dutch cities – both known to be affected by
subsidence and with a building-level settlement data avail-
able: Rotterdam and Gouda. We expect results could prove
useful to policymakers, homeowners and housing corpora-
tions by generating a better understanding of the impact of
subsidence on property values and subsequently to create
awareness and spur investments in measures to mitigate dam-
age.

2 Methodology

This study uses the hedonic pricing method. The hedonic
pricing model regards real estate property as a heterogeneous
good comprised of many characteristics: the total value of
a house is considered a function of the values of individ-
ual characteristics, such as physical building characteristics,
neighborhood characteristics, and environmental character-
istics (Freeman, 1979). In our study, the variable “subsis-
tence rate” is one of the environmental characteristics. He-
donic pricing theory assumes that home buyers are perfectly
informed on all variables, and thus take subsidence into con-
sideration when purchasing a house by adjusting their bid
price accordingly. On subsidence risk there is often limited
information available, so buyers are unlikely to be perfectly
informed. The results will tell if buyers take subsidence into
consideration, based on data available to them. To assess the
effect of subsidence on property values, we distinguish three
different types of subsidence: (i) uniform subsidence of the
house – based on data on “absolute” subsidence rate of the
building, (ii) differential subsidence – based on data on dif-
ferential (uneven) settlement of the building, and (iii) sub-
sidence of the buildings’ surroundings. The latter includes
subsidence of e.g. sidewalks, yards and streets, which is ex-
pected to lead to problems with e.g. damaged utility pipes
especially with ‘fixed’ adjacent houses on (concrete) foun-
dation piles. We expect that all types have a negative ef-
fect on the property value, with differential subsidence be-
ing the most detrimental. In the end we are interested in the
marginal value buyers place on the presence of subsidence
in their prospective house. The marginal value entails how
much home buyers are willing to pay less for an additional
unit of subsidence (e.g. 1 mm extra per year).

2.1 Statistical model

According to Cropper et al. (1988), ordinary least
squares (OLS) statistical models are best used in hedo-
nic price analyses in the presence of omitted variable
bias (OVB), meaning that an unincluded variable affects the
outcomes. Even though control variables are included in the
regression, it cannot be ruled out that some OVB remains.
Furthermore, a log-linear form of the OLS model is chosen,
as this allows for easy interpretation of marginal effects and
it performs best in recovering marginal effects under model
misspecification (Cropper et al., 1988), an issue that often
affects hedonic pricing models (Kagie and Wezel, 2007).

2.2 Site selection

Rotterdam and Gouda were selected as they both are known
subsidence-affected areas and sufficiently detailed subsi-
dence data was available. The city of Arnhem is used as a
control area to test the model prior to including the subsi-
dence variables. This city was chosen because of its good
comparability to Rotterdam and Gouda in terms of average
house values and it being much less affected by subsidence.

2.3 Model set-up

First, the model using data on Arnhem is used to test the
model’s performance without subsidence variables, so only
the control variables are included. This models looks like
this:

ln (Pi)= α+βXi + εi . (1)

The outcome of this model tells us if in an area without (or
with very little) subsidence the variables have the effects that
would be expected. i = 1, . . . , n denotes each housing trans-
action, Pi is the selling price. The vector of control variables
is denoted by Xi and εi represents the error term. The models
that we are interested in, for Gouda and Rotterdam, includes
the subsidence variables1:

ln (Pi)= α+βSui + γSdi + δSsi + θXi + εi . (2)

The subsidence variables uniform (Sui), differential (Sdi)
and surrounding (Ssi) are included with annual thresholds
of 3, 1, 3 mm respectively. The thresholds are set at the lev-
els at which subsidence is expected to have a damaging ef-
fect. These levels are established based on expert knowledge
(Don Zandbergen2, personal communication, 16 May 2019).
Subsequently, neighborhood spatial fixed effects are added.
This means that only houses within the same neighborhood
are compared. This means that relatively similar houses are

1This is the Gouda specification, Sdi and Ssi are omitted for
Rotterdam.

2Geotechnical advisor at the municipality of Rotterdam.
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compared, but also takes away some of the variation as sub-
sidence rates within neighborhoods might be more similar
than between neighborhoods. This makes sense when look-
ing at a phenomenon which shows so much local variability
as subsidence. The regressions analyses are run for each city
separately. This is done to account for regional market differ-
ences.

2.4 Data

To execute the hedonic pricing analysis, we used data on
the selling price of houses, housing characteristics, neighbor-
hood characteristics and the extent of subsidence at the build-
ing level. The subsidence data is based on InSAR technology
and hasan error margin of 1 mm (SkyGeo, 2019). This data is
not open source, but was kindly provided by the municipal-
ities of Rotterdam and Gouda. For Rotterdam only uniform
subsidence data was available. Micro-data on selling prices
and housing characteristics was provided by the Dutch asso-
ciation of real estate brokers (NVM). Neighborhood control
variables were obtained from Statistics Netherlands (CBS).
Transactions between 1985–2018, 2009–2015 and 2016–
2018 are used for Arnhem (N = 40890), Rotterdam (N =
23116) and Gouda (N = 3033) respectively. These are the
periods for which data was available.

3 Results

This chapter discusses the results that were obtained from the
regression analyses. It is divided into four sections: one for
the results of each city and a subsequent sensitivity analysis
of the outcomes.

In the test model for Arnhem with just the control vari-
ables, most coefficients show the sign that was expected.
The size of the house, the house being a monument, having
a garage and central heating all have a significant positive
effect on the selling price. The year in which the sale took
place also positively influences the prices. This makes sense,
as property values in the Netherlands have shown a positive
trend over the past 30 years. This test analysis shows that the
model produces credible results.

Only the results obtained from the fixed effects analysis
are presented and discussed, as these are deemed to be the
most trustworthy given the local variability of land subsi-
dence (as discussed in Sect. 2).

3.1 Rotterdam

For Rotterdam, the model shows a significant effect on prop-
erty values of around −7 %, which gives reason to believe
that uniform subsidence has a negative impact of uniform
subsidence on property values in Rotterdam.

3.2 Gouda

In Gouda, the model shows negative effects for uniform sub-
sidence and differential subsidence. The effects are respec-
tively −6 % and −2 %. Surrounding subsidence does not
have a significant effect. This means that uniform subsidence
shows the clearest negative effect on property values, while
differential subsidence shows a smaller, but still negative, ef-
fect.

3.3 Sensitivity analysis

Although the subsidence thresholds (minimum subsidence
rate) were carefully considered based on expert judgement,
we test the results for different threshold values. Thresholds
of 1, 2, 3 and 4 mm were tested for all subsidence variables.

In Rotterdam, the uniform subsidence coefficient becomes
more negative with an increasing threshold, as to be ex-
pected: the more severe the subsidence, the larger the effect
on the property value. In Gouda, the same trend is observed
for uniform subsidence. Differential subsidence also shows a
more negative effect when the threshold is increased. How-
ever, the 4 mm was not significant anymore. No trend was
found for the variable surrounding subsidence.

4 Discussion

Using the threshold of 3 mm yr−1, the effect of uniform sub-
sidence on property values is negative and significant. This
is in line with the hypothesis that was posed for this effect.
Uniform subsidence is found to have an effect of −7 % and
−6 % in Rotterdam and Gouda respectively.

We expected differential subsidence to have a larger ef-
fect than uniform subsidence, as it has the potential to cause
more structural damage. This is not reflected in the results
for Gouda. Compared to the uniform subsidence effect in the
fixed effects model, the differential subsidence threshold has
a rather small effect of −2 % and is only slightly significant.
A possible explanation for this might be the fact that there
is a myriad of foundation problems in gouda, of which uni-
form subsidence is a better overarching proxy than differ-
ential settlement. The results of surrounding subsidence do
not present a clear negative effect. The model shows an ef-
fect of zero. This points to the fact that house buyers do not
typically consider negative effects of surrounding subsidence
when buying a house – this is consistent with the relatively
low awareness and long-term impact of this effect.

The exact size of the effects found in this study should
not be emphasized too much, as the real impact could devi-
ate. The information which buyers have about subsidence is
limited and not everyone is likely to take subsidence into ac-
count. The negative and (mostly) significant coefficients do
seem to persist across most of the different cities and subsi-
dence types however, meaning that a negative effect of sub-
sidence as a whole is likely realistic.

proc-iahs.net/382/703/2020/ Proc. IAHS, 382, 703–707, 2020
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4.1 Comparison

The study results compare relatively well to the results of the
hedonic pricing analysis of Yoo and Perring (2017). The au-
thors find a decreased value of −9.9 % for houses located in
a subsiding area. Compared to this, the (uniform subsidence)
results of this study are more conservative at −6 % to −7 %.
Other existing research is difficult to compare to this study, as
both subsidence and house values are not measured at house
level.

4.2 Study limitations and further research

Limitations of this study include the NVM sales data: it may
be the case that houses suffering from subsidence damage
are more difficult to sell, and are therefore underrepresented
in the sample. Additionally, the selection of cities and study
periods potentially limits the generalizability of this study.
Future research with a larger database of settlement data and
sales data would substantiate and strengthen the results. Fur-
thermore, it would be interesting to see how effects will dif-
fer once information regarding subsidence damage (e.g. In-
SAR data) becomes more available. At present this data is of-
ten not freely accessible and home buyers not always aware
of subsidence issues. To compare: information disclosure on
wildfire risk in California led to a decrease in prices of those
houses at risk (Donovan et al., 2007).

5 Conclusion

This study analyzed the effect of land subsidence on prop-
erty values in Rotterdam and Gouda, the Netherlands, though
a hedonic pricing analysis. We tested for three subsidence-
related variables: uniform (proxy for overall subsidence of
building), differential (proxy for uneven subsidence of build-
ing) and surrounding subsidence (house is fixed but adjacent
area subsides). All three variables were expected to nega-
tively affect property values, with the largest impact coming
from differential subsidence, as this leads to most structural
damage.

The fixed effects models for both Rotterdam and Gouda
show a significant negative effect of uniform subsidence on
property values of around −6 %. Differential subsidence is
found to have a slightly significant negative effect of −2 %.
The results indicate that surrounding subsidence has no ef-
fect.

Based on the outcomes, the total effect of land subsidence
of property values is concluded to be negative. This study, is
the first of its kind at this level of detail and sheds new light
on the economic impact of land subsidence on the housing
market. In a societal context, the results may be of interest
to policymakers and other actors related to the housing mar-
ket. Although difficult to compare to damage estimates based
on restoration cost approach, this study provides further ev-

idence that land subsidence negatively affects the built envi-
ronment
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Abstract. Since 1960s, Artificial Recharge has been adopted to control the geological disaster of land subsi-
dence in Shanghai. The water source to recharge to the confined aquifer meet the Standard for Drinking Water
Quality which comes from the Huangpu River or Yangtze River. Thinking the difference between the primary
environment of deep confined aquifer and the surface water, the recharge will exert an impact on the quality
of groundwater in the deep confined aquifer, as well as to obtain satisfactory effects of land subsidence pre-
vention.This paper focused on the change rules of the elements such as Cl based on long term tracking and
monitoring data from one artificial recharge testing field. And research the solute transport characteristics in
deep confined aquifer during artificial recharge. On the bases of these analysis, this paper presented the degree
and scope of influence to deep confined aquifer in the process of artificial recharge.

1 Background

Land subsidence is the major geological disaster in Shanghai.
For more than half a century, land subsidence has caused sig-
nificant changes in Shanghai’s regional geomorphology. At
present, the elevation of central urban area is generally less
than 3.5 m. The characteristics and trend of land subsidence
in Shanghai have been developing continuously with the ad-
justment of groundwater exploitation and artificial recharge
pattern and the urban development process. Since 1966, a
number of land subsidence control measures were adopted,
the land subsidence development trend has been gradually
alleviated.

Land subsidence in Shanghai area is mainly caused by
the excessive exploitation of groundwater resources in the
past (Li and Wang, 2006). The Quaternary loose strata in the
area are composed of unconsolidated clay, sand and gravel,
which inter-bedded or inter-stratified, and contain rich con-
fined groundwater in the sand and gravel layers.

The total pressure of the soil layer above the confined
aquifer is an equilibrium with the pressure between the par-
ticles in the soil layer and the pore water pressure in the
particle pores of the soil layer (Bouwer, 2002). When ex-
cessive pumping of groundwater from confined aquifers oc-
curs, the water level of the aquifer decreases significantly and
the pore water pressure decreases accordingly, resulting in
compaction of the aquifer. At the same time, hydraulic gra-
dient is generated between confined aquifer and overlying
clay, which reduces pore water pressure in clay layer.Under
the condition that the total pressure of the upper soil layer
remains unchanged, the pressure borne by the soil particles
increases correspondingly, resulting in further consolidation
and compression of the soil layer. The common action of
these factors causes land subsidence on the ground (Wei,
2002).

Therefore, artificial recharge groundwater is adopted in
Shanghai area to promote the rapid rise of groundwater
level and artificially increase the water head pressure in the
aquifer, which results in the rebound of the water-bearing
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710 J. Wu et al.: Solute transport characteristics during artificial recharge

Table 1. Parameters of Monitoring and Injection Wells.

Well Distance to Diameter of Elevation of Elevation of Specific Yield
injection Well (m) Well (mm) Aquifer (m) Filter (m) (m3 (h m)−1)

J1 42 219 −163.93 to −217.75 −190.57 to −210.57 26.42
J2 76 219 −165.41 to −215.41 −190.91 to −210.91 26.00
J3 139 219 −162.92 to −216.92 −190.42 to −210.42 36.39
J4 10 219 −163.23 to −216.17 −190.48 to −210.48 27.17
J5 17 219 −163.62 to −229.02 −190.62 to −210.62 27.73
J6 31 219 −165.48 to −216.98 −190.48 to −210.48 26.00
J7 56 219 −165.10 to −216.10 −190.60 to −210.60 23.60
J8 100 219 −164.71 to −213.21 −189.81 to −209.81 32.86
J9 180 219 −164.16 to −217.45 −190.67 to −210.67 23.14
J10 475 219 −163.44 to −216.90 −190.34 to −210.34 35.12
Injection 325 −165.53 to −214.03 −190.63 to −210.63 52.00

Figure 1. Plan of Recharge Testing Site.

sand layer. At the same time, the upper clay layer is filled
with a lot of water, the pore water level rises, and the cohesive
soil expands. The superposition of the rebound of sand layer
and the expansion of cohesive soil results in the rebound of
the ground.

2 General situation of artificial recharge testing site

In order to study the environmental impacts and land sub-
sidence induced by artificial groundwater recharge, a fourth
confined aquifer groundwater artificial recharge testing site
had been constructed in the north of Shanghai, which con-
tained 1 injection Wells, 10 monitoring Wells and land subsi-
dence monitoring points. The groundwater monitoring Wells
and the layout of two section of land subsidence monitoring,
parallel to and perpendicular to the groundwater streamline
respectively (Figs. 1, 2, Table 1).

The testing site is located at the side beach of the LiuNan
ancient channel. The thickness of the fourth confined aquifer
is about 30.0–37.8 m, and the elevation of the aquifer top sur-
face is −162.92 to −165.53 m. The lithology mainly consists
of dark gray

medium fine sand and local medium coarse sand. The wa-
ter conductivity coefficient of this aquifer in the test site area
is about 692–1124 m2 d−1, and the specific yield of a single
well is 23.60–52.00 m3 (h m)−1. In addition, the groundwater
level of this aquifer is rising year by year with the decrease
of groundwater exploitation in Shanghai.

Since August 2012, artificial recharge was started, and the
initial injection flow quantity was about 16.1 m3 h−1. Af-
ter that, the continuous injection flow quantity was about
35.1 m3 h−1, and the cumulative injection volume exceeded
240 000 m3 (Fig. 3).In the process of recharge, groundwater
recharge quantity, groundwater level and underground water
quality had been monitored continuously.

3 Effect of artificial recharge on land subsidence
control

3.1 Ground water level

Can be seen from the curve of groundwater level shown
by monitoring well J4 and J9 (Fig. 4) that the groundwater
level around the recharge well gradually rises and tends to

Proc. IAHS, 382, 709–713, 2020 proc-iahs.net/382/709/2020/
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Figure 2. Geological section of recharge testing site.

Figure 3. Rate of injection curve in the testing site.

Figure 4. Groundwater lever curve of J4 and J9 during recharging.

be stable after the recharge test begins. After increasing the
recharge, the groundwater level rises further, and the maxi-
mum uplift of J4 and J9 monitoring Wells reaches 0.65 m.

3.2 Land subsidence

The surface subsidence monitoring profile on the north and
east sides of the recharge test site (Fig. 5) shows that after
323 d of artificial recharge of the fourth confined aquifer,
the maximum surface rebound of the test site area reaches

11.1 mm which located 75 m away from the recharge well.
Generally, the rebound of the test site area is about 4–8 mm.

4 Analysis of solute transport under artificial
recharge

Chloride ions neither form insoluble minerals nor are ad-
sorbed by colloids, so it is called the most stable ions in
groundwater and are often used as tracers to indicate the
speed of water flow.

4.1 Transport law of Cl− migration

The concentration of chloride ion in the groundwater of the
test site is about 315 mg L−1, and the recharging water is
about 25 mg L−1, with a large difference between the two
concentrations. Therefore, the change of chloride ion con-
centration can reflect the flow movement and the mixing de-
gree of the recharging water and the original groundwater.
As can be seen from Fig. 6, the chloride ion of J4 was sig-
nificantly reduced at 0.5 d from the beginning of the recharge
experiment, and the chloride ion concentration was close to
the recharge water source at 9 d from the recharge, indicat-
ing that the mixing of the two water sources continued.The
chloride ion concentration of J5 showed a decreasing trend
2 d after the beginning of injection, which was weaker than
that of J4. Monitoring well J6 showed a downward trend 12 d
after the beginning of recharge, indicating that the recharge
water source migrated to the location of J6 and approached
the recharge water source 60 d after the recharge. With the
progress of recharge, the decrease of hydraulic gradient leads
to the increase of resistance, resulting in the flow move-
ment slowing down with the increase of distance. After 323 d
of recharge test, the chloride ion concentration in J8 mon-
itoring well, which is 100 m away from the recharge well,
still showed no significant downward trend, indicating that

proc-iahs.net/382/709/2020/ Proc. IAHS, 382, 709–713, 2020
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Figure 5. Land subsidence curve during rechaging.

Figure 6. Concentration of Cl− curve in groundwater during recharging.

the recharge had no impact on groundwater quality beyond
100 m.

4.2 Diffusion rate

The diffusion rate of groundwater can be judged according to
the variation of Cl− ion concentration in monitoring Wells.
Table 2 shows the diffusion rate under the condition of each
monitoring Wells according to Cl− ion concentration obvi-
ous changes in groundwater diffusion rate of interval calcu-
lations, it can be seen that Cl− ion migration rate as monitor-
ing spacing decreases with the increase of recharge well dis-
tance.The diffusion rate is inversely proportional to the dis-
tance between the monitoring well and the recharge well. The
farther the distance from the recharge well is, the smaller the
dispersion rate is. This is mainly because the farther the dis-
tance from the recharge well is, the smaller the hydraulic gra-
dient caused by the recharge well is, and the smaller the ion
dispersion rate is, indicating that the diffusion rate is mainly
controlled by the groundwater flow field.

Table 2. Cl− ion diffusion rate of each monitoring well.

Monitoring Distance to Migration Rate
Well No. Recharge Well (m) (m d−1)

J4 10 20
J5 17 8.5
J6 31 2.2
J1 42 1.2
J7 56 1.2
J2 76 0.8
J8 100 0.6

Average – 4.92

4.3 Radial characteristics of solute transport

The groundwater diffusion transition zone formed by single
well recharge presents a series of concentric circles (Fig. 7),
and the influence radius and width of the dispersion zone are
approximately equal in all directions.The results indicate that
the water quality diffusion of single well recharge in an ap-
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Figure 7. Radial distribution characteristics of Cl− ion diffusion.

proximately isotropic aquifer is in concentric circles and dif-
fuses far away, and the main factor affecting its migration
rate is the groundwater flow field.

5 Conclusions

Based on the results, the following conclusions can be drawn:

1. Artificial groundwater recharge has certain effect on
raising groundwater level and controlling land subsi-
dence. In a short period of time, the surface around the
recharge well can rebound. During the test, the rebound
During the recharge test, the maximum rebound of the
surrounding ground of the recharge well was more than
10 mm.

2. During the process of recharge, the concentration of cl−

and other ion in groundwater decreases gradually and
tends to be stable. The influence area is concentric cir-
cles with the recharge well as the center.

3. Artificial recharge has a limited influence on ground-
water quality, which can be seen from the monitoring
results of recharge experiment that the influence range
is less than 100 m.
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Abstract. Accurately assessing the impact of groundwater exploitation on land subsidence can provide scien-
tific support for decision-makers. This article establishes a groundwater–subsidence model in a typical area using
the land subsidence characteristics of Tongzhou, China, and subsequently classifies a land subsidence early warn-
ing zone based on the land subsidence rate. Results show that land subsidence occurred throughout the whole
Tongzhou District. The land subsidence that developed to the west of Liuzhuang, Tongzhou city and Taihu was
the most serious The maximum annual subsidence rate reached 120 mm a−1 under the current groundwater ex-
traction conditions, and the early warning level for land subsidence reached its highest level. If the pumping of
groundwater was reduced by 50 % in the second and the fourth aquifers and by 60 % in the third aquifer, the land
subsidence early warning level would be largely reduced and would meet the requirements for land subsidence
control.

1 Introduction

Land subsidence, which is a slowly developing geologi-
cal disaster, has become a global geological problem char-
acterized by a long duration, slow generation, a wide in-
fluence range, a complex mechanism, and great difficulty
with respect to prevention and control (Martinez-Noguez and
Hinkelmann, 2015) There are currently more than 60 coun-
tries and regions in the world suffering from land subsi-
dence (Yuan et al., 2012). UNESCO, IAHS and other groups
have carried out a series of international research projects
on land subsidence with research topics including monitor-
ing land subsidence, the mechanism behind land subsidence
and its prevention. In Beijing, subsidence mainly develops
in Chaoyang, Haidian, Shunyi, Tongzhou, Changping and
Daxing. The historical maximum land subsidence rate has
reached 159.6 mm a−1, and the land subsidence rate is cur-
rently still rapidly developing (Zhao et al., 2018a).

The effect of land subsidence on urban planning, devel-
opment and economic construction has become more promi-
nent. Land subsidence has induced ground fissures in com-
plex geological environments, including Shunyi and Chang-
ping, which have subsequently caused damage to infrastruc-

ture and reduced the value of land resources (Zhao et al.,
2018b). Land subsidence reduces the ground elevation, caus-
ing the lifting, tilting and cracking of deep-water well pipes.
It has also threatened the operation of rail transit (Liu et al.,
2016).

This paper aims to establish an early warning mecha-
nism with respect to land subsidence for disaster prediction
and to reduce and control the multiple disasters induced by
this phenomenon. This work utilized Tongzhou as the study
area. A regional soil–water coupling model based on a three-
dimensional groundwater model and a one-dimensional ver-
tical soil deformation model was established. Based on the
simulation outcomes from this coupled model, the warning
level for land subsidence and possible prevention and con-
trol measures were then provided. This study will supply sci-
entific support to ensure the safety of major infrastructure
projects, buildings and urban operations.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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2 Characteristics of aquifer structure and land
subsidence

The study area is located in the Tongzhou and Chaoyang dis-
tricts, which encompass a total area of about 300 km2. Land
subsidence in this area is serious.

2.1 Aquifer structure

The sediments of the Quaternary strata in Tongzhou are
formed from the Yongding River alluvial fan and the Chaobai
River alluvial fan. The Quaternary strata is less than 300 m
thick in the Maji Bridge, Taihu and Yongshun regions, and
the thickness increases gradually to the east and southeast,
reaching more than 500 m. The Quaternary strain shows gray,
gray black and yellow colors. The lithology is clay, clay silt,
sandy silt, fine sand, medium coarse sand or gravel. The alter-
nating distribution of sand and clay layers in the strata form
the multi-structure.

The study area encompasses the Yongding River, Chaobai
River and Wenyu River alluvial plain. Within a depth of 30 m
below the ground surface, the soil type sequence comprises
an artificial soil layer, a Quaternary new sedimentary layer
and a general Quaternary alluvial deposit. There are also two
thick sandy soil layers; the sandy soil content increases from
west to east, and the depth of the sandy soil layers became
shallower.

There is an aquitard at a depth of about 100 m based on
an analysis of borehole data. The Quaternary stratum above
100 m is defined as shallow aquifer, whereas that below
100 m is defined as confined aquifer. The lithology is com-
posed of alternative sand and clay, and hydraulic connections
exist between the two abovementioned aquifers.

The shallow aquifer can be divided into a phreatic aquifer
and a shallow confined aquifer; the first aquifer system has
a bottom depth of about 40–50 m, and the second aquifer
system has a bottom depth of approximately 80–100 m.
The aquifer is mainly composed of fine sand, followed by
medium sand and coarse sand, and gravel in local areas.
The aquifer generally has five to eight layers with a cu-
mulative thickness ranging from 30 to 50 m. The aquifer
recharge conditions are good in the central and northern parts
of Tongzhou.

2.2 Subsidence characteristics

2.2.1 Characteristics of horizontal subsidence

The subsidence boundary for Tongzhou has gradually
merged with the boundary of subsidence in the Chaoyang
District, including the Jinzhan and Heizhuanhu regions (Luo,
2019). Currently, the land subsidence in Tongzhou is still
rapidly developing, and the subsidence center is bordered
by the downtown area of Tongzhou, Zhangjiawan, Taihu and
Ciqu. The maximum cumulative subsidence and subsidence
rate in the subsidence center until 2016 was about 1700 mm

and 110 mm a−1, respectively. Cumulative subsidence of ap-
proximately 500 mm has been observed in the areas west
of Songzhuang in Tongzhou and west of Taihu, whereas a
higher cumulative subsidence of 1000 mm has been found to
the west of Liuzhuang, Tongzhou and Taihu. In Tongzhou
and at the junction of Taihu and the Chaoyang, a cumulative
subsidence as high as 1500 mm has been recorded.

2.2.2 Characteristics of vertical subsidence

The Zhangjiawan extensometer station began operations on
26 June 2008, and it recorded a cumulative subsidence of
139.128 mm from June 2008 to 26 December 2015. The time
series subsidence curve at each monitoring layer showed an
increasing trend (Luo, 2019). Land subsidence in the deep
stratum has been higher than that in the shallow stratum since
2008.

The contribution of different layers to the cumulative
land subsidence showed that the stratum at a depth below
126 m accounted for about 93.4 % of the land subsidence
in the Zhangjiawang region. The deformation of the layers
at depths greater than 257 m accounted for 54.01 % of the
total compression value. The deformation of the strata at a
depth between 126 and 193 m and between 193 and 257 m
accounted for 27.70 % and 11.69 % of the total compression
value, respectively, and the strata at depths of 49–90 m, 30–
49 m and 2–30 m accounted for 1.99 %, 6.30 % and 3.18 %,
respectively. Notably, the stratum at a depth of 90–126 m was
uplifted (Luo, 2019).

3 Groundwater–subsidence numerical model

3.1 Conceptual model

The Quaternary strata in the study area can be divided into
the Holocene first aquifer, the Upper Pleistocene second
aquifer, the Middle Pleistocene third aquifer and the Lower
Pleistocene fourth aquifer. This study combined the aquifer
and aquitard of Quaternary strata and regarded the clay layer
lens and aquifer as a whole groundwater system. The direc-
tion of groundwater flow is mainly horizontal. The ground-
water flow pattern is set as a three-dimensional unstable flow.

The model boundary was set as the flow rate condition
on the base of the historical groundwater flow field. The
source/sink terms included river channel infiltration, field ir-
rigation infiltration, atmospheric precipitation, evaporation
and pumping. The depth of the model bottom was about
350 m, which contained all of the groundwater exploitation
layers.

Proc. IAHS, 382, 715–719, 2020 proc-iahs.net/382/715/2020/
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Table 1. Classification of land subsidence warning levels.

Warning threshold/ Warning level
(mm a−1)

Subsidence center > 50 First-level warning
30–50 Second-level warning

Regional subsidence > 30 First-level warning
15–30 Third-level warning

3.2 Groundwater flow numerical model

The classic three-dimensional saturated flow equation is
given in Eq. (1).
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,

(1)

where � is the simulation domain; h is the hydraulic head
(m); Kcp, Kv and Kn represent the hydraulic conductivity
tensor with the principal components (m d−1); S is the spe-
cific storage; µ is the specific yield; σ is the resistance co-
efficient of the river bed, σ = L/Ks , where L and Ks are
the thickness and vertical permeability coefficient (m d−1) of
the river bed, respectively; ε is the source/sink term (d−1); p
is evaporation and precipitation (d−1); h0 is the initial wa-
ter level (m); 00 is the upper boundary of the domain; 01
is the Dirichlet boundary; 02 is the flow rate boundary; 03
is the mixed boundary condition; 04 is the bottom bound-
ary of the domain; ñ is the normal direction of the boundary;
and q(x,y,z, t) is the per unit area of the flow rate (m d−1),
where inflow is positive and outflow is negative.

3.3 Soil displacement model

This paper assumes that the displacement occurred in the ver-
tical direction, considering the relative small deformation in
the horizontal direction compared with that in the vertical
direction. The change in the groundwater level enabled the
calculation of the amount of the soil deformation as follows:

−1hSsk =1b

Sskv =
0.434Ccγw

σ ′(1+ e0)
(σ ′ > Pc)

Sske =
0.434Crγw

σ ′(+e0)
(σ ′ < Pc), (2)

where 1h is the change in the groundwater level; Ssk is the
skeletal specific storage of the aquitard (Sske is the skeletal

elastic storage, and Sskv is the skeletal inelastic storage); 1b
is the change in the thickness of the aquitard; Cc is the com-
pression index; Cr is the expansion index; γw is the bulk den-
sity of water; σ ′ is the effective stress; and e0 is the initial
porosity ratio.

Once the deformation of each aquifer was calculated, the
cumulative value of displacement could be summarized. The
flow model and the soil deformation model can be coupled
via the flow term:

qmi =
Smk

1tm
(hm−Hm−1)+

Ske

1tm
(Hm−1

−hm−1), (3)

where m denotes the mth time step, i denotes the ith grid, q
is the flow of the unit per unit time, 1tm is the length of the
time stepm,Hm−1 is the pre-consolidation water level at the
end of the time stepm−1, h is the calculated water level and
Smk is determined by

Smk =

{
Ske,h

m >Hm−1

Skv,h
m
≤Hm−1 . (4)

3.4 Model calibration

The model was vertically divided into four layers and hor-
izontally divided into 2500 grids (50 in the x direction and
50 in the y direction) with a grid size of 400m× 400m. The
simulation time was from January 2005 to December 2015.
There were a total of 131 stress periods with an interval of
1 month. Each period included several time steps, and the
error of each iteration was strictly controlled.

The trial–correction method was adopted to identify the
hydrogeological parameters, boundary values and other equi-
librium terms by fitting the historical groundwater level with
the long-term monitored data from the same period. During
the process, the simulated volumes of recharge and discharge
were also compared with the monitored data. The monitored
flow field and simulated flow field in December 2015 were
compared for validation. The simulated flow field generally
reflects the groundwater level distribution. The groundwater
level of the long-term monitored data was fitted with the sim-
ulated outcomes, which reflected that the two curves were
approximately consistent.

4 Early warning and prevention of land subsidence

The early warning areas and warning levels with respect to
land subsidence were differentiated (the latter into three lev-
els) by referring to the “Beijing Land Subsidence Prevention
and Control Plan (2013–2020)”, the “Beijing–Tianjin–Hebei
Land Subsidence Integrated Prevention and Control Master
Plan” and the “Surface Subsidence Investigation and Moni-
toring Code”. Land subsidence was effectively monitored by
InSAR, leveling and GPS. The relations between the subsi-
dence rate and the early warning threshold were determined
based on these real-time monitoring data. If the subsidence
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Table 2. The different reduction scenarios of groundwater exploitation.

Reduction of exploitation of aquifer Subsidence rate (mm a−1) Warning level

First Second Third Fourth Local Regional Subsidence
Reduction subsidence center

Scenario 1 0 % 40 % 50 % 40 % None 15 54.2 First level
Scenario 2 0 % 50 % 60 % 50 % None < 15 43.6 Second level
Scenario 3 0 % 50 % 70 % 50 % More than a 10 %

reduction in
Zhangjiawan, Taihu
and Heizhuanghu

< 15 29.9 None

rate was larger than the threshold, the warning level was
given.

In this study, we modeled the subsidence rate in 2020 us-
ing the unchanged groundwater exploitation conditions from
2015. The groundwater–subsidence coupling model was uti-
lized with identified and corrected parameters. The results
show that the original land subsidence center rapidly de-
veloped, and the maximum annual subsidence rate reached
120 mm a−1.

Three kinds of scenarios regarding reductions in the
groundwater exploitation were simulated in 2016 to access
which scenarios would be effective to reduce the land sub-
sidence from 2016 to 2020 (Table 2). Based on the model
predictions, the subsidence rate in scenario 1 is greater
than 15 mm a−1, and that in scenario 2 is generally less
than 15 mm a−1. However, the subsidence rate for Zhangji-
awan, Taihu and Heizhuanghu (the subsidence center) is
still greater than 30 mm a−1. Based on the results of sce-
nario 3, the second and fourth aquifer exploitation was set
to be reduced by 50 %, and the third aquifer was reduced by
70 % in Zhangjiawan, Taihu, and Heizhuanghu. The model-
ing results show that the maximum annual subsidence rate
is about 30 mm a−1, and the regional subsidence rate is less
than 15 mm a−1, which is lower than the warning threshold
in 2020.

5 Results

The three main results of this study are as follows:

1. The Tongzhou district has developed serious land sub-
sidence. The subsidence of the strata at depths be-
low 126 m has dominantly contributed to the total sub-
sidence. Land subsidence in the area comprising Li-
uzhuang, Tongzhou and downtown Taihu bordering the
Chaoyang District is the most serious. The shallow
strata show little subsidence, and the stratum from a
depth of 90 to 126 m was even uplifted.

2. We established the groundwater flow coupled to a soil
deformation model, which can be used to simulate the

dynamic features of the groundwater level and land sub-
sidence. Based on the model, land subsidence early
warning zones and level were given. The model pre-
dicted that the regional and central subsidence rates
would reach the highest warning level by 2020 under
the current groundwater exploitation conditions.

3. Using alternative projects, including rainwater, re-
claimed water, south–north water transfer and home-
made well replacement, the decrease in the groundwa-
ter level could be restricted and land subsidence would
be relieved. The land subsidence warning level would
be below the minimum threshold warning level if the
pumping volume from the second and fourth aquifers
was reduced by 60 % and the pumping volume from
the third aquifer was reduced by 70 % the Zhangjiawan,
Taihu and Heizhuanghu region, and the pumping vol-
ume from the second and fourth aquifers was reduced
by 50 % and pumping from the the third aquifer was re-
duced by 60 % in other regions with respect to the cur-
rent groundwater exploitation conditions.

Data availability. The data use in this paper are not publicly ac-
cessible. The groundwater and land subsidence data relating to Bei-
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Abstract. Subsidence can result from the collapse of underground cavities. The impact of the movements on
existing structures and infrastructures is generally dramatic. Geosynthetic sheets (RG) can be used to reduce their
impact. This paper focuses on the use of large-scale physical modelling to study the subsidence mechanisms and
to estimate the RG efficiency for cohesive or granular soil layers. The results have shown that the RG reduced
the ground movement even under important overload. The deformation of the RG and the surface settlement
depend both on the soil type and overload intensity. The experimental results are compared to analytical solutions
proposed to design the RG for cohesive and granular soils. Stress distribution on the RG was investigated. The
analytical and experimental results are rather similar, that shows the relevance of the analytical models to predict
the behaviour of reinforced soil layers.

1 Introduction and objectives

The French territory contains ubiquitous occurrences of nat-
ural or anthropic cavities. These cavities can collapse and
cause damage to structures and infrastructures. Prediction,
prevention and mitigation are the main tools to avoid the po-
tential damage.

The mitigation methods are divided into two categories:
active and passive techniques. The use of geosynthetic sheets
as reinforcement (RG) is one of the active mitigation tech-
niques. It prevents the collapse of the soil and limits sub-
sidence at the land surface. The estimation of the surface
settlement of RG reinforced soil layers depends on the
dimensions of the cavity, the soil embankment thickness,
the RG stiffness, the mechanical properties of the soil, the
soil/geosynthetic frictional interface parameters and the type
of the overloading. Different design methods can be used to
estimate the surface subsidence and to design the geosyn-
thetic sheet: Giroud model (1995), the British Standard BS
8006, and the analytical methods derived from RAFAEL re-
search program (Briançon and Villard, 2008; Hassoun et al.,
2018, etc.). The domain of validity of these methods is re-
stricted to the case of granular soil. For the case of a co-

hesive substrate, Huckert (2014) has proposed an analytical
model taking into account block fracturing of the cohesive
soil layer. The objective of the present work is to compare
and validate the analytical models proposed for granular and
cohesive soils, using experimental results obtained consider-
ing progressive loadings.

2 Physical model (1g) and tests description

Ineris has developed a test platform to study the risks associ-
ated with the collapse of underground cavities (Fig. 1). The
model consists of a tank designed to receive up to 6 m3 of
soil. The test platform is equipped with 15 jacks associated
each to a square trapdoor 0.25 m by 0.25 m. Thus, the physi-
cal model allows reproducing the formation of a total cavity
of 1.25 m by 0.75 m. The model is equipped with: (i) two
cameras, in order to detect the 3D movements of the surface,
(ii) 7 radars used to measure the vertical displacements of
the RG and (iii) 7 sensors to measure the stress within the
soil around the cavity (Fig. 1).

3 tests were carried out to reproduce the formation of a
cavity at the base of a granular (SF) or cohesive soil (SK)
(H = 12.5 cm) reinforced by RG. The cavity has a square

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Description of the 3D-1g physical model and location of
the radars “R” and of the pressure measurement cells “C”.

Figure 2. 3D soil vertical displacements W after cavity opening.

section (B = 50 cm). The ratio between the thickness of the
soil layer and the width of the cavity is: H/B = 0.25. Two
types of soil were used: Fontainebleau sand (SF) and co-
hesive soil (70 % dry Fontainebleau sand +30 % dry kaolin
with a water content of 8 %: SK). The sand is characterized
by its friction angle (35◦) and the cohesive soil by cohesion
(35 kPa) and friction angle (29◦). The RG is characterized
by failure strength (11.9 kN m−1), failure strain (12 %) and
the initial tensile stiffness corresponding to 2 % of strain is
approximately 170 kN m−1. The 1.7m× 1m RG sheet was
roughly attached around the tank, but not enough to prevent
slippage, especially along the axis of 1m length, so that as-
sumption of unidirectional reinforcement was achieved. The

Figure 3. Vertical displacements of the RG after the cavity forma-
tion and surface subsidence W .

Figure 4. Initial and final stress at the base of the soil layer in the
case of the granular soil (Fontainebleau sand).

test procedure is: soil installation and compaction, lowering
of the jacks to simulate the cavity formation, progressive
loading on the soil surface and unloading. The result anal-
ysis is performed at each step of the procedure.

3 Results discussion

3.1 Granular soil – Fontainebleau sand

In the absence of the RG, the opening of the cavity created a
complete void at the surface. The presence of the RG limits
the soil collapse and induces subsidence with a maximum oc-
curring in the centre of the cavity equal to 27.8 mm (Fig. 2).

The subsidence surface is slightly larger than the area of
the cavity. The deformation of the RG is flattened, mainly in
the central part above the cavity (Fig. 3). This is explained
by the fact that the load acting on the RG is not uniform. The
displacements of the soil surface are smaller than those of
the RG thanks to the expansion of the granular soil volume.
Figure 4 presents the measurements of the vertical stresses
before and after the formation of the cavity. The initial stress
measured is of the order of 40 % compared to γH . The dif-
ficulty of measuring the stresses in that the sand is very well
identified (Hassoun et al., 2018). The final stresses increase
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Figure 5. RG stress distribution above the cavity (a) 2D represen-
tation on the central geosynthetic strip and (b) 3D representation.

Figure 6. Comparison of experimental and analytical RG vertical
displacements after cavity opening – granular soil.

by 80 % after the formation of the cavity close to its bound-
ary.

The vertical displacements of the RG were calculated
analytically (Briançon and Villard, 2008). The two fric-
tion angles of the interface (geosynthetic/soil and geosyn-
thetic/wood plate friction) in the anchor zones are estimated
at 30 and 22◦ respectively. The analytical solution is devel-
oped for 2D conditions and the RG is assumed to be uni-
directional (Briançon and Villard, 2008). The load transfer
hypothesis proposed by Terzaghi for circular cavities (Eq. 1,
1946) leads to a theoretical value of the uniformly distributed
load σvg acting on the RG of 1.82 kN m−12. The soil charac-
teristics are: K = 0.27, γ = 15.3 kN m−1 and φ = 35◦. K is
assumed to be the active earth pressure coefficient (K) but
its value is not well established. Following 2D laboratory ex-
periments, Chevalier et al. (2012) has proposed values of K
equal to 0.55 and 1.2 for coarse sand and gravel respectively.
P is the overload applied on the surface.

σZ = σvg =
B γ

4K tanϕ

(
1− e4K tanϕ H

B

)
+pe4K tanϕ H

B (1)

The 2D design method (Briançon and Villard, 2008) is ap-
plied to the geosynthetic strip, sited in the axis of the cavity.
Load distribution is assumed to be uniform or to have an in-
verse triangular shape in 3D as presented in Fig. 5b. Figure 6
presents the analytical and experimental results. As it can be
seen, the proposed load distribution, in form of an inverse tri-
angle, allows to obtain a better concordance between the ex-
perimental and analytical deformations of the geosynthetic.

Figure 7. Evolution of the RG displacements during loading and
unloading.

Figure 8. Evolution of the vertical stress during loading – granular
soil.

Effect of overload: after the opening of the cavity, the soil
surface is overloaded in the centre of the cavity on a 15 cm
wide square surface. The overload was applied progressively
in three phases: 15, 35 and 55 kg. Figure 7 shows the vertical
displacements of RG. The application of a localized overload
in the axis of the cavity increases the RG deflection mainly
in the central part of the cavity. The unloading phase resulted
in an elevation of the RG. The RG deflection obtained at the
end of the unloading remains greater than the value before
loading, due to the sliding of the geosynthetic in the anchor-
age areas and the presence of the soil layer that collapsed on
the GR and whose behaviour is not reversible (Fig. 7).

To compare the analytical deformation of the RG to the ex-
perimental ones, three geometries of stress distribution on the
RG have been studied (Fig. 9). The analytical displacement
is calculated on the geosynthetic strip, sited in the axis of the
cavity. The different load distributions proposed respect the
total load calculated using Terzaghi equation 1 (equivalent
loads of p respectively 0.6, 1.4 and 2.2 kN m−1 were used
to take into account the overloading of 15, 35 and 55 kg).
Based on this assumption the maximal value of the overload-
ing for the parabolic distribution is Q= 8/πσvg and for the
inverted triangular distribution is Q= 3/2σvg instead of for
the inverted triangular distribution (Q= 3/2σvg).

Table 1 compares the analytical and experimental results.
The stress distribution acting on the RG, for localized load-
ing, is no longer inverse triangular. Therefore, loading the
soil surface modifies the geometry of the load distribution
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Figure 9. 2D stress distribution geometries (a) uniform, (b) inverse
triangular and (c) parabolic.

Table 1. Maximum deflection of the RG.

Deflection Experimental Analytical (mm)

Overload (mm) Uniform Inverse- Parabolic
(kg) triangular

0 39.8 44.2 34.4 52.9
15 53.2 48.5 37.6 59.5
35 71.1 53.8 39.3 66.8
55 84.5 58.6 42.4 75.6

on the RG, from initially inverse triangular to a distribution
whose maximum value is in the centre of the cavity.

3.2 Cohesive soil: sand-kaolin

Two tests with the cohesive soil (SK1 and SK2) were carried
out. Under the self-weight of the soil, the cohesive soil lay-
ers bridge the cavity area and behave as a flexural slab which
limits the vertical displacement to values smaller than 2 mm.
The maximal vertical displacement of the RG in the axis of
the cavity is 7 mm due only to its self-weight. After the open-
ing of the cavity, the stress measured by the sensors closest
to the cavity C7, C8 and C13, C10 increase (Fig. 10). The
furthest sensors from the cavity (C2, C3 and C4) recorded
a small stress increase. The comparison of stress measure-
ments between granular and cohesive soil is presented in
Fig. 11. The load of C2, C3 and C4 cells, the furthest away
from the cavity, are greater in the case of the granular soil
than those obtained with the cohesive soil, for which very
small increases in stress are recorded.

As a result, in the case of granular soils, the transferred
loads are less intense and more diffuse, whereas they are, due
to the beam-like behaviour of the cohesive soil layer, more
intense and localized at the edge of the soil.

Effect of overload: a progressive overload was applied on
the soil surface in the axis of the cavity. Sudden collapse oc-
curred at a load of 55 kg (breakage stress of 24.5 kPa). The
collapse of the soil layer leads to a localized subsidence re-
stricted to the loading surface. The volume of collapsed soil
is approximately a truncated pyramid of heightH with a base
equal to the size of the cavity (50cm× 50cm, Fig. 12). The
collapse of the soil layer leads to a vertical displacement of
the RG of 54.6 and 58.6 mm for the two tests SK1 and SK2.
The average horizontal slippages of the geosynthetic at the
right and left edges of the cavity for SK1 and SK2 are 2 and
0.75 mm, respectively.

Table 2. Input parameters of Huckert model (2014).

Parameters J 2l2l 2P UA/UB
(kN m−1) (m) (kN m−1) (mm)

Values 170 0.15 3.9 2/0.75

Figure 10. Initial and final (after opening cavity) vertical stresses
for cohesive soil.

The comparison of the RG deformations between the ex-
periments with Fontainebleau sand and the sand-kaolin mix-
ture (performed under the same conditions), shows (Figs. 7
and 14) that the deformation of the RG is flattened in the case
of the cohesive soil. This flattened shape is a consequence
of the breakage in blocks acting in a specific way onto the
geosynthetic. Figure 15 compares the maximum RG deflec-
tion for both soils. There is a gradual evolution of the geosyn-
thetic deflection in the case of the sand soil layer whereas a
sudden soil movement is obtained in the case of cohesive
soil. In addition, the deformations of the RG in the central
part of the cavity in the case of the cohesive soil are always
smaller than those obtained with the sand, even after unload-
ing.

Analysis of stresses evolution: After the cavity opening
and for a load of less than 55 kg, the sensors C2, C3 and C4,
furthest away from the cavity, did not detect any increase in
stress. The largest load transfer increase was measured by the
C8 sensor for which the stress is increased by 720 %. The two
sensors C7 and C13, sited symmetrically to the axis of the
cavity, have measured three times the initial value obtained
before the cavity opening, i.e. 331 % and 301 % respectively.
For an overload of 55kg for which the soil layer was broken,
the collapse of the soil layer lead to a sudden drop in stress
on various sensors, particularly those closest to the collapse
zone.

Analysis of load transfer mechanisms: the collapse mech-
anism obtained in Fig. 12 is quite similar to the one proposed
by Huckert (2014), who assimilates the action of the col-
lapsed blocks to punctual loadings. Based on experimental
observations, a truncated pyramid shape has been proposed
to describe the geometry of the collapsed soil zone (Fig. 13).
The 2D design method is applied to the geosynthetic strip,
0.15 cm in width, sited in the axis of the cavity that is as-
sumed to be submitted to the maximum loading (self-weight
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Figure 11. Comparison of load transfer in cases of granular soil
(average of SF1 and SF2) and cohesive soils (SK1).

Figure 12. Collapsed zones of the cohesive soil layer following a
surface loading.

of the soil and overloading). We assumed that the weight of
the collapsed soil (block A) and the surface overload (2P) af-
ter collapse are totally transmitted to the RG (i.e., a total load
per meter of width of (55+4.5)×9.81/0.15= 3.9 kN m−1).
The weight of the two parts B and C on the RG at the edges
of the cavity is assumed negligible compared to the inten-
sity of the stress induced in the central part of the cavity by
the overload at failure (55 kg). The input parameter values,
deduced from observations and experimental measurements,
for the use of the Huckert model (2014) are summarized in
Table 2. UA and UB are the average horizontal displacements
of the geosynthetic at the left and right edges of the cavity
due to geosynthetic slippage, respectively. As presented in
Fig. 15, the analytical results give a reasonable approxima-
tion that can be used to design a GR in the case of a cohesive
soil layer prone to subsidence.

4 Conclusions

Three laboratory experiments were carried out to compare
the behaviour of reinforced soil layers located above cavi-
ties for both granular soils (Fontainebleau sand) and cohesive
soils (Sand-Kaolin). For the granular soil: a progressive sub-
sidence mechanism on the surface is obtained. To compare
with the analytical solution of the literature, three shapes of
load distributions on the RG were analysed: uniform, inverse
triangular and parabolic. The inverse triangular shape stress
distribution fits better with the experimental results. In this
case, the vertical displacement of the RG is less important
than in the case of a uniform stress distribution. Stress mea-
surements showed a maximum load increase at the edges of

Figure 13. Geometry of the collapsed block for cohesive soil.

Figure 14. Evolution of the RG displacements after the collapse of
the cohesive soil layer.

the cavity which decreases progressively far away from the
cavity.

For a cohesive soil, when a significant overload is applied
on the surface, a sudden break occurs and the measured stress
values at the base of the soil layer in the anchoring zones de-
crease substantially. The cohesive soil layer breaks up into
several collapsed blocks which exert localized loading on the
RG that deforms into a flattened geometry. The comparison
of the experimental and analytical results shows that the an-
alytical models can be reasonably used to predict the subsi-
dence of reinforced soils.
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Figure 15. Comparison of the maximum deflection of the geosyn-
thetic during the different phases of the loading tests.
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Abstract. The pumped discharge of groundwater increased rapidly in Japan during the period of fast economic
growth since the beginning of the 1960s. As a result, land subsidence has been observed, including throughout
the Nobi Plain. Laws have led to restrictions on the collection of underground water, and pumped discharge has
gradually reduced. In recent years, the groundwater level that had formerly decreased has begun to rise again,
leading to less land subsidence. However, as groundwater levels rise, the occurrence of new problems is feared,
such as the danger posed by liquefaction. In this study, an analysis was conducted on the changes in the state of
groundwater based on future groundwater-use scenarios and forecasts of land subsidence. This involved thinking
about the effective use of groundwater to prevent excessive rises in groundwater levels, using a three-dimensional
groundwater-flow analysis and a perpendicular one-dimensional subsidence consolidation analysis. As a result,
it was shown that it would be beneficial to use groundwater as a means of continuous environmental preservation
and as the water resource at the earthquake disaster. At this time new wells were set up at the refuge of the
disaster specified in the Nobi Plain. And the remarkable land subsidence was not caused by pumped discharge.

1 Introduction

Groundwater has been used for various purposes and has
long been a valuable water resource in Japan. Although
groundwater has been used for a long time by many people,
the pumped discharge of groundwater increased rapidly dur-
ing the period of high economic growth experienced since the
beginning of the 1960s. This was also true in the Nobi Plain,
where abundant groundwater was extracted for use in indus-
tries such as the steel industry. As a result, groundwater was
extracted from almost the entire area, and subsidence of the
plains was observed. The pumped discharge was gradually
reduced by restrictions on groundwater collection enforced
both in law and the local ordinances. In recent years, the
groundwater level has begun to increase again, and the occur-
rence of subsidence has simultaneously started to decrease.
However, because of the rising groundwater levels, the oc-
currence of new problems, such as liquefaction, is feared.

This study aimed to propose ways to manage large-scale
groundwater management by investigating groundwater state
changes based on future groundwater-use scenarios. It also
aimed to forecast changes in the ground by thinking about the
effective use of groundwater to prevent groundwater levels
rising excessively by using three-dimensional groundwater-
flow analysis and perpendicular one-dimensional consolida-
tion subsidence analysis.

2 Effective use of groundwater

Groundwater offers various advantages. Changes in the tem-
perature of groundwater are small. Groundwater can be eas-
ily accessed by digging wells. Safe, delicious groundwater
has become more easily available in recent years as ground-
water pumping technology and film filtration technology
have developed. Groundwater is used in municipal water sup-
plies, as familiar water in the parks using spring water and
measures of a heat island and for improving water quality
by discharging it to rivers and ponds. Moreover, groundwa-
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ter is highly valuable as a water resource to supply water
following a disaster. The well water at schools and parks
where there had been limited earthquake damage was used
as drinking water and as water for daily life in refuges, in
place of water from waterworks that were out of action be-
cause the water supply had been cut off following the Great
Hanshin-Awaji Earthquake Disaster in 1995. It is feared that
another great earthquake will occur in the near future. When
this great earthquake occurs, water shortages are expected
because there will be interruptions to water supply networks.
To model this, the following conditions were assumed in this
study. After a disaster such as the Tokai earthquake occurs,
wells are set up in the refuges of each municipality. Pumped
groundwater is usually used for both waterworks and envi-
ronmental water as well as being used for drinking water and
daily life in the disaster zone.

3 Groundwater-flow analysis and consolidation
analysis

The changes in groundwater state when new wells were
established in refuges was predicted based on a three-
dimensional groundwater-flow analysis of the Nobi Plain
(Yasuhiro et al., 2005). The area covered by the analysis was
1164 km2 and includes most of the Nobi Plain, as shown
in Fig. 1. In the analysis, it was assumed that a new well
was established in each refuge that was within the area ana-
lyzed. Figure 2 shows the distribution of the refuges in the
area analyzed. Once set up, the wells were in continuous
operation, and it is assumed that the pumped groundwater
is usually used as environmental water but is also used as
water for daily life during a disaster. It was assumed that
these wells began operating in 2008. In this analytical area,
there was a total of 1663 refuges set up by municipalities
during times of disaster. The pump discharge in each well
was based on the amount of the water supply per person that
was the volume of water of the target of the emergency wa-
ter supply at the disaster in the city of Nagoya. The assumed
amounts of water supplied were 3 L d−1 (Case 1), 20 L d−1

(Case 2), 100 L d−1 (Case 3) and 250 L d−1 (Case 4). Table 1
shows the number of evacuees in each refuge (the popula-
tion of each municipality divided by the number of refuges).
Moreover, the pumped groundwater per person of each case
multiplied the number of evacuees in each refuge and the
amount of groundwater pumped in a place in each refuge
were calculated. The amount of the pumped groundwater af-
ter the new wells had operated was calculated. The amount of
the pumped groundwater from new wells was added to that
amount of the existing pumped groundwater. Table 2 shows
the amount of groundwater pumped after the well had been
operating. The ground-level change in each case in the vicin-
ity of Jushiyama observation well, shown in Fig. 1, where re-
markable levels of subsidence had been observed in the past,
was predicted based on the perpendicular one-dimensional

Figure 1. Analysis area.

Figure 2. Analysis area and distribution of refuges.

consolidation subsidence analysis of the Nobi Plain (Kenji et
al., 1992).
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Table 1. Number of evacuees in each place.

Municipality Number of Number of evacuees
name refuges per place

District of Atsuta 27 2307
District of Kita 31 3324
District of Showa 6 3285
District of Nakagawa 71 3076
District of Naka 19 3804
District of Nakamura 48 2812
District of Nishi 50 2872
District of Higashi 8 2601
District of Mizuho 5 3642
District of Minato 74 2026
District of Minami 19 2854
City of Aisai 65 1032
City of Ichinomiya 173 2209
City of Inazawa 41 3379
City of Iwakura 40 1188
Town of Oguchi 6 3097
Town of Oharu 13 2270
Town of Kanie 28 1263
Town of Kisozaki 7 848
City of Kitanagoya 29 2872
City of Kiyosu 37 1534
City of Konan 20 5081
City of Komaki 55 1126
Town of Shippo 12 1935
Town of Jimokuji 23 1744
City of Tsushima 39 1711
Village of Tobishima 8 559
Town of Toyoyama 13 1002
Town of Haruhi 10 776
Town of Fuso 18 1446
Town of Miwa 14 1744
City of Yatomi 34 1339
Town of Anpachi 7 2197
Town of Ikeda 2 1643
City of Ogaki 106 1357
Town of Ono 4 940
City of Kaizu 19 1255
City of Kakamigahara 23 4372
Town of Kasamatsu 28 841
Town of Kitagata 30 600
Town of Ginan 44 518
City of Gifu 175 1406
Town of Godo 20 1019
City of Hashima 50 1379
City of Mizuho 26 1859
City of Motosu 13 1218
Town of Yoro 18 726
Town of Wanouchi 9 1075
City of Kuwana 46 1609

Total 1624

Table 2. Amount of groundwater pumped in the refuges in each
municipality.

Municipality Amount of groundwater pumped
name per place (m3 yr−1)

Case 1 Case 2 Case 3 Case 4

District of Nishi 3145 20 969 104 846 262 114
District of Minato 2218 14 788 73 941 184 853
District of Showa 3597 23 978 119 891 299 728
District of Minami 3125 20 836 104 181 260 453
District of Kita 3640 24 266 121 330 303 326
District of Naka 4166 27 770 138 852 347 129
District of Nakagawa 3369 22 458 112 289 280 724
District of Higashi 2848 18 984 94 922 237 304
District of Atsuta 2594 17 299 86 497 216 242
District of Nakamura 3079 20 529 102 646 256 616
District of Mizuho 3988 26 590 132 949 332 373
City of Komaki 1233 8217 41 085 102 711
City of Ichinomiya 2419 16 124 80 622 201 555
City of Kitanagoya 3145 20 965 104 827 262 067
City of Aisai 1130 7533 37 664 94 159
City of Kiyosu 1679 11 196 55 980 139 950
City of Tsushima 1873 12 487 62 435 156 087
City of Konan 5563 37 089 185 444 463 609
City of Yatomi 1466 9772 48 860 122 151
Town of Fuso 1583 10 553 52 766 131 916
City of Iwakura 1301 8673 43 366 108 414
Town of Oharu 2486 16 573 82 863 207 159
Town of Oguchi 3391 22 606 113 030 282 575
Town of Shippo 2119 14 125 70 624 176 561
Town of Kanie 1383 9220 46 101 115 252
Town of Miwa 1909 12 730 63 648 159 120
Town of Jimokuji 1910 12 733 63 666 159 164
Town of Toyoyama 1098 7317 36 584 91 461
City of Inazawa 3700 24 669 123 345 308 363
Town of Haruhi 849 5663 28 313 70 783
Village of Tobishima 612 4083 20 413 51 032
City of Gifu 1539 10 260 51 302 128 254
City of Ogaki 1488 9908 49 542 123 856
City of Kakamigahara 4788 31 918 159 589 398 972
City of Kuwana 1761 11 742 58 710 146 776
City of Hashima 1509 10 063 50 315 125 788
City of Mizuho 2036 13 572 67 859 169 648
City of Kaizu 1375 9164 45 818 114 544
City of Motosu 1334 8894 44 470 111 174
Town of Yoro 795 5302 26 509 66 273
Town of Ikeda 1799 11 996 59 982 149 954
Town of Ono 1030 6864 34 320 85 800
Town of Ginan 567 3782 18 912 47 280
Town of Kasamatsu 920 6136 30 682 76 704
Town of Godo 1116 7439 37 194 92 984
Town of Kitagata 656 4377 21 883 54 707
Town of Kisozaki 929 6193 30 966 77 414
Town of Wanouchi 1177 7844 39 221 98 053
Town of Anpachi 2406 16 040 80 201 200 502

Total 103 843 692 289 3 461 455 8 653 634
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Figure 3. Groundwater level differences following well operation (Case 2) (m).

Figure 4. The yearly change of the groundwater level of Jushiyama observation well (G2 layer). “T.P.” refers to Tokyo Peil.

4 Analytical results and consideration

It is common for the G1, G2 and G3 layers, as shown in
Fig. 3, that when groundwater levels during the period of well
operation are compared, a radial decrease in the groundwater
level centering on the vicinity of the city of Nagoya can be
observed. Next, the yearly change of the groundwater level in
the vicinity of Jushiyama observation well is shown in Fig. 4.
The secular distortion in the amount of subsidence accumu-
lated is shown in Fig. 5. Groundwater can be pumped with-
out lowering groundwater level and without land subsidence
in Case 1 and Case 2 even if 30 years have passed since the
wells operated. In Case 3, the groundwater level fell below
the management target for a safe groundwater level in the
prefecture of Aichi, and it was forecast that the accumulated
subsidence of 30 years was 6.8 cm after the new wells had
operated.

However, the subsidence gradually tends to stop as the
amount of the subsidence during a year is less than 1 cm. It
is thought that groundwater can be pumped, although there
are some anxieties with regard to subsidence. In Case 4,
when the lowering in the groundwater level after the well had

been operating was remarkable and 30 years had passed since
the well had operated, a remarkable accumulated subsidence
of about 33.8 cm was forecast. Therefore, such groundwater
withdrawal could not be done.

5 Conclusions

Here, the state of groundwater and ground-level changes
in the future were predicted using a three-dimensional
groundwater-flow analysis and a perpendicular one-
dimensional consolidation subsidence analysis in order
to examine how a large area of groundwater should be
managed. As a result, for the amount of the groundwater
pumping of Case 1 and Case 2, it has been understood that
it would be possible to pump groundwater without causing
a remarkable subsidence. Moreover, if the amount of the
groundwater pumping that exceeds Case 3, it has been
understood that the possibility of remarkable subsidence
occurs. Therefore, 100 L d−1 per person in Case 3 was
assumed to be a critical yield of groundwater. It was judged
that groundwater could be continuously pumped if it was
fewer than this critical yield.
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Figure 5. The yearly change of amount of accumulation subsidence in the vicinity of Jushiyama observation well.

Remarkable subsidence has occurred in the Nobi Plain
in the past; therefore many of the clay layers are in a state
of overconsolidation. This means that excessive subsidence
may not occur even if a limited amount of groundwater were
now to be pumped up. Moreover, the groundwater level fore-
cast from the management target of a safe groundwater level
is considerably higher in Case 1 and Case 2 in the G2 layer.
Therefore, it is thought that steadier groundwater can be
pumped by decreasing the pump discharge in the G1 layer
and the G3 layer and increasing the pump discharge from the
G2 layer.

Because pump discharge increases in proportion to the
number of refuges and the size of the population, there is
a comparatively remarkable drawdown in the groundwater
level in a number of refugees in the vicinity of the populous
city of Nagoya. The pump discharge in the vicinity of the
city of Nagoya can be decreased along with an increase in
the pump discharge in the vicinity of the city of Ogaki, with
little reduction in the groundwater level. It is thought that this
will mean that the possibility of subsidence decreases and
can be used as a way to manage a large area of groundwa-
ter by transporting the shortfall to the vicinity of the city of
Nagoya in the event of a disaster. Moreover, if groundwater
of 100 L d−1 per person can be pumped, groundwater can be
used as a water resource for improving water quality of the
river and as a water for daily life after disaster. At this time,
major subsidence has not occurred in the Nobi Plain.
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Abstract. Though global awareness of land subsidence has increased over recent years, subsidence remains an
ongoing and largely unsolved problem, which is exemplified by frequent discoveries of apparently new subsiding
areas. This means that for many of these areas there is a continuous and growing need to provide guidance to de-
cision makers on how to tackle this global problem. This paper presents a comprehensive, step-by-step approach
to address land subsidence, illustrated by best practise examples from around the world. The approach places
emphasis on the long-term sustainability of resources, whose development is related to the subsidence problems.
We identified 6 steps, collectively referred to as the 6M approach, that are crucial to tackle subsidence: Measur-
ing, understanding Mechanisms, Modelling, Money, Measures and Monitoring. This paper offers guidance for
implementing the 6M approach, and the lessons learned from the real-life examples provide valuable informa-
tion and inspiration for decision makers and experts to address subsidence. The focus is on subsidence in deltaic
and coastal areas where subsidence contributes to relative sea level rise. It is expected that the 6M approach will
contribute to lowering the threshold to act on subsidence. The 6M approach is also used as a guiding principle
for the thematic subdivision of TISOLS, providing a meaningful linkage between subsidence science and the
societal response to subsidence problems.

1 Introduction: land subsidence, a wicked problem

In many coastal and delta cities land subsidence exceeds ab-
solute sea level rise, in some places as much as a factor of
ten (e.g. Erkens et al., 2016a). Increased flood risk and other
widespread impacts of subsidence result in damage totalling
billions of dollars per year (Bucx et al., 2015, 2019). Much
of this land subsidence is caused by human activities, such as
groundwater extraction or draining and loading of soft soils
(e.g. Galloway et al., 2016). Addressing subsidence in these
vulnerable coastal areas has proven to be challenging. Gen-
erally, land subsidence is a slowly progressing, hidden threat,
often not leading to a sense of urgency. In many cases, tech-
nical options to mitigate and adapt to subsidence are read-
ily available, but formulating a subsidence strategy is diffi-
cult, let alone implementing its strategic measures. This is
because land subsidence presents complex technical and so-
cietal issues involving many stakeholders with wide-ranging
interests, and generally poor technical understanding of the
underlying processes (Bucx et al., 2019). This paper offers

guidance in the form of a step-wise 6M approach to help
overcome these impediments to deal with land subsidence.

2 The land subsidence lock-in

Throughout history, in coastal areas adaptation to land subsi-
dence has been the preferred strategy to manage subsidence
hazards. For instance, the raising of embankments has tradi-
tionally been the response to lowered land elevations and the
consequent increased flood risk. Subsidence that resulted in
reduced drainage capacity of the surface water and overall
wetter conditions, has often been addressed by the installa-
tion of pumps, which led to further subsidence (e.g. Erkens
et al., 2016b for the Dutch situation). There are sparse ex-
amples of subsidence mitigation measures from the past. In
fact, it was not until the 1960s that the first mitigation mea-
sures were taken (Bucx et al., 2015). The dominance of expe-
riences with adaptation measures have led to an optimisation
of subsidence adaptation strategies. This applies to the tech-
nical aspects (for example, the building of embankments for
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Figure 1. Path dependency leads to a lock-in situation at the end.
This is currently the situation for land subsidence in many coastal
areas, where an adaptation strategy is preferred over a mitigation
strategy (The constitution of an organisational path figure from
Sydow et al., 2009).

flood protection and pumping stations that drain the land),
but also to the institutional and financial aspects. Institutions
that have implemented these adaption measures and strate-
gies have strengthened as they have acquired the requisite
technical skills and knowledge, and the necessary vast finan-
cial resources (Seijger et al., 2018). As a result, over time
it was increasingly easy to implement an adaptation strat-
egy to subsidence problems. This development of a single
strategy to manage subsidence problems, can be viewed as a
path-dependent process, where future managerial discretion
in terms of choices or options depends on the choices made
in the past (Fig. 1). The end stage of path dependency, when
managerial discretion is limited and a single management op-
tion is fully dominating, is called a lock-in. Sinking coastal
and deltaic areas can thus be regarded as being trapped in a
dual lock-in condition as the dominating adaptation strategy
in terms of the applied technologies and the principal insti-
tutions act as constraints to moving toward a more long-term
sustainable strategy (Seijger et al., 2018), one that may also
include measures to mitigate subsidence.

3 Emerging from the lock-in

The lock-in condition means that it is difficult to choose al-
ternative management options, as this conflicts with existing
interests and breaks with the long-standing traditional ap-
proach to managing the subsidence. If the societal and finan-
cial benefits of alternative management approaches are fully
known, a different action perspective may be proffered to de-
cision makers. For these management alternatives a sound
and shared knowledge base is required in terms of an in-
depth understanding of the physical problems, the financial
perspectives (what are the costs and benefits of different op-
tions?) and governance and legal capabilities (who is respon-
sible and are there sufficient capabilities to implement the

management measures?). When these conditions are satis-
fied, the threshold to act on an alternative management strat-
egy will become lower.

Emerging from the lock-in is becoming increasingly ur-
gent in subsiding coastal and deltaic areas. On the one hand,
awareness of subsidence and its consequences has increased,
exemplified by increased media coverage and scientific stud-
ies over the recent years. On the other hand, the sense of ur-
gency has increased because as land subsidence accumulates,
new problems arise, and existing problems worsen. Expo-
sure to land subsidence is also still increasing, as population
growth, ongoing urbanisation and economic growth seems to
be focussed in coastal and deltaic areas. Finally, the realisa-
tion that land subsidence is interconnected with absolute sea
level rise, both contributing to relative sea level rise, and the
increasingly grim predictions of future climate warming in-
duced absolute sea level rise increase the urgency to deal with
subsidence in coastal and deltaic areas. In this light, land ele-
vation needs to be viewed as an economic asset, and therefore
loosing elevation as a liability.

4 A strategic framework

Realising that a sound and shared knowledge base is required
to facilitate decision making to emerge from the lock-in, the
question of where to start arises. Bucx et al. (2015) gathered
real-life examples of best practises from around the world
where land subsidence has been addressed. This was further
elaborated and put into a framework by Erkens et al. (2015).
Over the last years, the framework has evolved to what is
presented in this paper: 6 steps that need to be taken to facili-
tate decision making with scientific knowledge. In contrast to
many existing studies that describe how knowledge may be
used in decision making (for instance Van Hardeveld, 2019
for land subsidence in the Netherlands), this study uses ex-
amples to document how this is done in practise and is there-
fore more anecdotal.

A step-wise approach is elaborated along the stages of the
policy cycle, with clear steps that need to be taken (Fig. 2).
The policy cycle is a tool that is used to analyse the develop-
ment of a policy item and has been used for decades in polit-
ical sciences. For each of the steps identified, there are ques-
tions that need to be addressed, and commonly both technical
and governance aspects need to be considered to answer the
questions. Because the steps are sequential, they offer a step-
wise path on how to proceed. In total 6 steps were identified
that provide the required information when starting to tackle
subsidence, that all include the letter M (hence the 6M ap-
proach, Fig. 2): Measuring of land subsidence, understand-
ing land subsidence Mechanisms, predictive Modelling of
land subsidence, Monetary aspects of land subsidence (cost-
benefit analyses [CBA]), implementation of Measures, and
Monitoring and evaluation. Although these steps are meant
to be sequential, in real life short-cuts are being taken be-
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Figure 2. The 6M approach to land subsidence. The six steps are
meant to be taken sequentially in a repeating loop, if necessary.
CBA = cost benefit analyses. Image design by Welmoed Visser.

tween different steps, for instance when measurements (M1)
from the first step show the urgency of the situation and mea-
sures are directly implemented (M5). If measures are pro-
posed (M6) inspired by a best practise example elsewhere,
sometimes the steps (Fig. 2) are followed in reverse order,
specifically when locally-based substantiation is required to
justify proposed measures.

Once the circle of the 6M approach is completed and mon-
itoring and evaluation is in place, it is likely that evaluation
leads to new research questions and the 6Ms start over. To
ensure application of the gathered knowledge in other areas
or for other sources of subsidence, preferably the monitor-
ing data, analytical results and best practice examples (of the
various 6M steps) are stored in a central database.

5 The 6M approach and TISOLS

The 6M approach is also used as a guiding principle for
the thematic subdivision of TISOLS, providing a meaningful
linkage between subsidence science and the societal response
to subsidence problems.

6 Real-life examples of the 6 M’s

6.1 M1 Measuring land subsidence

In coastal or deltaic areas where there is no apparent indica-
tion of subsidence, the first step (M1) is to establish whether
a certain area is in fact subsiding and if so, at what rate. The

occurrence of subsidence may not be obvious from casual
observation, particularly when subsidence is non-differential
and no structural damage (cracks, tilting) is observed in
buildings or infrastructure. Typically, the loss of elevation
compared to local sea level is mistaken for sea level rise as
a result of climate warming. The aim of the measurements
is to obtain insight into the current status of the land subsi-
dence in terms of spatial and temporal trends. This may also
include obtaining insight on the governance situation or the
legal framework related to land subsidence.

An example where land subsidence measurements were
the first step to establish the problem and create awareness
is Jakarta in Indonesia. Land subsidence was recognized
in 1926 in northern Jakarta from optical levelling, but first
reports of subsidence-related impacts to infrastructure and
flooding date from 1978 (Abidin et al., 2001). Dedicated land
subsidence measurements started in the late 1990s with the
installation of GPS stations by the Technical University of
Bandung and resulted in research publications that basically
served the academic community (Bucx et al., 2019). After
Jakarta was hit by the most severe flooding in three centuries
in 2007 when the seawall was overtopped during high tide
and seawater flooded 40 % of the city, awareness progres-
sively grew among authorities that land subsidence posed a
problem that required further measuring (Bucx et al., 2015).

In contrast to geodetic surveys typically consisting of
sparse point measurements, such as the aforementioned GPS
stations, remotely sensed LIDAR (light detection and rang-
ing) and InSAR (Interferometric Synthetic Aperture Radar)
images can provide spatially detailed ground displacement
maps. InSAR images date back to the early 1990s and can
now be used to establish subsidence rates and patterns since
then. Application of this technique in soft soil areas is for the
moment limited to the built-up environment, as a result of the
need for stable reflectors (targets). Ideally, multiple observa-
tion techniques are combined, for instance absolute measure-
ments from GPS and optical levelling can be combined with
remotely sensed data, for example, the relative displacement
measurements from InSAR. In this way, spatially resolved
subsidence maps with respect to a global geodetic reference
frame can be produced. Heuff et al. (2019) published the first
operational nation-wide spatially resolved subsidence map
of the Netherlands with absolute deformation rates based on
Persistent Scatterer InSAR, GNSS and gravimetry measure-
ments (https://bodemdalingskaart.nl/, last access: 26 January
2020). This map shows that a large part of the Netherlands is
indeed subsiding (Fig. 3).

6.2 M2 understanding subsidence Mechanisms

Land subsidence may be the result of different contributing
processes. Often there are both natural and human-induced
causes for land subsidence at the same location. Discriminat-
ing between these different sources by understanding the un-
derlying mechanisms is relevant as natural subsidence rates
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Figure 3. Land subsidence rates in the Netherlands (2015–2018).
This product is an example where multiple measurement tech-
niques were combined, in this case Persistent Scatterer InSAR,
GNSS and gravimetry. Map downloaded in 2019 from https://
bodemdalingskaart.nl/ and produced by the Nederlands Centrum
voor Geodesie en Geo-Informatica (Dutch Geodetic Centre, NCG).
Verandering (mm/jaar) = Deformation (mm/year).

are mainly limited to tens of mm per year. Human induced
subsidence rates can easily reach cm’s per year, to even tens
of cm’s per year. For policy development this distinction be-
tween natural and human-induced subsidence is important:
while it is worthwhile to implement mitigation measures to
reduce human-induced subsidence, for natural subsidence
only adaptation measures may be taken (Erkens et al., 2015).

Van Asselen et al. (2018) show that subsidence of streets
and gardens in the Dutch urban area’s on peat soils is the re-
sult of many different components, and that the contribution
of these components may vary over time and space. In this
example, in the urban areas the loading of the peat with an-
thropogenic fill is the dominant cause for the observed land
subsidence. The oxidation of peat (biogeochemical process
of soil organic matter decomposition by micro-organisms) is
hampered because the peat has subsided below the ground-
water level which is often situated within the fill (Fig. 4). Just
outside the urban area, where the fill is absent, peat oxidation
is the dominant factor causing subsidence. This shows that
step M2 is relevant to select the right measure (M5): in this
case raising the groundwater level would reduce subsidence

by peat oxidation in the rural area but would be less effective
in preventing subsidence in the urban area.

Unravelling components contributing to subsidence is es-
sential to understand the underlying subsidence mechanisms.
In-situ observations, for instance obtained with extensome-
ters, may be used to unravel the total subsidence signal. Ex-
tensometers are used to measure compaction worldwide (e.g.
Poland, 1984). Extensometers can be used to derive point
measurements of vertical movement of different (sub)surface
levels at mm-scale accuracy, and to determine the contri-
bution of different layers, and in some cases processes, to
total subsidence. Another approach that can be followed is
inverse modelling, whereby with the use of a careful inver-
sion scheme, the available knowledge on the geology and hy-
drological dynamics of a system can be quantitatively con-
strained with subsidence observations (e.g. Fokker et al.,
2007). Observational data linked to a single subsidence pro-
cess form essential input for step M3: subsidence modelling.
This data may be used to validate process-based numerical
subsidence models.

6.3 M3 predictive Modelling of land subsidence

In the third step M3, once the causes for land subsidence have
been established, predictions can be made to gain insight into
future land subsidence. Integrated land subsidence models
that include multiple subsidence processes are still rare. Most
numerical models describe a single land subsidence process,
and there are in fact multiple models that predict compres-
sion of the subsurface soils and geologic materials, but all
are focussed on applications at different depth ranges (for
example, shallow soft soils, shallow to deep aquifer systems
and deeper natural gas reservoirs).

An example where numerical modelling is used to pre-
dict future subsidence for different scenario’s is the low-
lying Mekong delta, largely located in Vietnam. As a first
step (M1), Erban et al. (2014) used InSAR (Interferomet-
ric Synthetic Aperture Radar) to determine land subsidence
rates of 10–40 mm yr−1 between 2006–2010 over large ar-
eas in the Mekong Delta. Secondly (step M2), groundwater
overexploitation has been proposed to be the main driver of
subsidence in the Mekong Delta (Erban et al., 2014).

Thirdly (step M3), groundwater extraction-induced sub-
sidence over the coming 80 years in the Mekong Delta
was quantified using a numerical model (Minderhoud et
al., 2020). The model consisted of two parts: a hydrologi-
cal (groundwater) model (MODFLOW, USGS), and a one-
way coupled geo mechanical land subsidence model SUB-
CR (Kooi et al., 2018). The groundwater model simulates
groundwater drawdowns and extraction-induced subsidence
in six mitigation and non-mitigation extraction scenarios on
a delta-wide scale (Fig. 5). The model provided important
insights. It shows the extent of lag effects in land subsidence
after changes in the groundwater extraction. Important is the
notion that if groundwater extraction is allowed to increase
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Figure 4. Cross-section from Van Asselen et al. (2018) showing that the groundwater level (blue line) is situated within the anthropogenic
fill (coloured grey). This means that peat oxidation is limited in the urban area. Ouside the urban area, at the left end of the picture, the
groundwater level is in the peat (coloured brown). Here, peat oxidation is the dominant process causing subsidence.

Figure 5. Average cumulative subsidence of the Mekong delta for different groundwater extraction pathways since 2018 (from Minderhoud
et al., 2020). This modelling study shows the potential of limiting subsidence when more mitigative pathways are followed (scenarios M1–4
in the figure).
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continuously, as it did over the past decades, extraction-
induced subsidence has the potential to drown the Mekong
delta before the end of the century (Minderhoud et al., 2020).
A positive note is that the outcomes also reveal the poten-
tial for mitigation measures to reduce subsidence by limiting
groundwater exploitation (Fig. 5).

Modelling of land subsidence has some important added
value compared to subsidence measurements. As useful as
the InSAR measurements may be, the data only cover parts
of the delta because of the paucity of stable reflectors in the
rural areas. Model outcomes for historical scenario’s (also for
eras predating measurements) do provide spatially resolved
insights and may be used in conjunction with InSAR results
(e.g. Minderhoud et al., 2017). Furthermore, interpolation of
measurements to retrieve future scenarios of land subsidence
is not producing accurate results, as the spatial heterogeneity
of the delta subsurface and variability in the hydrogeological
situation, remain unaccounted for. Temporal variations in ex-
traction amounts and more complex scenarios that include re-
location of groundwater extractions throughout the delta can
never be captured by simply extrapolating current observed
rates. More refined modelling can provide the required spa-
tially resolved subsidence predictions under various possible
and realized future conditions.

6.4 M4 Monetary aspects of land subsidence

With subsidence predictions for different management sce-
narios available (M3), the next step is that for each sce-
nario the cost (damage) and benefits (usually avoided dam-
age/costs) need to be established as part of a cost-benefit
analysis. Estimating subsidence-related costs is notoriously
complex. Subsidence is a “hidden threat” because in prac-
tice, the actual costs appear on financial sheets as ad hoc in-
vestments or planned maintenance schemes but typically are
not identified as damage costs related to subsidence (Erkens
et al., 2015). Dedicated damage estimates can help to raise
awareness among policymakers and initiate policy devel-
opment. For subsidence, being a gradual process, usually
mitigation measures are costly in the short term, but cost-
effective only in the long term (Erkens et al., 2015). Cost-
benefit analyses could provide insight into these hidden costs
and potential benefits of mitigation measures in a quantitative
way.

A recent example where a cost-benefit analyse was exe-
cuted is the city of Gouda in the Netherlands (Kok, 2017).
The historic city centre of Gouda is subsiding by approxi-
mately 3–5 mm yr−1. Many older historical buildings have
shallow foundations and subside at similar rates. Damp con-
ditions and groundwater flooding in these buildings neces-
sitated a repeated lowering of the groundwater level over
the last centuries. Further lowering of the groundwater level
however, might cause rotting of wooden foundations of
buildings elsewhere in the city. This balance between dam-
age costs to buildings with a shallow foundation and build-

ings with a wooden pile foundation is reflected in the cost-
benefit analyses (Kok, 2017). The results show that in the
reference scenario (business as usual), where groundwater
levels are further lowered in the future, the expected damage
costs from subsidence is between EUR 26–40 million before
2100. These are costs incurred to replace the wooden pile
foundations that rot and to mitigate subsidence in the pub-
lic space. If the groundwater level is not lowered, approxi-
mately EUR 4–11 million of these damage costs to wooden
pile foundations may be prevented, but the damage costs due
to the expensive reconstruction of shallow foundations add
up to a disproportionate EUR 130 million. An alternative sce-
nario, in which the groundwater levels would still be lowered,
but at the same time measures are implemented to reduce the
damage at the structures would cost EUR 7–16 million. How-
ever, the prevented damage in this scenario is approximately
EUR 13–20 million, making this the economically most ra-
tional option.

This example shows how cost-benefit analyses, based on
subsidence model outcomes, may inform decision makers,
helping them to unlock the lock-in. It also provides a ratio-
nale for investing upfront in measures to realize long-term
benefits. However, from a political perspective, this has the
potential disincentive of incurring costs under one political
administration only to have the benefits realized under an-
other administration. Lastly, it shows how costs and benefits
are different for different stakeholders. In the example above
in the different scenarios, the costs and benefits are different
for the owners of buildings with shallow foundation and the
owners of buildings with wooden pile foundations. This may
thus lead to demands for financial compensation measures
or mitigative measures to be enforced to reduce costs for a
certain stakeholder group.

6.5 M5 implementation of Measures

Implementation of measures follows cost-benefit analyses
and the informed decision making. Implementation of mea-
sures often include governance and legal aspects (who is re-
sponsible?) and financial aspects (who is paying for the mea-
sures, and who is gaining the benefits?).

There are generally two policy strategies for subsiding ar-
eas: mitigation and adaptation – analogue to climate change
policy discussions. A successful strategy, however, probably
includes both (Erkens et al., 2015). Mitigation only works for
human-induced subsidence (see M2). For the human-induced
subsidence that cannot be mitigated, owing either to techni-
cal difficulties, or to financial constraints (i.e. the mitigation
costs are too high), an adaptation strategy should be consid-
ered. This is also true for latent or lagging subsidence (see
M3) occurring after a particular set of mitigation measures
have been implemented or for natural subsidence, for which
mitigation does not apply. Whereas mitigation focusses on
the hazard element within the risk equation, adaptation mea-
sures focus on reducing the impact of subsidence, by decreas-
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ing the vulnerability of a certain asset to the negative impacts
of subsidence and/or by decreasing the exposure of assets to
subsidence.

For most cities that pursue an active policy on subsidence,
mitigation measures are uncommon, but successful examples
do exist. The examples of Tokyo (Japan) and Bangkok (Thai-
land) provide an interesting contrast (Erkens et al., 2015). In
Tokyo, land subsidence was arrested after strict regulations
restricting groundwater use were implemented. The restric-
tions started from the early 1950s and were subsequently ex-
tended to a larger area and to a larger group of stakeholders.
This gave stakeholders time to adjust and to develop alter-
native water sources. For instance, surface water availabil-
ity was enhanced as dams were constructed in several river
basins that were designated for water resources development.
In Bangkok, Thailand, regulation of groundwater extraction
have successfully reduced the land subsidence. A main ele-
ment of the measures was the taxation of groundwater use.
Groundwater-use charges were first implemented in 1985
and have gradually increased. In Bangkok, currently only
about 10 % of the total water use is derived from ground-
water extractions, mainly for industrial use. Whereas Tokyo
followed a path of restriction in a top-down way, Bangkok
followed a path of self-regulation using taxation. It is en-
couraging to see that both strategies have worked and share
some similarities. In both cases, the costs of the measures
were high, and impacted households and businesses, alike.
In both cities, the implementation of measures was accom-
panied by investing in development of databases containing
measurement data (step M1) and predictive model outcomes
(step M3). There were heavy investments in city-wide mon-
itoring systems (step M6). Lastly, in both cases the federal
government played an important role in the final decision
making, bypassing the local decision-making structures.

6.6 M6 Monitoring and evaluation of subsidence
measures

For all measures taken to reduce land subsidence and its im-
pacts, it is important that the effectiveness of the measures
is monitored. This implies that a subsidence monitoring net-
work needs to be installed before the measures are imple-
mented. Often, the monitoring network will be based on the
same techniques or methods that was used to initially mea-
sure land subsidence (M1). Monitoring of the results of the
implemented measures will enable the adjustment of these
measures in due course.

Shanghai, China is an example of a city with a success-
ful subsidence mitigation strategy and a robust operational
monitoring system. The city has experienced severe land sub-
sidence as a result of excessive groundwater extraction for
domestic and industrial use (e.g. Ye et al., 2016a, b). Land
subsidence in Shanghai was reported as early as 1921. Av-
erage subsidence rates since are approximately 26 mm yr−1.
In the 1960s, a series of countermeasures were taken (Ye

et al., 2016a), including a resolution restricting groundwa-
ter use, the implementation of artificial recharge of ground-
water, and the partial transfer of groundwater withdrawal to
deeper aquifers. This resulted in decreased rates of land sub-
sidence in the Shanghai urban area. Currently, the maximum
allowed land subsidence in Shanghai is 6 mm yr−1. If this is
exceeded, extra measures are implemented, such as stricter
restrictions on groundwater extraction amounts. Generally,
the consequences of the (lower) land subsidence rates are
considered acceptable, but additional subsidence mitigation
measures may be implemented if required. An essential ele-
ment of this strategy is the monitoring network. Land subsi-
dence in Shanghai is traditionally monitored by means of ex-
tensometers, benchmarks and groundwater observation wells
(Ye et al., 2016a). The oldest parts of the monitoring systems
have been installed in the 1960s to monitor the accelerat-
ing subsidence rates occurring at that time and have been
operational ever since. Numerical land subsidence models
supported the detailed mitigation measures implemented in
Shanghai. Monitoring results are coevally used to continu-
ously evaluate the performance of the subsidence mitigation
strategy.

The city of Shanghai works with a safe level of land sub-
sidence. The is the level of land subsidence at which the
damage is still acceptable and perhaps compensable. The ap-
pointment of the acceptable remaining rates of subsidence
and associated damage is foremost a policy issue, and heav-
ily relies on accurate damage estimates (M4) which are often
rare. But, the establishment of a “safe” level of land subsi-
dence is a crucial step in mitigating and controlling subsi-
dence. This level will most likely not be zero: a reasonable
small amount of subsidence (geologically or naturally caused
for instance) has to be accepted in all cases.

7 Concluding remarks

The 6M approach and framework fulfils two needs. On the
one hand, it guides decision makers through steps that are
required for informed decision making based on best prac-
tise examples from elsewhere. Land subsidence is a relative
slow hazard, and is often considered an urgent, but not im-
mediate threat. It therefore requires a long-term perspective,
which this step-by-step framework offers. This framework
may be applicable to implementing measures for other haz-
ards as well.

On the other hand, the 6M approach provides scientists
with an applied, uniform context for their research. By iden-
tifying subsidence research as a component of one or more
of the 6 steps, researchers can better focus their research and
more effectively compare, share and communicate results
within the scientific community. It may also help in commu-
nicating scientific results to decision makers and stakehold-
ers. Because this type of communication is a key element of
the Tenth International Symposium on Land Subsidence in
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the Netherlands in 2021, the 6M framework is used as the
guiding principle for the thematic subdivision of TISOLS.
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Abstract. Reducing soil subsidence caused by peat oxidation is a major challenge in the Dutch peatlands. To
maintain suitable conditions for dairy farming water levels are periodically lowered to keep pace with soil subsi-
dence. Consequently, soil subsidence continues, causing increasing water management costs. We experimented
with pressurized drainage in Polder Spengen, a peatland polder in the west of the Netherlands that is primarily
used for dairy farming. In this polder, surface water levels of 40 cm below ground surface are maintained, which
results in average soil subsidence rates of 7 mm yr−1. Pressurized drainage is a novel technique to reduce soil
subsidence, it uses field drains that are connected to a small water basin. Surface water can be pumped in or
out the water basin, which enables active manipulation of the pressure head in the field drains. The objective
of this study is to implement this technique into practice and determine its effect on groundwater tables, soil
subsidence rates, and water demand. We applied pressurized drainage in 55 ha of peatland meadows in Polder
Spengen, distributed over seven farms. We monitored groundwater tables, surface elevation and water demand.
Preliminary results show that during the extreme dry summer of 2018, groundwater tables could be maintained
at 40 cm below ground surface, which is 60 cm higher compared to locations without pressurized drainage. This
reduced soil subsidence by 50 %. Throughout the entire summer of 2018, the water demand amounted to 3–
5 mm d−1. We believe the technique can effectively contribute to minimize soil subsidence, but relatively high
implementation costs may be a barrier to large-scale implementation.

1 Introduction

Soil subsidence is a major problem in peatland areas. In the
Netherlands, drainage since the Middle Ages has resulted in
a cumulative soil subsidence of 2–4 m (Schothorst, 1977; Van
Asselen et al., 2018). Subsidence in peatlands causes damage
to infrastructure and real estate foundations, emission of CO2
and increases management costs for waterways (Van Harde-
veld et al., 2018). Therefore, the province of Utrecht and the
regional water authority Hoogheemraadschap de Stichtse Ri-
jnlanden (HDSR) aim to reduce the rate of soil subsidence by
at least 50 % by the year 2030. To realize this, we started an
experiment with the relatively novel technique of pressurized

drainage in Polder Spengen. The objective of this pilot study
is two-fold:

1. To contribute to our understanding how to put pressur-
ized drainage into practice.

2. To quantify the effects of pressurized drainage on
groundwater tables, soil subsidence and water demand.

2 Study area

Polder Spengen is a 350 ha large polder situated in the
province of Utrecht (Fig. 1). Polder Spengen is an agricul-
tural polder, with a total of 7 active dairy farmers.
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Figure 1. Location of polder Spengen and the four selected sites
presented in this article.

During the Holocene period a thick layer of organic ma-
terial was deposited in the west of the Netherlands (Berend-
sen and Stouthamer, 2001). In polder Spengen a layer of 7 m
peat still remains. On the east side of the polder a small river
has partly cut through the peat layer and deposited locally
clay and even sand on top of the peat (Fig. 1). In the Mid-
dle Ages (12th century) people converted the natural fens in
polder Spengen to agricultural fields and meadows. This re-
sulted in a typical Dutch allotment pattern of elongated, 50 m
wide parcels perpendicular to the main road.

Approximately 10 % of the area of polder Spengen is sur-
face water. The surface water level is controlled by the water
authority at a fixed level of NAP −2.22 m. If needed during
dry periods, water can be let in under free fall from a chan-
nel on the east side, the difference in elevation head between
both water bodies is almost 2 m. Average surface elevation in
polder Spengen is NAP −1.83 m. During winter the ground-
water table is almost equal to surface level. During summer,
when most peat oxidation occurs, groundwater tables can be
1 m below surface level. Pressure head difference between
the aquifer below the peat layer and the phreatic level in the
peat layer is little. Consequently, seepage in the vertical di-
rection is limited.

3 Method

55 Ha of polder Spengen is equipped with field drains, dis-
tributed over 24 parcels and 6 farmers. The drain tubes are
installed in longitudinal direction of the parcel at a depth of
60 cm below surface level and an interval of 6 m with a max-
imum length of 250 m. At one side the drain tubes are con-
nected at a right angle to a non-porous collector drain, which
is at one side connected to a 1.2 m diameter water basin sit-
uated in the water bank (ditch side). The water basin is used
to manipulate the pressure head. During dry periods water is
pumped from the ditches in to the water basin, increasing the

pressure head to stimulate infiltration. During wet periods,
water was pumped out of the water basin towards the ditches,
creating a negative pressure head and increasing the drainage
rate. Both pumps are connected via a programmable logic
controller (PLC) to a groundwater observation well, that au-
tomatically determines which pump should be active. A tar-
get groundwater level is programmed in the PLC. Power for
the PLC’s was supplied via the grid, except at one location
at which a windmill was installed and at another location at
which solar panels were used. The area connected to a water
reservoir is 2–10 ha.

Phreatic groundwater tables are measured at all 24 parcels,
one observation well per parcel. There are 4 extra parcels
without field drains which serve as locations for control mea-
surements. Phreatic groundwater tables are hourly measured.
All wells have a phreatic filter at a depth between 1 to 2 m
below ground surface. The wells are installed between two
drain tubes in the middle of the parcel and at 2/3 length in
longitudinal direction of the drain tube.

Soil subsidence is measured via spirit levelling along 8
transects, with a total length of almost 4 km, encompassing
parcels with and without drain tubes. Along these transects
every 10 m the ground surface elevation is measured. This
elevation is the median of 20 single elevation measurements
within a circle with a diameter of 1 m. This is done to make
sure the measurement is not a result of an outlier. The ground
surface elevation is measured relative to a fixed point; a bolt
in a well-founded farm stable. The measurements or executed
early spring, when swell of the peat soil is at a maximum. To
get more insight in seasonal ground surface movement, ex-
tra measurements are done in summer, fall and winter since
August 2018.

The volume of water pumped in and out the water basin is
calculated via registration of pump hours, assuming a fixed
pump capacity.

4 Results

4.1 Putting pressurized drains into practice

The participating farmers (mostly the younger ones) wanted
a fully automatic system to manage the pressurized drains,
to minimize the impact on their farm management. Using
a PLC, a reliable and constant power supply is needed. On
most locations, we opted for grid power, because parcels not
far away from the farm and on the same side of the road as the
farm could be relatively easily supplied with grid power, by
a power line of up to 1000 m. Two farmers had land far away
from their farms. On these locations, the farmers opted for
wind energy and solar power. Because these techniques were
less reliable, on these locations we used a manual system
instead of a fully automatic system. Depending on the sys-
tem, the total implementation costs amounted to EUR 4700–
6500 ha−1 (Table 1). The annual costs for maintenance and
management are not yet known.
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Table 1. Implementation costs of pressurized drains in polder Spengen. Note that annual costs for maintenance and management are not
included.

System component Costs (EUR ha−1 incl. VAT)

Drain tubes + installation at 6 m intervals, and 6 mm diameter 2500
Automatic operational system (excluding power supply*) 4000
Manual system using wind energy 2200
Manual system using solar power 3500

Total system range 4700–6500

* We used a power line that costs EUR 8 m−1. Recalculation to costs ha−1 is not possible, this depends on the length of the
cable and the area of pressurized drainage now and in the future connected to the cable.

4.2 Quantifying the effects of pressurized drainage

At four sites with field drains, the groundwater table can be
compared with the groundwater table of a control parcel;
a similar, adjacent parcel without field drains (Fig. 1). The
drain tubes were installed between September 2016 and May
2017. The drain tubes were connected to a water basin (pres-
surized drainage) in July 2017 (D) and May 2018 (A and C).
Site B still is not connected to a water basin.

The results of site A (Fig. 2a) show clearly how (pressur-
ized) field drains work. After installation of the drain tubes,
the groundwater table rose 40 cm in several days. As a result
the groundwater table was almost equal to the fixed surface
water level of NAP −2.25 m. This indicates that the system
effectively infiltrates water into the soil.

Compared to the control parcel, the groundwater table was
50–60 cm higher in the summer of 2017 and 10–20 cm lower
in the winter of 2017/2018. The differences during the winter
indicate that the drain tubes can also effectively drain water
from the soil.

In May 2018 the water basin and pumps where installed
(pressurized drainage). Because the cumulative precipitation
deficit increased during spring (Fig. 2), we decided to set the
groundwater table target level at 30 cm below ground surface.
During summer 2018 we were able to keep the groundwater
table equal to the target level. In July 2018, when the weekly
evaporation shortage was more than 10 mm, the groundwater
table was 80–90 cm higher compared to the control parcel.

The winter of 2018/2019 was relatively dry, therefore nor
drainage nor infiltration did occur. During spring and sum-
mer 2019 the weather was much more changeable. There-
fore we decided to keep the groundwater target level around
45 cm below ground surface, to allow for infiltration during
dry periods, and preventing peaks in the groundwater table
during wet periods.

Measurements at site B (Fig. 2b) reveal the difference
between pressurized drainage and field drains directly con-
nected to the surface water. During summers, the impact on
the groundwater table is less compared to site A. Especially
during the dry summer of 2018, when the groundwater table
was up to 50 cm lower. Note that during the spring and sum-
mer of 2019, differences with the control parcel are minimal.

Measurements at site C (Fig. 2c) show almost no differ-
ence compared to the control panel. This can be partly ex-
plained by regular sprinkler irrigation from above. After in-
stallation of the drain tubes we noted that this farmer irrigates
on a regular bases during summer, both on the drained and
the control parcel.

Measurements at site D (Fig. 2d) show a distinguished
difference against the control parcel, although smaller com-
pared to site A. During the summer of 2018, the maximum
difference was 50 cm, instead of 80–90 cm. The smaller dif-
ference can be attributed to flooding of the control parcel in
July 2018, which caused a 30–40 cm rise in the groundwater
table, or the clay deposits on top of the peat soil.

4.3 Seasonal patterns of uplift and subsidence

From spring 2017 to the summer of 2019, the surface ele-
vation is measured 6 times along the transects (Fig. 3). The
first measurement was done early spring 2017, the second
measurement approximately 1 year later. On the west side
of the research area, net displacement was minimal, whereas
on the east side, a net uplift of 1–2 cm had occurred, most
likely caused by swelling during the relatively wet winter of
2017/2018.

During summer 2018 an extra measurement was done to
get more insight the seasonal fluctuation in movement of the
ground surface. Ground surface levels of the control parcels
lowered between 7.5 and 9.5 cm. Ground surface level of
drained parcels lowered between 3.5 and 5 cm. Note that
summer 2018 had the highest precipitation deficit since 1976.
The measurement at the end of the winter 2019 shows a
ground surface level rise of all parcels; control on average
6 cm and drained on average 2.5 cm. The measurement in
early spring 2019 shows a difference between east and west.
All parcels on the east side of the polder continued to rise at
the same rate, whereas the rising rate of parcels on the west
began to decelerate. The measurements in the summer of
2019 showed similar patterns of subsidence as the previous
year, although with somewhat smaller magnitudes. A com-
parison of the measurements in the early spring of 2018 and
2019 show that over this one year period, a net subsidence
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Figure 2. Groundwater tables on four sites (Fig. 1) and meteorological conditions in the period 2017–2019.

Figure 3. Ground Surface Level measurements along 4 transects
(Fig. 1), since spring 2017 of drained and non-drained parcels.

occurred of 0.4–1.8 cm. At both sides of the research area,
the control parcels subsided more than the drained parcels,
with a difference of 1 cm on the east side and 0.6 cm on the
west side of the research area. Noteworthy, the control parcel
at the east side of the polder subsided almost 1 cm more than
the west side.

4.4 Water demand during the summer of 2018

During the summer of 2018, the maximum volume of wa-
ter pumped into the water reservoirs at site D was almost
6 mm d−1, whereas at site A the water demand was 3 mm d−1

Figure 4. The water demand (sites A and D, Fig. 1), the rainfall,
and the weekly cumulative precipitation deficit during the summer
of 2018. Note that this period had the highest precipitation deficit
since 1976.

(Fig. 4). The water demand at site A almost equals the
amount of evaporation, whereas the water demand at site D is
much higher. We believe the difference between both sites is
most likely caused by a leakage flux within the parcel at site
D, we observed some very soggy soil spots combined with
a different type of vegetation that could not be explained by
any other phenomenon.
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5 Discussion

5.1 Handling implementation barriers

Putting pressurized drainage into practice as we did in polder
Spengen is probably too costly for farmers. Although the
participating farmers were quite enthusiastic about the tech-
nique, observing a range of practical advantages for their
farm management, the agricultural benefits do not merit an
investment of EUR 4700–6500. However, we believe that if
this technique is further refined and applied on a large scale,
costs will decrease significantly, which will help to overcome
the financial implementation barrier. In addition, sharing of
the costs by all stakeholders who benefit from smaller sub-
sidence rates will also enhance the feasibility of the imple-
mentation.

5.2 Considering soil heterogeneity

The results show that the effects of pressurized drains on the
four sites in the research area are similar, but not identical.
The differences can be attributed to the heterogeneity of the
peat soils, with marked differences between and within one
parcel. Although the drained and control parcels were chosen
carefully, reflecting very similar soil characteristics, ground
surface levels, and agricultural management, differences be-
tween them might still exist. Unfortunately, due to the con-
ditions imposed by real-world farm management, it was not
possible to install more groundwater observation wells, or
to drain only half of the parcels, which would make the
parcels better comparable. Therefore, although we believe
we demonstrated the effectiveness of the technique, more re-
search is needed to enhance the predictability of the magni-
tude of the effects and the generalizability of the results to
other locations.

5.3 Propagating long-term monitoring

Soil subsidence in peatlands is a slow process. An empirical
analysis of Dutch soil subsidence data suggests that a long-
term average soil subsidence of 7 mm yr−1 can be expected
in polder Spengen (Van den Akker et al., 2008). To measure a
change in such small rates accurately, long-term monitoring
is needed. Although we believe that our research shows that
pressurized drainage can indeed slow down soil subsidence,
the conclusions based on 2.5 years of monitoring must be
seen as preliminary.

6 Conclusions

Our research showed that pressurized drainage can be ef-
fectively implemented in real-world situations, but the im-
plementation costs of EUR 4700–6500 might be a barrier
to large-scale implementation. We were able to manipulate
groundwater tables effectively by pressurized drainage. Dur-
ing the extreme dry summer of 2018, we were able to raise

groundwater tables by 50–90 cm. The magnitude of the raise
varied because of the heterogeneity of the soil, in particular
the amount of clay in the topsoil seemed to raise the mag-
nitude. Therefore, we must be careful to generalize the re-
sults to other locations. Although the relation between higher
groundwater tables and less soil subsidence was clearly vis-
ible during summer 2018, the monitoring period is too short
to determine a long-term effect on soil subsidence just yet.
With regard to the water demand of pressurized drainage, the
preliminary results seem to indicate that this resembles the
amount of evaporation.

Data availability. All data used in this study are available on
the HDSR website https://www.hdsr.nl/beleid-plannen/veenweide/
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2020).
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Abstract. In the Province of Flevoland, the Netherlands, land subsidence poses a problem to agriculture and
water management. The peat layers in the soil are susceptible to compression and oxidation causing further
subsidence. Applying subirrigation through the tile drain system to maintain saturation of the peat may be a
measure to slow down subsidence. A study was therefore carried out at two sites, Nagele and Zeewolde, to assess
the impact of subirrigation in the peat on the seasonal variation in soil moisture content, and corresponding redox
conditions. Bacterial community analysis was carried out to verify the hydrochemical observations. Subirrigation
proved to be an efficient measure to maintain a high water level in the peat soil as long as the permeability
in the upper part of the peat was sufficient to allow transmission of water into the inter-drain area and when
the peat layer extended enough below the minimum regional water level to prevent drainage to the sand layer
underneath. The peat showed dual porosity and water levels could well be maintained by subirrigation at the
Nagele site. At the Zeewolde site, the variability in the thin peat layer allowed drainage to occur in the sand
layer, preventing subirrigation to maintain high water levels. However, at both sites the peat layer remained close
to saturation throughout the summer, which may be caused by the fine-grained mineral layer isolating the peat
from water extraction via evapotranspiration. Nitrate concentrations of up to 100 mg L−1 were observed were
high (> 50 mg L−1) in the oxic mineral top layer but were low in the peat (0.3 mg L−1) at both Nagele and
Zeewolde sites. Sulphate concentrations also showed a decrease with depth in the peat at Nagele, indicating a
transition from sub-oxic above 1.5 m depth to anoxic conditions at 3.5 m depth. The hydrochemical observations
in the soil moisture in the peat at Nagele confirmed that conditions were sub-oxic in the upper part of the
peat (0.7 m below soil surface) to anoxic at greater depth (3.5 m). Soil microbe analyses showed few nitrification
bacteria in the peat, whereas communities specialised in denitrification and ammonification were present, as well
as sulphate reducing bacteria and methanogenic species. This confirmed the sub-oxic to anoxic conditions in the
peat deduced from the hydrochemical observations. At Zeewolde, conditions remained sub-oxic throughout the
profile.

1 Introduction

The Flevoland polders were reclaimed in the mid-20th cen-
tury from the former Zuiderzee, which was closed off from
the North Sea to form the fresh water IJsselmeer lake. The
land surface is currently about 3–4 m below sea level, and
subsidence continues (Fokker et al., 2015) posing a sig-
nificant threat to agricultural practices (Vogelenzang et al.,

2019), complicating water management and threatening wa-
ter quality by increased upward seepage of saline water.
Main causes of subsidence were the loss of pore pressure
following reclamation and subsequent gradual lowering of
phreatic water levels by the Water Board to create and main-
tain favourable conditions for agriculture. This resulted in
compression and compaction of the clayey top soil layer and
the peat layer underneath. An important factor for contin-
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ued subsidence is the oxidation and permanent shrinkage of
shallow humic clay and peat layers (Fokker et al., 2015).
Peat oxidation can account to up to 68 % of loss in volume
(Leifeld et al., 2011) and is fastest at high oxygen avail-
ability and high soil temperatures. Peat oxidation conditions
are therefore most favourable during summer when phreatic
levels decrease in response to evapotranspiration and near-
surface peat layers partially dry out. Land use in Flevoland is
mainly agricultural. About 71 % of agricultural land is used
for intensive arable farming of potatos, wheat, sugar beet and
onions, which requires phreatic levels of at least 0.8 m be-
low the surface. Peat meadows for production of grass or
corn fodder cover about 21 % (Vogelenzang et al., 2019).
For arable farming, tile drain systems and regulation of the
regional water level by the Water Boards keep groundwater
levels low, even during high rainfall events. Inter-drain dis-
tances are typically between 12 and 30 m. In peat meadows,
drainage is accomplished by a system of shallow ditches dug
at typical inter-distances of more than 30 m (Couwenberg,
2018).

In summer, the lowering of the regional water level by the
Water Board and high crop evapotranspiration cause a de-
cline in phreatic water level, thereby allowing oxygen to en-
ter the soil pores causing potential for enhanced decomposi-
tion and shrinkage of peat. A possible method to reduce the
risk of subsidence in agricultural areas with shallow peat lay-
ers is to adapt the tile drain system for subirrigation, such as
to allow active infiltration into the peat and maintain a higher
water level in the soil. This requires transmission of wa-
ter from the drains into the inter-drain space. The degree of
success of subirrigation therefore depends on if the infiltra-
tion capacity is high enough to balance the extraction of soil
moisture in the inter-drain space for evapotranspiration. Peat
often exhibits dual porosity, with higher permeability in in-
terconnected macropores and low permeability in the matrix
(Rezanezhad et al., 2016). Permeability generally decreases
with depth and low permeabilities require small inter-drain
distances to maintain moist conditions in the area between
the drains. Within the “Spaarwater Flevoland” project the ef-
fects of active tile drain infiltration on phreatic water levels
and soil moisture content between drains and on peat oxida-
tion processes were investigated at two agricultural plots in
the dry summers of 2018 and 2019. The objectives were to
assess the rate of infiltration through the tile drain system to
maintain a uniform phreatic level, and if subirrigation could
prevent the soil water from becoming oxic. The latter was
studied using hydrochemical and microbiological analyses.

2 Site description

Soils in Flevoland show considerable heterogeneity due to
temporal and spatial variations in the depositional environ-
ments in the Holocene. Sand and peat deposits occurred in
tidal marshes, which were overlain by fine-grained deposits

Figure 1. Locations of the Zeewolde and Nagele sites in the
Flevoland Province, east of Amsterdam, in the Netherlands. © Map-
Tiler and © OpenStreetMap contributors 2020. Distributed under a
Creative Commons BY-SA License.

of varying thickness. The soil in Flevoland is characterised
by a sequence of a fine-grained mineral top layer on a peat
layer formed on sand. Two pilot sites were selected with dif-
ferent soil layering and thickness of the peat layers. The lo-
cations of the Zeewolde and Nagele pilots are presented in
Fig. 1.

2.1 Nagele site

The soil at the Nagele site (52◦39′55′′ N, 5◦45′22′′ E,
−4 m a.s.l.) is characterised by a 0.3–0.5 m deep top layer
of silty clay underlain by about 2.5 m of peat formed on sand
(Velstra et al., 2015). The tile drains were at a depth of 0.8–
0.9 m below the surface with an inter-drain spacing of 12 m.
New tile drains were installed between the original drains in
the peat layer, applying a sand filling on the drain up to the
surface. This brought the inter-drain distance to 6 m in both
experimental and reference fields. In dry summers, such as
those of 2018 and 2019, the farmer applies subirrigation by
setting up water level in the ditch above the drain outlets to
reach a maximum water level of 0.7 m below the soil sur-
face. The crop rotated between grass in 2017, to potatoes in
2018, and onion in 2019. Crop roots were not observed in
the peat layer. The subsidence in this area has been estimated
at 2–3 mm yr−1 (Source: Bodemdalingskaart.nl, Nederlands
Centrum voor Geodesie en Geo-informatica (NCG)).

2.2 Zeewolde site

The soil at the Zeewolde site (52◦17′22′′ N, 5◦25′25′′ E,
−4 m a.s.l.) showed more spatial variation in the layering.
The top layer of silt/clay, with a thickness of 0.5–1.1 m, was
deposited on a 0.05 m thin sand layer. A peat layer of vary-
ing thickness (0.2–1.1 m) and with a thin clay layer at its base
was subsequently observed. The base layer consisted of sand
at 1.2–1.6 m below the surface (Velstra et al., 2015). The tile
drains were at a depth of 0.8–0.9 m below the surface with
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an inter-drain spacing of 16 m. New tile drains were again in-
stalled between the original drains in the clay/peat layers, ap-
plying sand filling up to the surface, which brought the inter-
drain distance to 8 m. Crop rotation was typical for Flevoland
including sugar beet, onions and potatos. Crop roots were not
observed in the peat layer. The subsidence in this area was
somewhat lower at about 1 mm yr−1 (NCG).

3 Methods

For subirrigation, the tile drains were connected to a collec-
tor drain and buffer tank, in which provisions were made
to allow fixing water levels at 0.1 m level increments, inde-
pendent of the ditch water level. A solar pump was used to
supply water to the buffer tank from the ditch to maintain a
set water level. Percolating rain water was removed by over-
flow in the drain well to the ditch. This system allows subir-
rigation in the experimental plot to be better regulated and
at higher water levels than possible in the regular ditch ap-
proach. Flows into and out of the drains were continuously
monitored with flow meters (Octave; Arad, Israel). Phreatic
water level measurements were made in transects perpen-
dicular to tile drain directions. Piezometers were installed
next to the drains and at 0.5–1.0 m intervals in the inter-
drain space for continuous phreatic water level measure-
ments (CTD-10; Decagon, USA). Soil moisture content pro-
files were measured (GS3; Decagon, USA) down to a depth
of 0.75 m. Soil moisture and groundwater samples were ex-
tracted at two-week intervals using rhizons (Rhizosphere Re-
search Products, the Netherlands) installed at 0.25, 0.50. and
0.75 m depths. Deeper groundwater was sampled at 1.5 and
3.5 m depth (sand layer) from piezometers, which were duly
flushed before sampling. Samples were filtered (0.2 µm PES)
and analysed at the laboratory of Acacia Water for major
cat- and anions using ion chromatography (Aquion; Dionex,
USA). Fe and Mn ion concentrations were determined col-
orimetrically (DR900; Hach, USA).

Bulk soil samples (three locations at Nagele) for identi-
fication of bacterial communities in view of their potential
to reduce nitrate and sulphate were taken at depths of 0.7
and 2.2 m in the peat layer. Sampling was carried out at the
end of the winter season (6 March 2019) in prepared sample
bottles and were analysed using next generation sequencing
(ORVIdecode) at Orvion (the Netherlands). This procedure
allows characterization of DNA and identification of bacte-
ria populations.

4 Results

4.1 Groundwater level and soil moisture content

Ground water level measurements at Nagele showed dis-
charge towards the drain from the inter-drain space in the
winter period, with higher water levels in the piezometer be-
tween the drains than that at the drain (Fig. 2). In the summer

of 2018, the pump was not capable to supply enough water to
the drains and the water level between the drains decreased
following the deeper regional trend. In the summer of 2019,
the farmer decided to increase the water level to the bottom
of the clay layer at about 0.5 m below the surface and infil-
tration occurred such that the peat remained saturated despite
the decrease in the regional ground water level. The situation
in summer 2019 showed that the peat layer was permeable
enough at drain depth (Ks= 0.1–0.2 m d−1) to allow flow of
water into the inter-drain spacing. In addition, the thickness
of the peat layer and permeability at depth were such that
leakage to the deeper sand layer seemed minimal, allowing
for a stable higher water level in the peat than in the sand
layer below. The soil moisture content θ at a depth of 0.7 m
remained close to saturation, varying between 0.71 and 0.75,
except for the period between 20 June and 25 August 2018
when not enough water could be supplied to the drains and
θ gradually decreased to 0.61. This suggests that the peat at
this depth became unsaturated and in contact with oxygen.

In Zeewolde, where the peat layer was less deep and the
drains were locally in the base sand layer, it was not possi-
ble to supply enough water to maintain a high level in the
peat layer because of leakage to the regional groundwater
system through the sand layer. The water levels in the peat
layer therefore followed the regional trend (Fig. 3).

The decline in phreatic level during the dry period did
not have a large effect on θ at a depth of 0.7 m in the peat
(Fig. 4). The moisture content in peat at Zeewolde reference
showed very little variation between winter and summer sea-
sons, even though the summer of 2018 was extremely dry.
Moisture content at the Nagele reference site showed sea-
sonal variation in the first year, but less in the second year as
the farmer decided to use tile drain subirrigation to keep the
peat moist in summer.

In Zeewolde, the experimental site showed a fluctuating
moisture content, peat being saturated in wet periods (θ =
0.77), followed by a fast drop to θ = 0.75. This pattern sug-
gests rapid draining of macropore space (about 2 %), with
remaining moisture staying immobile in the peat matrix. The
soil moisture content in the peat of the experimental plot in
Nagele maintained its high moisture content until the water
supply to the tile drains was interrupted by mid-June 2018.
This was followed by a decline in θ to 0.61 by August. In
the summer of 2019, the water content remained high, ex-
cept during short periods when the pump malfunctioned. The
fast decrease in θ after pump failure also suggest draining of
the macropore space, rather than of the matrix. The top fine-
grained mineral soil layer, with its relatively high plant avail-
able water, provided most of the moisture for evapotranspira-
tion. Roots were not observed in the peat layer, presumably
also because of the continuously high moisture content. The
peat layer at Zeewolde seemed also to be isolated from the
sand layer below due to the thin impermeable clay layer at
its base preventing drainage. The small ranges in observed θ
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Figure 2. Groundwater levels in the experimental field at Nagele, where the drain well was used to maintain fixed water levels in summer.
Drain is on the drain, centre is between the drains and deep is the groundwater level in the deep sand layer (regional). Note that the piezometers
were dry at water levels below 1.1 m.

Figure 3. Groundwater levels in the experimental field at Zeewolde, where the drain well was used to maintain fixed water levels in summer.
Drain is on the drain, centre is between the drains and deep is the groundwater level in the deep sand layer (regional). Note that the piezometers
were dry at water levels below 1.1 m.

indicate that the soil moisture tensions remained low at above
−50 hPa (pF= 1.7).

4.2 Hydrochemistry

Electrical conductivity of soil moisture in the peat at 0.75 cm
depth was relatively high at 2743±839 uS cm−1 in the refer-
ence plot and 2031± 487 uS cm−1 in the subirrigated plot,
which may reflect the saline environment from which the
land was reclaimed. The corresponding pH values ranged
from 5.53–7.65 in the reference plot to consistently higher
values of 5.90–8.70 in the subirrigation plot. Both plots
showed seasonal variation in pH, with the highest values ob-
served in the summer season. Atmospheric oxygen has to
travel through the fine-grained top layer before reaching the
peat. This is mainly by diffusion, although cracks formed
during drying in summer and could have formed preferen-
tial gas flow paths towards the peat layer. If the macrop-
ores in the peat drain oxygen may enter but may not reach
the peat matrix regions where moisture is immobile. When
oxygen is present, this is preferably used in the decompo-
sition process by bacteria. Stuyfzand (1993) and Mendiza-
bal (2011) have defined different redox zones in soils related
to the presence of certain ions (e.g. NO3, SO4) or dissolved
gases (e.g. O2, H2S) in groundwater. Analyses of water ex-

tracted from different depths in the peat therefore provides
information on the redox status. At a depth of 0.5 m in the
top layer of fine-grained soil nitrate concentrations were ob-
served up to concentrations of 100 mg L−1, with an average
of 43± 45 mg L−1. As the surface layer is unsaturated and
exposed to the atmospher the conditions ca be considered
oxic. In the peat layer below, NO3 concentrations were low,
averaging to 0.3± 0.5 and 0.07± 0.29 mg L−1 at 0.75 and
1.5 m depths, respectively. NO3 concentrations did not in-
crease in peat in response to the decreasing moisture content
in June–August 2018, suggesting sampling of water from im-
mobile regions in the peat with the rhizons. SO4 concentra-
tions, however, did increase in the samples during the dry
period, indicating that SO4 was produced at 0.75 m depth.
With SO4 concentrations of well over 500 mg L−1 (and gen-
erally low Fe and Mn ion concentrations) the redox condi-
tions at 0.75 and 1.5 m depth could be classified as sub-oxic.
Nitrate was also absent in samples taken from the piezome-
ter at 3.5 m depth, and SO4 concentrations were strongly re-
duced to an average of 12± 12 mg L−1. Furthermore, the re-
lease of H2S gas was observed during sampling at depths
below 2 m. The water chemistry in the peat layer in Nagele
therefore indicated that the redox environment changed from
sub-oxic at 0.75–1.5 m to anoxic/deep anoxic at 3.5 m depth.
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Figure 4. Variation in soil moisture content (θ ) at 0.7 m depth in peat for reference (Ref) and experimental (Exp) plots in Zeewolde and
Nagele.

Figure 5. Contribution of bacterial communities to nitrogen transformation processes in the peat layer at depths of 0.7 m (sub-oxic) and
2.2 m (anoxic) in Nagele, March 2019.

The peat decomposition process is slowed down with depth
as the electron donors change with depth from initially NO3
to finally SO4. Similarly, low NO3 concentrations were ob-
served in the peat in Zeewolde, but SO4 concentrations were
much higher throughout the peat/sand profile and the condi-
tions therefore remained sub-oxic.

4.3 Analyses of bacterial communities in peat

Salinity and redox status influence the microbial biomass and
metabolic activity related to the mineralization of carbon in
peat, with pH being an important factor controlling the mi-
crobial diversity (DeAngelis et al., 2010; Preston et al., 2012;
Tecon and Or, 2017). In the upper part of the peat oxygen
seems to be absent, but nitrate percolating down from the
unsaturated top layer can provide the oxygen used for de-

composition by nitrate reducing bacteria. Lower in the pro-
file, nitrate has been consumed and the bacterial population
could change to include species that specialise in the reduc-
tion of, for instance, sulphate. At Nagele, the analysis indi-
cated that bacteria were present in much larger numbers in
the shallow suboxic peat sample than in the deeper anoxic
sample. In both samples proteobacteria were dominant ac-
counting for 70 % of the population DNA, with alpha- and
betaproteobacteria accounting for about 50 %. Terrabacteria
groups (mainly actinobacteria) accounted for another 10 %.
Differences were observed in the presence of Gemmatimon-
adetes at 2 % in the sub-oxic sample and at 0.8 % in the
anoxic region. Chloroflexi and Firmicutes bacteria increased
from 0.3 % and 0.4 % in the sub-oxic region to 2 % and 1 %
in the anoxic region, respectively. Planctomycetes, known to
perform nitrite reduction and ammonium oxidation anaerobi-
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cally (Dong et al., 2009; Fuerst, 2017), was present at about
1.0 % in both samples. The analyses showed that nitrificating
bacterial communities typical for oxic conditions were virtu-
ally absent (Fig. 5), supporting the observation that dissolved
oxygen concentration remained low in the peat.

The fractions of bacteria specialised in denitrification
(mainly NO3 → N2) were only slightly lower in the anoxic
region, but the fractions of ammonification bacteria species
were higher than those in the suboxic region. The latter sug-
gests increased limitations in the availability of nitrate with
depth. Sulphate reducing bacteria (Desulfarcales, Desul-
fobacterales, Desulfovibrionales and Desulfuromonadales
from the deltaproteobacteria class) were also observed in
both samples, making up 0.7 % of the total population in the
sub-oxic region and 1.9 % in the anoxic region. The percent-
ages of methano-microbia were low but increased with depth
from 0.03 % to 0.11 % of the DNA present.

5 Conclusions

The study shows that several conditions need to be met for
keeping a peat layer saturated through subirrigation by in-
filtration of water through the tile drain system. The first
condition is that the inter-drain distance is proportional to
the permeability of the peat. The present study showed that
the 6 m inter-drain distance was sufficiently low to cause a
fast response of the phreatic level at the centre of the drains.
Soil moisture measurements suggested a dual porosity sys-
tem that would allow relatively fast transfer of water through
the peat. The second condition is that leakage towards the
lower regional phreatic level should be limited, which re-
quires a low permeability layer to extend below the minimum
water level. This condition was not met at Zeewolde, allow-
ing the supplied water to infiltrate in the sand layer below the
peat and causing the water level to drop. In spite of this, the
moisture content remained high in the peat layer at both sites,
even though 2018 was an exceptionally dry year. The fine-
grained mineral layer capping the peat seems to have pro-
vided sufficient moisture to the crop for evaporation, while
largely preventing the extraction of moisture from the peat
underneath. The thin layer of sand on top of the peat layer at
Zeewolde may have prevented upward flow through capillary
rise, whereas drainage to the sand layer may have been min-
imized by the low permeability of the peat/clay layer at the
base of the peat. Cracks formed in the top soil but were not
deep enough to reach the peat layer. Furthermore, the farmer
aims to keep cracks at minimum through surface irrigation to
avoid tilt damage, in particular to onion crop.

Both the biogeochemistry and the bacterial community
analyses indicated that oxygen levels in the peat remained
low even in the dry summer season (sub-oxic – anoxic con-
ditions), with very low nitrate concentrations being observed
in the peat, and a decrease of sulphate concentrations ob-
served with depth. The bacterial analysis supported the hy-

drochemical observations confirming the absence of nitrifi-
cation microbes and indicating that decomposition of peat in
the absence of oxygen is through nitrate and sulphate reduc-
ing bacteria. The lower DNA count at depth, relative to that
in the shallow sub-oxic region, suggests a decrease in the rate
of peat mineralisation with depth.
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Abstract. At present, large-scale engineering construction activities, especially deep foundation pit dewatering,
are important factors of land subsidence in Shanghai, which induces uneven land subsidence. To solve this
problem, this paper puts forward a technical approach to prevention and control the land subsidence. Based on
the practice of joint work by multiple administrative departments in Shanghai, this paper further combines the
technology and management measures effectively, and summarizes the management system of land subsidence
control for deep foundation pit dewatering. Meanwhile, this paper provides the key workflow, starting from the
whole process control of construction project for feasibility demonstration, design, construction and completion.
The practice shows that the whole process of deep foundation pit dewatering control and management provides
a powerful guarantee for land subsidence prevention and control.

1 Introduction

As a typical thick quaternary coverage area, the uneven land
subsidence in shanghai caused by large-scale engineering
construction activities, especially the deep foundation pit
dewatering, has attracted attention on the background that
groundwater unreasonable exploitation, ever the main induc-
ing factors at one time, has been effectively controlled to be-
low 5 × 106 t yr−1 (Yang et al., 2015; Yan et al., 2019). At
present, there are few studies on the land subsidence caused
by foundation pit dewatering in the world. Shanghai takes
the lead in putting forward the whole process joint control
and management mode of deep foundation pit dewatering.
Monitoring data show that the trend of uneven land subsi-
dence in the city has been alleviated, and the annual land
subsidence has been controlled within 6 mm for many years
in a row. This paper puts forward the technical approach, and
summarizes the control system and working mechanism of
land subsidence of deep foundation pit dewatering from the
aspects of laws and regulations, technical standards, manage-

ment mechanism, information sharing and work evaluation
in Shanghai.

2 Technical approach of land subsidence control for
deep foundation pit dewatering

Foundation soils in the main urban area of Shanghai are Qua-
ternary sediments, which are mainly composed of clayey
soil, silty soil and sandy soil, and are divided into nine en-
gineering geological layers. Among them, 7 and 8 layers, the
first confined aquifer and the second confined aquifer in hy-
drogeology respectively, are usually necessary to reduce the
groundwater level in the process of excavation to ensure the
stability of deep foundation pits.

The research shows that deep foundation pit dewatering re-
sults in the decrease of surrounding groundwater level, which
leads to significant land subsidence. The radius of land sub-
sidence funnel induced by dewatering with hanging water-
proof curtain can reach 10 times greater than the depth of

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Technical path of land subsidence control for deep foundation pit dewatering.

foundation pit excavation (Yang et al., 2015). Because it is
difficult to control and restore the ground subsidence after
the occurrence, the land subsidence control of deep founda-
tion pit dewatering should focus on the process prevention
and control; therefore, based on the idea of the whole process
management and control of pre-construction, in-process and
post-construction, the key technology of the land subsidence
prevention and control for deep foundation pit dewatering is
combined with the construction process, and the technical
path is proposed as shown in Fig. 1 (Huang et al., 2015; Yan,
et al., 2019).

3 Management system of land subsidence control
for deep foundation pit dewatering

Effective administrative management is a powerful guaran-
tee to promote the implementation of various prevention and
control measures, and is also the key to the effective preven-
tion and control of land subsidence. In the past, the man-
agement and control system of construction projects mainly
focused on land planning control and engineering quality
safety, but paid little attention to the geological environment
problems such as land subsidence. In order to control the un-
even land subsidence caused by deep foundation pit dewater-
ing, “Regulations of Shanghai Municipality on the Adminis-
tration of Prevention and Control of Land Subsidence” has
been promulgated. It has strengthened the joint management
of relevant administrative departments, and promoted the re-
vision and promulgation of a number of administrative regu-
lations, technical requirements and other supporting systems.
Through the workflow reengineering and practice summary,
this paper puts forward the control and management system

framework of land subsidence for deep foundation pit de-
watering shown in Fig. 2, combining the technical measures
and management measures, which has strengthened the con-
trol and management of land subsidence for deep foundation
pit dewatering.

3.1 Legal system

Shanghai has issued a number of laws and regulations, such
as Regulations of Shanghai Municipality on the Administra-
tion of Prevention and Control of Land Subsidence, Regu-
lations of Shanghai Municipality on the Administration of
Risk Assessment and Management of Geological Disasters,
Regulations of Shanghai Municipality on the Administration
of Management of Foundation Pit Engineering, which clarify
the legal responsibilities, requirements and tasks of the rele-
vant administrative departments. The legal system for land
subsidence control of deep foundation pit dewatering has
been preliminarily formed, and provides guarantee for the le-
galization and standardization of land subsidence prevention
and control.

3.2 Cooperation mechanism

Shanghai has constructed a coordinated management mode
to control land subsidence, that the municipal planning and
resource administrative department, which is the comprehen-
sive supervisory and administrative department for preven-
tion and control of ground subsidence in this Municipality,
joint the municipal water affairs administrative department,
the municipal housing, urban and rural construction adminis-
trative department, the municipal transportation administra-
tion department and so on, formulate the annual work plan
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Figure 2. Management system framework of land subsidence control for deep foundation pit dewatering.

for land subsidence prevention and control under the idea of
land subsidence control zoning (Wang et al., 2015). Accord-
ing to the control target, the whole process of deep founda-
tion pit dewatering is coordinated control and management.
Furthermore, the financial administrative department carries
out tracking evaluation and performance evaluation of land
subsidence prevention and control work every year, which
has practical significance for promoting the standardization
of daily land subsidence prevention and control work. Now
the process of cross-departmental collaborative management
is being actively optimized and improved.

3.3 Technical standard

Shanghai has formulated a series of technical specifications
for land subsidence prevention and control, such as Tech-
nical Code for Land Subsidence Monitoring and Control,
Technical Code for Risk Assessment of Geological Disas-
ter, Technical Code for Integration Pumping and Recharge
in Deep Foundation Pit, Technical code for Hydrogeological
Investigation of Engineering, etc. It provides a unified tech-
nical standard for the whole process of feasibility study, spe-
cial investigation, design and implementation of construction
projects, and provides a strong technical support for the im-
plementation of laws and regulations.

At present, standardized application of key prevention and
control technologies, such as risk assessment of land subsi-
dence, dual index control of water level and land subsidence,
integrated design of curtain waterproof and dewatering, land
subsidence monitoring and artificial recharge for foundation
pit dewatering, is being carried out, and the revision and per-
fection of relevant technical standards are being promoted
(Huang, 2018).

3.4 Implementation mechanism

The technical support units under the administrative depart-
ments, such as institute of geological survey, water supply
management office, construction quality and safety supervi-
sory station, etc., vigorously promote the study on the mecha-
nism, characteristics, monitoring and prevention of land sub-
sidence for deep foundation pit dewatering, and strengthen
technical support for relevant administrative mechanisms and
laws and policies, and continuously improve the level of pre-
vention and control of land subsidence in deep foundation pit
dewatering. Meanwhile, they regularly summarize the work
of land subsidence control in the view of the technical point,
put forward suggestions for prevention and control plan, pro-
vide technical consultation services for administrative de-
partments making policy decision, and play an important role
in improving the effectiveness of land subsidence prevention
and control work.

3.5 Information sharing

The municipal planning and resource administrative depart-
ment takes the lead in holding regular joint departments
meetings to inform the progress, study the situation, discuss
the countermeasures, deploy the tasks of land subsidence
prevention and control. So that all departments can cooperate
to effectively supervise the whole process of deep foundation
pit dewatering.

At present, “Shanghai Foundation Pit Information Man-
agement Platform” is being constructed, which will further
enhance the timeliness and convenience for data sharing in
the whole process of deep foundation pit dewatering, and fur-
ther improve the cross-sectoral coordination ability and work
effectiveness of land subsidence control.

proc-iahs.net/382/755/2020/ Proc. IAHS, 382, 755–759, 2020
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Figure 3. Key workflow of whole process management of deep foundation pit dewatering based on land subsidence control.

4 Key work flow of land subsidence control for deep
foundation pit dewatering

Based on the land subsidence control and management sys-
tem of deep foundation pit dewatering in Shanghai, this pa-
per, combined with the technical path and the key links of
engineering construction management, explores how to bring
the technical measures of land subsidence control of deep
foundation pit dewatering into the mainstream of construc-
tion project management from the aspects of risk assess-
ment of geological hazards, water resources demonstration
for dewatering, design, construction and completion. The key
workflow of whole process coordinated management of land
subsidence for deep foundation pit dewatering is summa-
rized and formed as shown in Fig. 3. And relying on the
information sharing platform of foundation pit engineering,
the management measures of technical review, administrative
approval, process supervision and data exchange are taken as
the grasp to promote the land subsidence control measures of
deep foundation pit dewatering.

5 Conclusions

Practice has proved that effective management is an impor-
tant measure to ensure the implementation to be done and
achieves the expected results of land subsidence prevention
and control measures. Shanghai took the lead in summariz-
ing the land subsidence control and management mode for
deep foundation pit dewatering from the aspects of techni-

cal path, control and management system and key working
process, and formed the scheme of multi-sectoral collabo-
rative management of land subsidence, which achieved the
expected results. In the future, Shanghai will continue to im-
prove the land subsidence control and management system
in practice, and further enhance the fine ability and effect.
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Abstract. This paper presents the approach and outcomes of an exploratory cost-benefit analysis of subsidence
mitigation strategies in the inner city of Gouda, the Netherlands. Results indicate that especially the strategy
focusing on reducing damage, rather than a strategy aiming to halt subsidence altogether, might have a positive
economic rationale.

1 Introduction

In the Netherlands, subsidence of clay and peat soils is
mainly caused by artificial lowering of phreatic groundwa-
ter levels, and soft-soil loading by buildings and infrastruc-
ture. Expected damages are significant: EUR ∼ 22 billion
until 2050 (van den Born et al., 2016). As in the Netherlands
land subsidence is mostly human-induced, much of this dam-
age may be prevented: the rate of subsidence can be reduced,
and/or structural or non-structural measures can be taken to
minimize the negative consequences of land subsidence. As
subsidence mechanisms and asset exposure characteristics
differ across rural and urban areas, but also within urban ar-
eas (e.g. new urban developments versus historic city cen-
ters), the optimal approach needs to be locally customized.

1.1 Economic impact of subsidence

Economic impact assessments of (solutions for) subsidence
can contribute to defining the optimal approach to deal-
ing with subsidence, because (i) estimates of the magnitude
of the socio-economic impact substantiate the need for ac-
tion and help to identify and activate key stakeholders, and
(ii) they provide the economic rationale of different strate-
gies, e.g. in a cost-benefit analysis. However, despite these
potentially useful applications of economic impact assess-
ment in the context of subsidence, research on economic as-
sessment in a subsidence context is still limited (Kok and
Costa, 2020), as most subsidence-related research focuses on

measuring, modelling and monitoring the subsidence process
itself.

1.2 Subsidence in Gouda, the Netherlands

In this paper, we demonstrate how the economic rationale for
interventions in a subsidence context was determined in the
case of Gouda, the Netherlands. As part of the Living Lab
project in which the subsidence problem and coping strate-
gies are investigated by a consortium of the Municipality
Gouda, Water Authority Rijnland and research partners, an
exploratory cost-benefit analysis of the coping strategies was
executed (Kok, 2018). Although economic estimates in the
analysis are specific to the context of a subsiding historic ur-
ban zone with a mix of shallow and piled foundations, the
methodological framework applied is applicable to other sub-
sidence contexts as well.

2 Methods

2.1 The case study

The center of Gouda is subsiding with approximately 3–
5 mm yr−1. Most likely, the subsidence is caused by a mix
of compaction of shallow unconsolidated clay and peat lay-
ers as a result of urban loading and peat oxidation (van
Laarhoven, 2017). Buildings in Gouda predating 1900 are
mostly grounded on shallow (footing) foundations which set-
tle along with the foundation depth (i.e. the upper soil). To
prevent groundwater flooding subsequent to subsidence, the
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groundwater level has been artificially lowered a few times
in the past by lowering the city canal water level. However,
from 1900 onwards, building on timber pile foundations be-
came common practice in the region – to be replaced around
1950 by concrete piles. Further lowering of the groundwa-
ter level, though desirable from the perspective of pluvial
flood risk reduction, is expected to cause significant damage
to timber pile constructions due to fungal degradation, which
initiates after the normally inundated timber is exposed to
oxygen.

2.2 Cost-benefit analysis

To define the economic rationale of alternative coping strate-
gies for subsidence, we follow the general approach for
cost-benefit analysis as prescribed by the Dutch government
(Romijn and Renes, 2013), which includes 7 steps: (1) prob-
lem description, (2) describe the reference situation; (3) iden-
tify alternative strategies; (4) assess effects; (5) calculate
(lifecycle) costs; (6) analyze uncertainties; and (7) provide an
overview and conclusions. However, due to time constraints,
this study does not yet include an uncertainty/ sensitivity
analysis. Any costs and effects are calculated until 2100, with
a discount rate of 4.5 % as prescribed in Dutch guidelines.

2.3 Reference situation

Assuming the historic trend of continuous lowering of the
groundwater levels to continue, water levels will have to be
lowered again in the near future, presumably leading to a
continuation (or even acceleration) of the current subsidence
rate of 3–5 mm yr−1. In time the lower ground water levels
will lead to significant damage to approximately 400 timber
pile foundations which will need to be restored. Furthermore,
lifecycle costs of infrastructure (including e.g. roads, sewage,
public space, utilities and embankments) will remain high as
compared to their benchmark in non-subsiding areas, as sub-
sidence accelerates their degradation.

2.4 Alternatives

In 2017, two policy pathways (hereafter: alternatives) were
developed and analyzed: “Sustain Elevation” and “Managed
Subsidence”. The rationale of alternative “Keep height” is to
prevent or reduce further subsidence of all buildings and in-
frastructure. This entails the replacement of all shallow build-
ing foundations in the inner city (∼ 1500) with concrete pile
foundations, as well as grounding road and sewage systems
on piled foundations to stop then from subsiding. A positive
effect is that the water level will not/to a lesser degree have
to be lowered, resulting in an assumed slowing of the subsi-
dence rate to an average 2–3 mm yr−1. The rationale of alter-
native “Managed Subsidence” lies in reducing negative con-
sequences of subsidence, rather than preventing subsidence
altogether. This entails the strengthening of structures to cope

with potential damage, e.g. investing in measures to prevent
damage to wooden pile foundations and waterproofing build-
ings to cope with high (ground)water levels.

2.5 Identifying and valuing subsidence effects

Similar to common practice in natural hazards, the socio-
economic effects of subsidence can be divided in direct and
indirect, market and non-market effects (Kok and Costa,
2020). A direct effect is an immediate consequence of
subsidence– such as structural damage to infrastructure. An
indirect effect is related to the consequences (Hallegatte and
Przyluski, 2010) an event (e.g. subsidence) – such as the dis-
turbance in traffic patterns due to structural damage of infras-
tructure. Whether an effect is market or non-market relates to
whether the losses can be repaired or replaced by a purchase
on the market. Non-market effects of subsidence include e.g.
health impacts with increasing indoor humidity or damage to
landscape quality and culture-historical values.

A range of economic valuation approaches can be applied
to value these direct and indirect, market and non-market ef-
fects of subsidence. For market effects, market-price based
methods such as damage (restoration) costs can be used.
For non-market effects, stated or revealed preference meth-
ods, which observe willingness to pay by economic agents
through their behaviour – like hedonic pricing analysing the
impact of subsidence damage on housing prices (Pascual et
al., 2010). In the case of limited data or time, cost or bene-
fit transfer can be used: using results of economic valuation
studies in a similar context.

To identify the most relevant effects of the project alter-
natives in the case of Gouda, a qualitative analysis based on
expert judgement was executed. This analysis consisted of
two steps: (1) identification of all possible direct and indi-
rect effects of subsidence (ranging from e.g. operation and
maintenance (O&M) costs to all types of infrastructure, to
loss of cultural heritage, to health impacts due to increased
indoor humidity) and (2) assignment of a score ranging from
−2 to +2 to estimate the expected change under all alterna-
tives in the future as compared to the present-day situation,
with members from the project team. Based on this analysis,
six key direct and indirect effects of the proposed interven-
tions were selected to be quantified in the cost-benefit anal-
ysis: (1) damage of buildings due to differential settlement,
(2) damage to timber pile foundations, (3) increased O&M
of roads, (4) capital investments in the elevation of gardens
and public space, (5) increased flood risk and (6) increased
nuisance due to more frequent repair works on infrastructure
and building foundations.

Proc. IAHS, 382, 761–766, 2020 proc-iahs.net/382/761/2020/



S. Kok and S. Hommes-Slag: Cost-benefit analysis of urban subsidence mitigation strategies 763

3 Results

3.1 Effects

Table 1 presents an overview of key assumptions for each
alternative, and the valuation approach used to estimate this
effect. No new valuation studies were executed for this study
– instead, standard numbers from other sources were used
where possible (benefit transfer).

3.1.1 Damage to buildings and foundations

Based on a study on the history of foundation practices near
Gouda (Winsen et al., 2015), it can be derived that approx-
imately 1500 out of 3000 buildings in the inner city have a
shallow foundation; 450 a timber pile foundation and 1050 a
concrete pile foundation. In the reference situation, it is as-
sumed that over time with further lowering of the water table
all timber pile foundations are subject to rot and will have
to be replaced. Structural damage to buildings with shallow
foundations occurs if the building does not settle in a uniform
manner, but differentially. This may happen as a result of
small variations in the subsurface: the building rotates along
its axis and tears appear in walls – in the worst case leading
to an unsafe situation over time (Peduto et al., 2019). Addi-
tionally, a problem may arise if neighbouring buildings have
different foundation types but share a load-bearing wall: a
building on shallow foundations will “drag” a house on tim-
ber piles along, resulting in structural damage to both build-
ings.

3.1.2 Water system

With continuous subsidence and climatic warming leading to
a more intense hydrological cycle (Klein Tank et al., 2016),
periods with a surplus (wet) and a deficit of water (drought)
will occur more frequent. A wetter environment will lead
to damage to green space in gardens and public parks; plu-
vial flooding will lead to damage to roads and buildings; and
high groundwater levels will lead to increased humidity lev-
els within buildings – causing damage to health, furnishing,
walls and floors.

3.1.3 Other

Asset management of infrastructure is more expensive in a
subsiding area. This goes for all types of infrastructure. In
the case of Gouda, only additional LCC costs for road infras-
tructure are included as estimations for other types of infras-
tructure are not available (van den Born et al., 2016). Fur-
thermore, we assume that private and public actors invest in
elevating gardens and public space to keep level with infras-
tructure and the floor levels of buildings with a pile founda-
tion. Finally, we addressed the expected increase/ decrease in
nuisance from infrastructure and building restoration works:
noise, vibration and reduced service levels.

3.2 Costs

Cost estimates presented in Table 2 are based on assumptions
and standard prices from known similar cases of application
(cost transfer). As the measures proposed under each refer-
ence alternative were not yet defined in detail, some assump-
tions were made to be able to arrive at an order of magnitude
for investment costs of the proposed interventions.

3.3 Evaluation

Table 1 presents the outcome of the cost-benefit analysis.
Benefits are expressed in reduced damages compared to the
reference alternative. In the “Keep Height” alternative, the re-
quired investment costs of keeping buildings and infrastruc-
ture at their present level – mostly by installing concrete pile
foundations – far outweigh the benefits. In “Managed Subsi-
dence”, expected benefits do outweigh investment costs and
there appears to be an economic rationale for this investment.
However, as the scope of the study did not include elaborate
sensitivity analysis, it is possible this outcome is not signifi-
cant.

Investors and beneficiaries

There are three key stakeholders of the project in the inner
city of Gouda: property owners, inhabitants and the Munic-
ipality itself. In the reference alternative, with further low-
ering of (ground)water levels, the highest expected damage
lies with property owners as a result of the degrading tim-
ber pile foundations, damage due to differential settlement
and the need to elevate gardens. In the “Sustain Elevation”
alternative, the investment costs will lie mostly with the Mu-
nicipality and property owners of buildings with a shallow
foundation. Key beneficiaries of this alternative are property
owners of piled foundations and the Municipality. In “Man-
aged Subsidence”, property owners of shallow foundations
invest in reducing structural damage and groundwater nui-
sance and are the key beneficiaries as well. A key “lesson
learned” from the study is that the social and financial feasi-
bility of “Sustain Elevation” is likely low as investment costs
are very significant, and key beneficiaries (timber pile prop-
erty owners) are not the same as the potential investors (shal-
low foundation property owners).

4 Discussion and conclusion

This study aims to support the Municipality of Gouda in
the decision-making process on intervention strategies for
the subsiding historic inner-city center of Gouda. Alterna-
tives entail various solutions regarding the water system,
investments in infrastructure, and investments in (founda-
tions of) buildings. Results indicate that especially the strat-
egy in which action is taken to mitigate the negative conse-
quences of subsidence, rather than an alternative that tries to
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Table 2. Overview of investment costs and benefits (in EUR 106) of alternatives Sustain Elevation and Managed Subsidence – the latter
expressed as reduced damage/lower costs in relation to the reference alternative (RA). Expected damage in RA is expressed in italic.

Sustain Managed Stakeholder
Elevation subsidence

Investment Costs (in million euros)

New foundation under shallow −46 0 Property owner
Inundate piled foundations 0 0 Property owner
Mitigate differential settlement 0 −3 Property owner
Waterproof buildings 0 −6 Property owner
Piled road foundation −87 0 Municipality
Lightweight elevation roads 0 −2 Municipality

Total investments Costs −133 −11

Effects Expected “damage” in RA Keep Height Managed subsidence

Differential settlement shallow foundations −1.9 1.6 1.7 Property owner
Timber pile degradation −8.7 0.6 0.6 Property owner
O&M roads −3.4 3.4 3.4 Municipality
Elevation of gardens & Public space −1.0 0.5 0.5 Inhabitant, Municipality
Flooding −14.5 1.1 9.8 All
Nuisance due to increased works −1.5 −1.5 0.0 Inhabitants
(foundations & infrastructure)

Total effects 6 16

Cost-Benefit balance −127 5

Benefit-cost ratio 0.04 1.48

halt subsidence altogether, might have an economic rationale
for investment. Key benefits include reduced vulnerability to
ground water and pluvial flooding and damage from differen-
tial settlement, and lower O&M costs of road infrastructure.

4.1 Reliability of results

The accuracy of this studies’ results is probably low; the
scope of the study did not allow for a sensitivity analysis
nor for a solid (local) economic valuation approach – most
prices are based on cost/ benefit transfer. Due to the relative
novelty of the topic, there are no meta-studies available syn-
thesizing information about costs, effectiveness of measures
and damage related to subsidence, as commonly available in
other policy contexts (e.g. flood risk). Furthermore, guide-
lines for economic valuation of subsidence effects are lack-
ing and there are no established damage relations or stan-
dard numbers available for cost/benefit transfer. Necessary
local information, e.g. on the expected impact of measures on
subsidence rates, or character of the assets exposed was also
limited. Future research efforts in establishing damage rela-
tions is required to increase the accuracy of economic impact
assessment/cost-benefit analysis in a subsidence context.

4.2 Policy implications of CBA

The cost-benefit analysis brought valuable new insights to
the decision making process, both on the side of the feasibil-

ity in terms of investment costs, as well as the economic ra-
tionale for investment (Bodemplus, 2018). Based on these in-
sights, the Municipality of Gouda decided to focus future ef-
forts in further developing the “Managed Subsidence” strat-
egy. Despite the low accuracy of the results, the approach
was “fit-for-purpose”, i.e. it provided an idea of the order of
magnitude of the costs and benefits of alternative strategies.

Data availability. The study (in Dutch) by Kok (2018) that pro-
vides the basis for this paper can be found on Deltares’ repository
page: http://publications.deltares.nl/1230530_002.pdf.
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Abstract. Half the surface area of the coastal plain of the Netherlands has been subsiding below mean sea-level
as a result of peatland drainage. At present, the low elevation is sustained, because sedimentation necessary
to aggrade the coastal plain back to natural elevations is hampered by engineering structures. Alternatively,
controlled sedimentation is a discussed method to elevate the coastal plain. This can either be achieved by
allowing water courses to deliver sediments to designated areas, or by anthropogenic deposition.

Here, we assess the possibilities of this strategy by determining whether natural systems or anthropogenic
deposition are sufficient to elevate the surface to mean high water (MHW), taking into account IPCC projected
minimum and maximum forecasted sea-level rise (RCP2.6 and RCP8.5), and predicted future subsidence. We
use the 3D geological subsurface model GeoTOP to quantify sediments; i.e. clay and sand that were naturally
delivered to the coastal plain by series of tidal inlets and the Rhine river system. Furthermore, we quantify the
amount of anthropogenic deposition, and analyze documented supplies. Finally, we discuss the implications of
controlled sedimentation in designated areas by providing examples of past embankment breaches.

We quantify that 16.98 km3 of sediments are required to elevate the surface to MHW, and between 22.41 and
29.29 km3 at the end of the 21st century. We estimate that 45.30 km3 of sediments were delivered by the tidal
systems during 3000 years (52 % sand), 20.18 km3 by the Rhine river system during 8000 years (29 % sand), and
3.59 km3 of anthropogenic deposition.

We conclude that the coastal plain of the Netherlands cannot be elevated to more safe levels with controlled
sedimentation. Exceptions are areas proximal to tidal systems with high sediment yields. Anthropogenic deposi-
tion, combining natural sedimentation with supplied sediments, or allowing peat growth in inundated areas could
be viable alternatives as well as.

1 Introduction

Reduced sediment delivery prevents subsiding coastal plains
from keeping their elevation at natural equilibrium levels
(Jelgersma et al., 1993; Syvitski et al., 2009). This is often the
result of large-scale engineering infrastructures such as dams
and series of embankments that trap sediments (Walling,
2006; Rovira and Ibañez, 2007), or enhance sediment by-
passing by routing, shortening or deepening water courses
(Van der Meulen et al., 2006; Tang et al, 2008).

Sustaining low elevations of coastal plains evidently en-
hances flood risk (Reed, 1989; Li et al., 2004). This became
especially clear in embanked populous areas where decades
of subsidence increased accommodation space for flood wa-

ter. Catastrophic consequences were for instance revealed
when embankments breached in the Mississippi delta dur-
ing hurricane Katrina in 2005 (Dixon et al., 2006). Further-
more, Auerbach et al. (2015) reported a severe flood after
embankment breaching in a part of the Ganges-Brahmaputra
delta in Bangladesh. Both cases resulted in the loss of life,
land and infrastructure. However, the Ganges-Brahmaputra
case showed that during the two years after the flood, newly
delivered sediments were able to raise the land, making the
area less prone to future flooding. Controlled delivery of sed-
iments to designated areas within coastal plains is therefore
often suggested as a measure to counteract subsidence (Blum
and Roberts, 2009; Hijma et al., 2017), which can either be
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Figure 1. Maps showing: (a) The surface elevation of the coastal plain of the Netherlands and Rhine river system (©TNO Geological Survey
of the Netherlands). Half the surface area of the coastal plain is situated below MSL. Provided geographical names are mentioned in this
contribution. (b) Paleogeography of the Netherlands around 100 CE (Vos, 2015). Substantial parts of the coastal area are covered with peat
that now largely disappeared by human activities. Sedimentation around 100 CE merely took place around river channels and in the north
(Wadden Sea). Grey areas represent deposits of pre-Holocene age.

achieved by reintroducing natural sedimentation, or by em-
placing sediment.

The densely populated, peat-rich coastal plain of the
Netherlands (ca. 17 500 km2) is a prime example of a
sediment-starved subsiding area (Fig. 1). Approximately
12 % of the present day volume of Holocene deposits con-
sists of peat (TNO-GSN, 2019), emphasizing that sediment
starvation is inherent to this system (Erkens, 2009). Ca. 50 %
of these lowlands have subsided below mean sea-level (MSL)
due to centuries of phreatic groundwater level lowering,
which causes sediment to compact and peat to oxidize,
and by peat mining. To protect the subsiding plains against
floods, they have been embanked from 1000 CE onwards,
which put an end to natural aggradation (Jelgersma et al.,
1993): only breaching of embankments, may result in the de-
livery of some sediment to the otherwise sediment-starved
lowlands (Vos, 2015).

The future use of embankments and other waterworks
to protect the subsiding Dutch coastal plain has been de-
bated since the 1970’s (Waterman, 1991). Traditional flood-
protection approaches may become unsustainable technically
and financially when the Netherlands is subjected to at least
another 2 to 4 centuries of sea-level rise (Jevrejeva et al.,

2012) and subsidence. For that reason, it has already been
proposed to abandon the coastal plains, maintaining only se-
lected areas, or even create new land seawards (Waterman,
1991). Alternatively, raising sections of the lowlands artifi-
cially was proposed as a measure to ensure the viability of
the Netherlands in the next centuries (Van der Meulen et
al., 2007). They concluded that 13.3 km3 of sediment would
be required to compensate for sediment deficiency, and an
additional of 59 to 72 million m3 yr−1 to keep elevation of
selected areas in pace with 21st century predicted sea-level
rise. Terpstra et al. (2007) introduced the ideas of dikes that
are so wide that they assumedly cannot breach and are basi-
cally elongated mounds. Both ideas are essentially the same
in the sense that they involve large-scale land raising, which
requires substantial volumes of sediment.

Here, we further explore controlled deposition as a mea-
sure to counteract subsidence in the coastal plains of the
Netherlands. We focus on two dominant depositional sys-
tems that delivered sediments prior to the embanking of the
area: a complex of tidal systems (during ca. 3000 years) and
the Rhine river fluvial system (during ca. 8000 years). We
used information from the 3D geological subsurface model
GeoTOP to quantify the amount and type of (i) natural de-
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posits of the Holocene tidal and river systems, and (ii) an-
thropogenic deposits which may be up to centuries old, but
the bulk of which was emplaced after WW-II.

Erkens et al. (2006) previously quantified Holocene sedi-
ment storage for the entire fluvial system in the Netherlands.
They found 16 km3 of fluvial sediments are stored of which
36 % consist of sand and gravel. Although their study used
similar borehole information and digital elevation models as
GeoTOP, their spatial coverage is limited to the fluvial sys-
tem and a small part of the adjacent coastal plain. Here, we
extent their area to cover the full coastal plain as well. Fi-
nally, we quantify the amount of sediments required to ele-
vate the surface to MHW plus minimum and maximum IPCC
21st century sea-level rise predictions (RCP2.6 and RCP8.5;
Church et al., 2013). In addition, we use previously estimated
annual subsidence rates of the peat area (Van der Meulen et
al., 2007), and added the volume created by this subsidence
to the total amount of required sediments. Furthermore, we
discuss the potential of future sediment delivery based on
past processes.

2 Method

In 2006, TNO – Geological Survey of the Netherlands ini-
tiated the GeoTOP modelling program, which delivers and
maintains a detailed, national 3D geological voxel model of
the shallow subsurface (Stafleu et al., 2011; Van der Meulen
et al., 2013). The model was recently extended towards the
south-eastern part of the country and reaching a coverage of
28 605 km2 (about 70 % of the total land surface area; Fig. 2).
For the coastal plain, only the reclaimed Flevoland province
is missing and is consequently not used in this analysis.

GeoTOP schematizes the shallow subsurface in millions
of rectangular blocks (voxels, tiles or 3D grid cells) each
measuring 100× 100× 0.5 m (x,y,z) up to a depth of
50 m b.m.s.l. Each voxel in the model has most likely esti-
mates of the stratigraphical unit (layer) the voxel belongs to
and the lithological class that is representative for the voxel
(Fig. 2b). These estimates are calculated using stochastic
techniques that allow the construction of multiple, equally
probable, 3D realisations of the model as well as an evalua-
tion of model uncertainty (Stafleu et al., 2011).

The simple and straightforward data structure of the
GeoTOP voxel model allows for easy querying and analy-
sis. Volume calculations can be performed by selecting and
counting voxels that meet certain criteria. In this paper, we
use volume calculations to estimate the volume of tidal sys-
tem (Naaldwijk Fm., Walcheren Mb.), Rhine fluvial system
(Echteld Fm.) and lithological classes within these units, and
anthropogenic deposits.

We use GeoTOP to estimate the amount of present-day and
projected accommodation space by calculating the difference
in the height of the uppermost voxels and chosen reference
planes. For reference planes, the IPCC RCP2.6 and RCP8.5

scenarios were taken as minimum and maximum end of
21st century MSL: +0.26 and 0.82 m (Church et al., 2013).
Furthermore, we follow Jelgersma et al. (1993), who stated
aggradation to MHW as a safe scenario for coastal plains un-
der threat of subsidence and sea-level rise. For MWH, we as-
sume an average tidal amplitude of 2 m for the entire Nether-
lands’ shoreline, which in reality ranges from 3.5 m in the
southwest, to 1.4 m in the west, to 2.8 m in the northeast (Vos
et al., 2015). This tidal range was added to the RCP2.6 and
RCP8.5 scenarios.

In total, 9.07 km3 of peat remains in the shallow coastal
plain subsurface (mean bottom depth of 4.3 m m.s.l.) (TNO-
GSN, 2019). Van der Meulen et al. (2007) estimated that 9.4
to 28 million m3 yr−1 of additional accommodation space is
created by oxidation and compression of these shallow peat
layers. Although rates of future peat oxidation and compres-
sion are not easy to estimate, as they depend on unknown
choices in future groundwater management (Koster et al.,
2018), we use these maximum oxidation and compression
rates and added these to the provisioned accommodation
space by the scenarios of 21st century MHW.

3 Results

The tidal system delivered a net total of 45.30 km3 sediments
to the Dutch coastal plains during the past ca. 3000 years,
and the Rhine river system a net total of 20.18 km3 dur-
ing 8000 years (Fig. 3a). The average storage rate of the
tidal system is 150 million m3 yr−1 and the fluvial system
2.5 million m3 yr−1. This means that two orders of magni-
tude more sediments were deposited per year in the tidal sys-
tems than in the Rhine river system. Storage is net deposition,
i.e., the sum of sedimentation and erosion that occur inter-
mittently in the types of depositional environments at hand.
Anthropogenic deposits account for 3.59 km3, substantially
less than natural sediment, but the bulk of this volume em-
placed after WW-II, in a fraction of the time represented in
natural Holocene deposits.

The sand fraction encompasses 52 % of the total sediment
load of the tidal system and 29 % of the fluvial system. The
majority of the sand fraction deposited by the tidal system
is fine grain sand, and medium grained sand is the dominant
fraction of the fluvial system (Fig. 3b).

The total volume of this study shows a slight discrepancy
between the volume documented by Erkens et al. (2006).
This is most likely due to differences in the areal extent of de-
posits defined as “fluvial” between both studies, as the lateral
boundaries of fluvial deposits are diffuse and sometimes un-
clear where they interfinger with tidal deposits. Nevertheless,
both studies find that approximately one third of the sediment
consist of sand.

To elevate the coastal surface to present day MSL,
10.37 km3 of sediments is required, whereas 16.98 km3 is
needed to elevate to MHW. The amount of sediments to raise
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Figure 2. Overview of the GeoTOP 3D geological subsurface model (©TNO Geological Survey of the Netherlands) with (a). The eight
areas modelled so far, and (b). A detailed 3D example of a part of the coastal plain exemplifying its lithology. Man-made ground primarily
encompasses anthropogenic deposits.

the surface to RCP2.6 and RCP8.5 MHW including fore-
casted subsidence are 22.41 and 29.29 km3 respectively.

4 Discussion

This study merely provides an overview of bulk quantities
in past delivered sediments. Beside the physical possibility
of controlled sedimentation to counteract subsidence by ele-
vating the surface, it is questionable whether this is eligible
from a socioeconomic point-of-view. For instance, inunda-
tion means years of land loss (see below), potential salt wa-
ter intrusion (Oude Essink et al., 2010), and anthropogenic
deposition will drastically alter the landscape. Nevertheless,
the presented quantities are useful as a first assessment of the
possibility of controlled sedimentation to elevate the surface.

Controlled sedimentation for the entire area at once is fu-
tile, as this would take centuries to millennia to complete.
Despite of this, it might be feasible for smaller designated
areas proximal to tidal inlets with high sediment yield.

At present, the volume of anthropogenic deposits em-
placed in the coastal plain is insufficient to elevate it to safe
levels in its entirety. But human deposition has the advan-
tage that it does not require inundation and that the geome-
chanical properties can be controlled. Natural deposition in
tidal systems (“silting up”) are bound to be more fine-grained
and therefore compactable than the sand that man would em-
place.

4.1 Learning from the past

During the recent past, the Netherlands experienced numer-
ous unwanted embankment breaches, which delivered sedi-
ments to the subsided peatlands and locally raised the sur-
face. These processes led to a coastal plain with differential
elevations, owing to differential duration and magnitude of
embankment breaches (Fig. 4). These past situations are very
valuable to determine the effects of controlled sedimentation
to designated areas of the coastal plain.

Embanking the Dutch coastal plains regionally resulted in
increased storm-surge levels. Rather than spreading and at-
tenuation over large areas, water now surged against the em-
bankments, weakening them and locally breached them (Vos,
2015). After breaching, sea water re-entered he peatlands
every tidal cycle. This created large channels which inhib-
ited the recovery of the embankments and allowed long-term
sediment delivery. Examples are the Braakman (1404 and
1421 CE), Reimerswaal (1530 and 1532 CE) and the Dollard
(1509 CE). Semi-controlled floods by means of military in-
undations have also led to long-term loss of land (e.g. Saeft-
inghe 1583 CE; see Fig. 1a for locations).

Centuries of sedimentation were required to infill accom-
modation space to MHW at that time, before such lands
could be reclaimed in the 20th century. The rate of the in-
filling strongly depended on the availability of sediments,
which varied between the different individual tidal systems
(Vos, 2015). Furthermore, peat compression by delivered
sediments increased accommodation space during the pro-
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Figure 3. (a) Summary of the lithology of the sediments delivered
by the fluvial Rhine system and the tidal systems. (b) Accumu-
lated sand and total sediments brought by both systems and anthro-
pogenic deposits.

cess of infilling (Fig. 4). Controlled sedimentation by natural
systems might therefore only work in areas proximal to tidal
inlets with high sediment yields and with minimal amount of
uncompressed peat layers, like the Westerschelde and Dol-
lard system (Fig. 1a).

Smart design of engineering infrastructures could also en-
hance sedimentation. For instance, Elias et al. (2012) quan-
tified that net 600 million m3 of sediments were stored in
the western Wadden Sea during 80 years after the construc-
tion of a large dam that separates the area from Lake IJssel
(Fig. 1a, b). These sediments were net transported landwards,
but never reached the coastal plain as embankments restrict
high water to enter the land.

An alternative approach inspired by past systems is tem-
porarily turning parts of the lowered land into peatlands and
allow these peatlands to raise. The low sediment supply in-
herent to the natural tidal and river systems in the Nether-

Figure 4. Schematic cross-section illustrating the interplay between
tidal channels, embankments, subsidence, and water levels (from
Vos, 2015).

lands gave way to widespread peat formation in the past
(Erkens, 2009), filling accommodation space that did not re-
ceive enough sediment and would otherwise have flooded.
This solution will not result in land suitable for modern agri-
culture or urbanization, but would allow for nature develop-
ment, and also serve as a carbon sink (Chmura et al., 2003).

4.2 Anthropogenic deposits

Emplacing sand to counteract subsidence is at present per-
haps a more viable option than sedimentation from water
courses. Sufficient sand supplies are located on the inland
part of the coastal plain. For instance, Maljers et al. (2015)
quantified with GeoTOP for a 40× 40 km area in the up-
stream part of the Rhine river delta plain that ca. 12 km3

of coarse sand and gravel are available between 10 to 30 m
below the surface, of which 62 % are actually physically
exploitable. A more robust analysis conducted by Van der
Meulen et al. (2005) showed that down to 50 m below the
surface some 520 km3 of coarse sand and gravel are avail-
able, of which maximum 240 km3 are actually exploitable.
Circa 20 % of these sediments are situated below the coastal
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plain and are evidently not suitable for mining. This means
that onshore sand supplies exceed accommodation space pro-
visioned by subsidence with a factor 4 to 5.

Also offshore sand can be exploited. At present, offshore
sand supplies are being mapped, which are expected to yield
high volumes (Maljers et al., 2010). On a small scale these
sand recourses have been deployed for decades. However,
exploitation of large volumes is challenging as it damages
ecosystems, hinders infrastructures, and windfarms.

Combining natural and anthropogenic sedimentation
would also be a viable option. The best-known example of
this is coastal nourishment; putting dredged sand in areas
where waves and currents take care of its emplacement.

5 Conclusions

We assessed controlled, i.e., forced natural and anthro-
pogenic, deposition as a measure to elevate the subsiding
coastal plain of the Netherlands to saver levels, i.e. equaling
predicted future MHW. We focused on sedimentation from
tidal systems and the Rhine river fluvial system to fill ac-
commodation space. Our main conclusions are:

Projected accommodation space for IPCC scenarios
RCP2.6 and RCP8.5 superimposed on MHW and subsidence
will be 22.41 and 29.29 km3 respectively at the end of the
21st century.

The tidal systems delivered 45.30 km3 of sediments to
the coastal plains of the Netherlands or 150 million m3 yr−1,
whereas the Rhine river system delivered 20.18 km3 or
2.5 million m3 yr−1. Sand from the tidal systems is most
abundant and therefore its deployment is most feasible to
counteract subsidence during controlled sedimentation.

Most viable option for controlled sedimentation will be
inundating designated areas proximal to tidal areas with a
high sediment yield. This option would take centuries to have
volumetrically significant results.

Anthropogenic deposits comprise 3.59 km3, the capacity
of man to emplace allows us to theoretically keep up with
subsidence and sea-level rise
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Abstract. In order to analyze land subsidence caused by the dewatering of a deep foundation pit in Shang-
hai, numerical analysis, field testing, automatic monitoring and other technologies are applied to research land
subsidence control technologies, covering the whole process during the design, construction and operation of
foundation pit dewatering systems. The key technologies are applied to a typical metro station foundation pit
in Shanghai, such as the integrated design of foundation pit dewatering and a waterproof curtain, information
control, groundwater artificial recharge, etc. The measured data of groundwater level, pore water pressure and
land subsidence show a good effect on land subsidence prevention and control.

1 Introduction

Land subsidence is the most important geological disaster
in Shanghai. In recent years, the demand for urban space
has increased progressively with the urban development. The
scale of underground space development has become larger
and larger, and it presents an explosive growth trend. Under-
ground works are increasing, such as underground garages,
subway, river-crossing tunnels, underground roads and un-
derground complexes. The underground space development
represented by deep foundation pit engineering is usually lo-
cated in the centre of city. It is very complex that the envi-
ronment is surrounded by many completed buildings, such as
tall buildings, elevated roads and subways. Then the level of
environmental protection is very high. The influence range
of land subsidence caused by the dewatering of deep foun-
dation pits in the horizontal direction can exceed 10 times
the depth of the foundation pit excavation. The dewatering
of deep foundation pits has become an important factor lead-
ing to land subsidence (Liu, 2004).

With the continuous progress of urban construction, the
scale and depth of foundation pits are increasing, and the
control requirements of construction on the surrounding en-
vironment are becoming more stringent. Based on the prac-
tical application of a deep foundation pit in a metro station
in Shanghai, the land subsidence controls covering the whole
life cycle of deep foundation pit dewatering are researched to

reduce its impact on the surrounding environment (Wu et al.,
2005).

2 Engineering survey

2.1 Engineering situation

The station is a transfer station for two metros in Shanghai.
It transfers to the existing metro in a “T” shape. The station
is divided into two foundation pits, east and west, with the
existing transfer section completed in the middle. The eleva-
tion of the bottom of the west foundation pit is − 15.698 m,
and the other is −16.015 m (Fig. 1).

2.2 Engineering geological and hydrogeological
conditions

The station is located in the normal stratigraphic sedimentary
area of Shanghai. The lithologies of the first aquifer and the
second aquifer are mainly composed of silty sand or medium
coarse sand. The lithology of the first aquitard is composed
of dark green hard soil and thick silty soft soil. The thickness
of two confined aquifers, which are interconnected with each
other, is about 60 m (Fig. 2). The top elevation of the aquifer
is −23.54 to −25.77 m, the bottom elevation is −83.00 to
−87.00 m, and the groundwater level is −1.24 to −1.84 m.
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Figure 1. Plane distribution map of foundation pit and its monitoring facilities.

There is a dark green hard soil layer and a thick silty soft soil
layer in the upper part of aquifer.

3 Land subsidence controls

3.1 Integrated design

At present, most of the design of the foundation pit enclosure
is based on structural stability, economy and technology, but
the land subsidence caused by deep foundation pit dewater-
ing does not play much of a role. Integrative design considers
the engineering of the geological and hydrogeological con-
ditions, the characteristics of the foundation pit enclosure,
the drawdown of groundwater level outside the pit, and the
requirements of land subsidence control, etc, and analyzes
the characteristics of the groundwater seepage field caused
by foundation pit dewatering and its influence on land subsi-
dence by numerical simulation, field testing and engineering.

Because the bottom of the confined aquifer in the foun-
dation pit project is deeply buried, it is difficult to cut off
the hydraulic connection between the confined aquifer in-
side and outside the foundation pit by using the waterproof
curtain that is made of reinforced concrete. Therefore, it is
necessary to choose the most efficient balance point between
the depth and economy of waterproof curtain. Based on the
pumping test data, a numerical model is established to ana-
lyze the dropdown of groundwater level and the land subsi-
dence outside the foundation pit with different depths of the
waterproof curtain (Fig. 3; Luo, 2008).

According to the comparison of drawdown under different
depths of the waterproof curtain, the drawdown outside the
pit decreases when the depth of the waterproof curtain is in-

creased, but the trend of water level drawdown outside the
pit is not obvious when the depth of the waterproof curtain is
greater than a certain value, and the efficiency of the water-
proof curtain is reduced. The waterproof curtain depth in the
foundation pit is finally determined to be 43 m through the
optimization solution.

As the station was built and opened to traffic, the water-
proof curtain was constructed in the early stages.

Restricted by construction conditions and economic con-
ditions, the metro jet system construction method is used
only in the north and east side to increase the depth of the
waterproof curtain to 43 m (Wang et al., 2009, 2013).

3.2 Information control

In the process of a dewatering operation, the automatic moni-
toring device of groundwater level and wireless transmission
technology are used to start the dewatering well and control
the pumpage to meet the necessary dewatering requirements.
Through the software of an automatic control system, users
can monitor multiple terminal device remotely in the cen-
tral control room. In this way the automation and convenient
management of water level data information is realized.

By connecting multiple automatic monitoring devices of
groundwater level to data logger equipment, the real-time or
historical monitoring data of one or more devices by moni-
toring well name (or area) can be displayed in tables or on
graphs. At the same time, it supports SMS and ring wake-
up. Compared with the design depth, when the water level
of the monitoring well reaches the design drawdown, it can
change the pumpage of the foundation pit freely by adjusting
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Figure 2. Engineering geological section of the foundation pit.

the valve. Compared with the design depth, the pumpage of
the foundation pit presents a step-by-step growth (Fig. 4).

3.3 Artificial recharge

In the process of foundation pit construction, effective con-
trol of groundwater level around the pit should be the key to
control land subsidence caused by dewatering. Recharge is
the most direct way to control the drawdown of groundwater
level caused by foundation pit dewatering, and this method
should have the advantages of low cost, a short construction
period, simple equipment and easy control of environmental
pollution (Mohammad, 2007).

The depth of the waterproof curtain has increased to 43 m
only on the north and east side, but the original depth is main-
tained on the south side. Therefore, in order to control the
land subsidence, it is proposed to arrange six recharge wells
outside of the waterproof curtain. However, restricted by the
actual construction conditions of the site around the project,
only two recharge wells are allowed to be arranged on the
north side of the construction site; therefore, a total of five
recharge wells are arranged. The filter pipe of recharge well
is located at 30 to 40 m, which is slightly lower than the
depth of pumping well and the waterproof curtain. In this

groundwater artificial recharge, the groundwater extracted
from pumping wells is treated by a groundwater purification
processor and sent to recharge wells. There is no blockage of
the filter pipe.

4 Impact evaluation of land subsidence controls

In order to guide the implementation of land subsidence pre-
vention measures, groundwater level observation wells, land
subsidence monitoring points, borehole extensometers and
pore water pressure gauges are set up around the foundation
pit to comprehensively monitor the changes of groundwater
level and land subsidence during the process of foundation
pit dewatering.

4.1 Groundwater level

The groundwater level in observation wells decreases dur-
ing the period of foundation pit dewatering. Figure 5 shows
that the drawdown more than 60 m away from the foundation
pit is about 5.0 m, and the drawdown more than 200 m away
from the foundation pit is about 2.5 m. Because the depth of
the waterproof curtain is not increased on this side, the hy-
draulic gradient is gentle and the influence range is also wide
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Figure 3. Contour map of groundwater level drawdown after foun-
dation pit dewatering 90 d later under different depths (34, 37, 43,
48 m) of the waterproof curtain conditions (unit: m).

by numerical calculation. It is theoretically inferred that the
groundwater level falls about 1 m beyond 500 m.

After a month and a half of dewatering, artificial recharge
has been started, and then the groundwater level outside 60 m
of foundation pit rises rapidly over 3 m, and the groundwa-
ter level outside 200 m of foundation pit rises about 0.5 m. It
can be seen that the groundwater level rises obviously after
artificial recharge, and the influence range is very far (Fig. 6).

Figure 4. The observation data of the bottom elevation of the foun-
dation pit, pumpage and recharge.

Figure 5. The observation data of groundwater level (G1 is an ob-
servation well 60 m away from the foundation pit and G2 is an ob-
servation well 200 m away from the foundation pit).

4.2 Pore water pressure

The variation of pore water pressure is similar to that of
groundwater level. The pore water pressure of the confined
aquifer outside the pit decreases significantly during dewa-
tering and rises significantly after recharge. Because of the
different permeability between the first aquifer and the sec-
ond aquifer, the change of pore water pressure is different,
but it decreases gradually with the prolongation of dewater-
ing time and tends to be stable after 10 d of dewatering. After
artificial recharge, the pore water pressure of the confined
aquifer outside the pit also rises rapidly, and the pore water
pressure of the first aquifer (KY4) rises more obviously than
that of the second aquifer (KY5). The pore water pressure of
overlying clayey soil decreases only a little. The pore water
pressure of muddy clay is basically unchanged (KY3), and
the clay under this layer changes slightly (KY4). It can be
seen that the influence of dewatering in the vertical direction
has become weak when it reaches the top of dark green hard
soil layer, which is about 8 m away from the top of aquifer
(Fig. 6).

4.3 Land subsidence

The monitoring time curve of land subsidence at typical
monitoring points shows that the amount of land subsidence
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Figure 6. The observation data of pore water pressure (it has been
converted to water level, and the coded data KY represents the pore
water pressure measurements at different depths).

Figure 7. The observation data of land subsidence for typical mon-
itoring points south of foundation pit (the distances between the
monitoring points and the foundation pit are 40.5, 84.3, 100.9,
153.8, 207.8, 281.7 and 387.9 m respectively).

around the foundation pit increases gradually during excava-
tion and dewatering. The accumulated land subsidence about
60 m away from the foundation pit is close to 5 mm and
the accumulated land subsidence of the farthest monitoring
points (about 600 m away from the foundation pit) is close
to 2 mm after a month and a half of dewatering (Fig. 7). Af-
ter opening the recharge, obvious rebound is observed from
the monitoring points close to the recharge well. The max-
imum ground rebound is more than 2 mm. The land subsi-
dence monitoring data of the farthest monitoring point show
that the land does not rebound, but the subsidence trend is
obviously slowed down and tends to converge.

From the spatial distribution of land subsidence, the land
subsidence in the area about 250 m away from the foundation
pit is high, possibly reaching 4 mm. With the increase of the
distance from the foundation pit, the land subsidence slows
down obviously. The land subsidence in the area about 600 m
away from the foundation pit is more than 1 mm. It can be
seen that the influence range of the land subsidence caused
by this project can reach 600 m. The monitoring points on the
whole profile rebound obviously after the start of recharge. It

Figure 8. The observation data of land subsidence for the south
profile of the foundation pit.

Figure 9. The observation data of deformation for individual layers
and groundwater level.

can be seen that group well recharge can effectively reduce
land subsidence (Fig. 8).

Figure 9 shows the graph of deformation for individual
layers and groundwater level (about 60 m away from foun-
dation pit). The graph shows that the dewatering aquifer is
the main deformation soil layer in the process of founda-
tion pit dewatering. The maximum accumulated deformation
is about 4 mm. Because the lithology of the overlying clay
layer is dark green hard soil which has the characteristics of
low permeability and low compressibility, the deformation of
this layer is not obvious.

5 Conclusions

Conclusions can be drawn by the above analyses. (1) The
integrated design of foundation pit dewatering and a wa-
terproof curtain, information control, groundwater artificial
recharge, and other land subsidence control technologies
covering the whole life cycle of foundation pit engineering
were applied to the foundation pit of a typical subway sta-
tion in Shanghai. (2) The drawdown of groundwater out-
side the foundation pit is controlled within 5 m and the land
subsidence is controlled within 6 mm. The measured data of
groundwater level, pore water pressure and land subsidence
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show a good effect on land subsidence control. (3) It would
be necessary to carry out further theoretical research on land
subsidence control of deep foundation pit dewatering, such
as the deformation mechanism of aquifers and aquitards dur-
ing dewatering and recharge, the accurate prediction of land
subsidence, and the control conditions of groundwater level
outside the foundation pit.
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Abstract. Aguascalientes valley, located in the central part of México, is affected for a land subsidence process
triggered by groundwater withdrawal since the 1980’s. Currently, the occurrence and the reactivation of surface
faults and earth fissures due to differential subsidence, is the main concern for government bureaus dealing with
urban planning, because of the damages that these terrain discontinuities are able to cause in constructions and
infrastructure. The deformation and rupture process produces an active linear discontinuity with a variable width
of influence, where the constructions and infrastructure are prone to get damage. Therefore, the determination of
this width of influence is critical for urban planning and hazard determination.

In this work, the results of a geophysical seismic survey carried out in six surface discontinuities located in
the subsidence area of the Aguascalientes Valley, are presented and discussed. The study included acquisition
of seismic tomography profiles measured perpendicularly to the discontinuities, in order to obtain the P-wave
velocity sections. The resulted P-wave velocity models show a low-velocity anomaly within the fracture trace
with widths from 50 to 100 m. This anomaly is interpreted as a mechanically disturbed zone due to the activity
of the surface fault, this is, due to the presence of fracturing caused to the adjacent material by the differential
subsidence. The results suggest that the material in the disturbed zone, is experiencing a increase in secondary
porosity, caused by the deformation and rupture process, and the subsequent generation of small fissures and
voids.

The results of this study have practical implications because the methodology allows defining the influence
zone of an active discontinuity, and therefore, to establish a restricted width along the surface discontinuity.
The definition of this restraint zone is a first step to produce a subsidence hazard zoning including not only the
discontinuity trace but its width of influence.
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1 Introduction

The overexploitation of groundwater from granular aquifers
causes a decrease in the elevation of the land surface. This
problem is known as land subsidence and is accompanied by
differential settlements, which represent a threat to construc-
tion and infrastructure, since land subsidence can cause large
economic losses.

Land subsidence cases have been documented in different
countries, for example in Mexico, Japan, the United States,
China, Italy, Iran and Indonesia. Several cities in these coun-
tries have reported problems related to subsidence as dam-
ages to constructions and infrastructure due to terrain frac-
tures, as well as floods due to changes in surface level (Holzer
and Johnson, 1985; Galloway and Burbey, 2011).

In Mexico, several cities present an progressive subsidence
process; some of the most affected cities are Mexico City,
Querétaro, San Luis Potosí and Aguascalientes (Chaussard
et al., 2014; Pacheco-Martínez et al., 2006, 2013).

According to Holzer (1984) terrain discontinuities related
to subsidence can be classified in surface faults or fractures.
Surface faults are those in which there is vertical and hor-
izontal displacement with the formation of a surface scarp,
while fractures have only horizontal displacement and they
do not develop scarp. In addition, terrain discontinuities can
be differentiated in four types due to their origin and behav-
ior: (a) Ground failures related to land subsidence, are those
that did not exist before the process of groundwater extrac-
tion, and they were generated due to differential subsidence;
(b) Ground failures related to reactivation of paleochannels,
are those associated with the removal of fine material (silt,
sand) due to subsurface flow, with the formation and collapse
of cavities in the trajectory of old buried streams. (c) Tectonic
fault and cracks reactivated due to differential subsidence as-
sociated to groundwater pumping, are those tectonic faults
and cracks affected the aquifer sediments and have been re-
activated due to the subsidence process; (d) faults and cracks
affecting the aquifer sediments generated before the ground-
water exploitation but remain inactive even though the subsi-
dence process is occurring.

On the other hand, the stripe of the main terrain disconti-
nuity, where buildings and infrastructure is damaged by dif-
ferential settlements, has been named as affectation width of
the fault (Figueroa-Miranda et al., 2018), influence zone of
the fault (Avila-Olivera and Garduño-Monroy, 2008), fault
zone width (Hernández-Marín and Burbey, 2009) and active
zone of the fault (Pacheco-Martínez et al., 2015) (Fig. 1).

The width of the influence zone can vary from one or two
meters up to a few tens of meters. This width can vary even in
the same fault along its trace. Therefore, it is of interest to the
persons in charge of urban planning, to have a methodology
to measure “in situ” the width of affectation to avoid the con-
struction of infrastructure on this area, or to take the appro-
priate design considerations knowing the risk that building
over the active zone implies.

Figure 1. Scheme showing the active zone, which is the strip of me-
chanical disturbing caused by the main terrain discontinuity, where
buildings and infrastructure can suffer damaged by differential sub-
sidence.

This paper presents the results of an investigation to de-
termine the active zone of faults and fissures, based on the
propagation of the seismic waves. The results show that the
seismic wave velocity decreases when it propagates through
the active zone, which was interpreted as an effect of the area
where the subsoil material has been weakened due to the fault
activity, thereby decreasing its mechanical resistance. The re-
sults are presented in graphs of distance versus time, with
which it is possible to define the width of the trace of the
active zone.

Study area

The Aguascalientes Valley is located in the center of Mex-
ico 400 km NW of Mexico City (Fig. 2). It is located in a
tectonic graben delimited by two normal faults with NS ori-
entation that has been filled by volcanoclastic sediments, as a
consequence, the aquifer system is formed by unconsolidated
alluvial and fluvial materials reaching up to 400 m according
to some wells drilled for pumping freshwater, but it can be
deeper in some valley areas as showed by geophysical logs
(UAQ-UNAM, 2002).

The filling was deposited over a rocky stratum of irregular
topography, which was shaped by the tectonism of the ter-
tiary that also affected part of the unconsolidated sediments
of the filling, thus favoring the generation of differential sub-
sidence and associated surface faults, as well as the reacti-
vation of ancient faults and fractures (Pacheco-Martínez et
al., 2013; Hernández-Marín et al., 2015). Several cities and
towns are located inside the valley, stands out for its ur-
ban area the conurbation of the city of Aguascalientes, Jesús
María and San Francisco de los Romos, where 1 044 049 in-
habitants are concentrated (INEGI, 2015).

The land subsidence triggered by groundwater extrac-
tion has been occurred in Aguascalientes probably since the
1980s, according to reports of the first fractures observed in
the valley (Aranda-Gómez, 1989); however, the subsidence
of the valley was measured until 1995 by a permanent GPS
station installed at the south of the city of Aguascalientes.
The records show subsidence rates up to 180 mm yr−1 for
1995 to 2000, decreasing to a rate of 55 mm yr−1 between
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Figure 2. Study area showing the six studied points over ground
discontinuities, in (a) the black dotted line is the Aguascalientes
valley border.

2000 and 2010, and decreasing even more to 20 mm yr−1 be-
tween 2010 and 2015 (Pacheco-Martínez et al., 2015).

In the Aguascalientes valley, 207 active faults and frac-
tures have been reported in nine municipalities with a total
length of 321 159 m. Their scarps reach 1.5 m and have a
width at naked eye up to 4 m (Pacheco-Martínez et al., 2013).

The study area is located to the south west of the Aguas-
calientes valley. This area has been characterized by a high
density of discontinuities, and a current large urban develop-
ment; this makes it a medium-term risk zone, in which the
identification and definition of potential hazard zones is nec-
essary (Fig. 2b). The six point of study showed in Fig. 2b are
described as follows:

Site one, is located in the Ejido San Ignacio fault, which
is presented as a discontinuous alignment of holes, with
a 0.15 m scarp and an active zone close to six meters
wide according to observed damages in the pavement
of a road.

Site two, was located on the fault Ex hacienda de San
Ignacio, here the fault presents an escarp close to 0.90 m
high, with an influence zone of approximately 10.0 m
width determined by means of observation of damages
in constructions.

Site three is located on the Pocitos fault. On this site,
since there was an early warning of the presence of the
fault, the buildings and houses were located outside the
active zone, but the street was not. Hence, it was not
possible to define the width of affectation zone of the
fault due to the absence of damage. However, some dif-
ferential subsidence already appears on the pavement of
the streets.

Site four. It was studied to verify the probable continu-
ation of the Pocitos fault. The studied site is at the front
of the trace of the fault. Since there are neither construc-
tions nor streets in the zone, only a small escarp on the
terrain could be observed, suggesting the spreading of
Pocitos fault untill this point.

Site five is at the end of the Rancho la Estrella III fault.
This fault does not present a clear zone of affectation
because the road has a great deterioration in the pave-
ment that masks the active zone of the fault. However,
it is possible to observe a small scarp of 0.15 m high.

Site six is located on the Rancho la Estrella 2 fault. This
site shows a well-defined escarpment of 0.15 m high,
and an active area of approximately 5 m.

2 Methodology

The wave velocities across the fault were determined from
seismic profiles to detect changes in the velocity of seismic
wave propagation at different distances from the trace of the
discontinuities observed at the naked eye. Each seismic pro-
file included three arrangements of 24 geophones of 4.5 Hz
separated at 2 m. Seismic waves were generated hitting with
a 10-pound hammer a steel plate placed on the terrain surface
between geophones 6 and 7, 13 and 13, 18 and 19, also at one
meter before the first geophone and one meter after the last
(Fig. 3).

3 Results

The results obtained show anomalies in the P-wave travel
pathway in all the studied sites. It is observed that there
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Figure 3. Implemented arrangement for the measurements across
the ground discontinuities.

Figure 4. Domocrones of the six studied sites. Red dotted lines
indicate the anomalous low-velocity of seismic waves propagation.

are sections where seismic velocity decreases, noticed by in-
creasing slope.

The obtained seismograms were analyzed to pick the first-
break of each geophone associated with the arrival of direct
seismic wave, and with them elaborating a domocrone, that is
a time versus distance graph of the entire arrangement. Ris-
ing of the graph slope of the wave path, at both sides the
ground discontinuity (Fig. 4).

4 Discussion of results

In all the sites, the low-speed wave zones are close to the
ground discontinuity, which was interpreted as ground rup-
tures is caused by differential subsidence.

The presence of discontinuities such as micro-cracks in
rocky materials contribute to a decrease in the soil density.

Figure 5. Conceptual sketch of propagation of direct seismic waves
through a ground discontinuity.

According to Gardner et al. (1974), the density (ρ) of rocky
materials is directly proportional to the fourth root of Vp,
both factors are related as shown in Eq. (1):

ρ = 0.31V
1
4
p (1)

Hence, the decrease in the velocity of propagation of the
seismic wave can be related to a density decrease of the mate-
rial adjacent to the discontinuity, caused by the generation of
secondary fractures and microfractures as the discontinuity
causes soil deformation. Figure 5 shows a conceptual scheme
of the change in the seismic wave propagation velocity due
to the presence of a ground discontinuity. The figure shows
that the waves propagate through block1 with a velocity V1;
and then to V2 in block 2 (disturbed zone), and then return-
ing to V1 in block 3. In this diagram, block 2 represent the
disturbed zone, therefore, V2 is lower than V1.

In all the cases, the low-velocity anomaly zone resulting
from seismic measurements was faster than the zone where
damages to constructions and to the infrastructure were ob-
served with the naked eye. This could be explained consid-
ering that although the subsoil is disturbed and weakened by
the effects of differential subsidence in the area adjacent to
the damaged constructions zone, there, the ground surface
deformation is unable to cause distortions large enough to
damage constructions, but it is detected as an disturbed zone
of soil by the method here presented.

The presence of two parallel discontinuities is not dis-
carded in sites 1 and 5 which present an anomaly wider
than the other studied sites, nonetheless, direct exploration
by means of trenches is needed to confirm all these interpre-
tations.
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5 Conclusions

Results suggest that surface faults and fractures related to
land subsidence or reactivation of paleochannels generate a
zone of disturbed material adjacent to the main discontinu-
ity. In this zone the velocity of propagation of the seismic
wave decreases. This zone is wider than the influence zone of
the fault, where constructions and infrastructure is damaged
by the differential subsidence. The method can be applied as
an approximation to determine the zone where constructions
and infrastructure can be potentially damaged due to the ex-
istence of land subsidence related terrain discontinuities.

The presented novel method needs more research by
means of direct exploration to confirm the results and inter-
pretations.
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Abstract. In the Southern Kanto Gas Field, natural gas dissolved in water has been produced for over 80 years.
In order to produce the natural gas dissolved in water, formation water must be pumped from a reservoir in the
gas field. The production of formation water is considered to be one of the causes of land subsidence.

Because brine injection into shallow formations is expected to be effective to mitigate land subsidence, our
association is planning to conduct the pilot test study. In this test, the production and injection of brine are going
to be performed, and we will observe a deformation of the shallow formation and a change of ground level and
the bottom hole pressure. As a result of these tests, if the land subsidence mitigation effect by injection into
shallow formation is confirmed, it is expected that it will be connected to increased production and to reservoir
management in consideration of land subsidence mitigation in the future.

1 Introduction

The Southern Kanto Gas Field is the largest water-dissolved
natural gas field in Japan (Fig. 1). This gas field has not
only abundant reserves of natural gas dissolved in water but
also a high concentration of iodine found in formation wa-
ter (brine). The Southern Kanto Gas Field contributes about
30 % of total world iodine production. Therefore, iodine is a
precious resource for a resource-poor country like Japan.

The Southern Kanto Gas Field occurs mainly in the Boso
Peninsula, and natural gas is produced from the Kazusa
Group, which consists of Pleistocene age marine deposits.
The Kazusa Group is composed of sandstone, mudstone, and
tephra layers, and the total thickness of the Kazusa Group is
approximately 3000 m (Kazaoka et al., 2015). The eight op-
eration companies produce natural gas, and the annual gas
production rate is about 460 million cubic meters.

On the other hand, the production of natural gas dis-
solved in water is considered to be one of the causes of land

subsidence, because a large amount of formation water is
extracted. Brine must be extracted to produce natural gas.
Therefore, the amount of formation water produced is cur-
rently regulated for mitigating land subsidence. In order to
enhance natural gas production, more effective methods of
mitigating land subsidence are required.

From previous results, brine injection into shallow for-
mations is expected to be effective for mitigating and con-
trolling land subsidence (herein, the shallow formation is a
non-operational reservoir overlying the production zones).
To confirm the land subsidence mitigation effect, our asso-
ciation is planning to conduct a pilot test study.

In this paper, we will introduce the plans and progress of
the pilot test study on brine injection into the shallow forma-
tion.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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Figure 1. Location of the investigated area: (a) index map, (b) map showing the Southern Kanto Gas Field (modified from Ikeda et al.,
2015, based on GSJ AIST, 2015) and GSJ geological maps as follows. Mitsunashi and Suda (1980), Mitsunashi et al. (1980), Sakamoto et
al. (1987), Sudo et al. (1991), and Yoshioka et al. (2001).

2 Pilot test plan and progress

The location of the pilot test is shown in Fig. 1. In this pi-
lot field test, a shallow formation exists. This shallow for-
mation consists of the Kakinokidai and Kokumoto forma-
tions, which are member formations of the Kazusa Group.
This shallow formation is a nonoperational reservoir overly-
ing the production zones at shallow depth. Figure 2 shows an
enlarged detailed site plan of the pilot test site. A natural gas
production well and an injection well are located near the test
site, which is completed within the operational reservoir.

In the plan of the pilot test, this shallow formation is di-
vided into four sections (formations A, B, C, D). Six wells
will be constructed, three in the B formation and three in the
D formation, at the pilot test site. The purpose of this pi-
lot test is to confirm that land subsidence can be effectively
mitigated by pumping from the reservoir formation and rein-
jecting into the shallow formation. To evaluate the mitiga-
tion effect, the pore pressure changes and deformation of a
shallower formation associated with the injection need to be
monitored. To accomplish this, three types of wells are con-
structed in the pilot test.

– Production/injection wells. For pumping and injecting
brine.

– Pressure monitoring wells. For monitoring the bottom
hole pressures.

– Deformation monitoring wells. For monitoring defor-
mation (expansion and compaction) of the shallow for-
mation.

In the deformation monitoring wells, a continuous ob-
servation system using optical fiber technology reported
by Ikeda et al. (2015) will be used (Fig. 2e).

This system can continuously observe expansion or
compaction of underground formations using optical
fiber.

For monitoring not only in situ deformation of the shal-
low formation but also ground level movement, sev-
eral monitoring methods are adapted that have differ-
ent measurement capabilities such as levelling, GNSS
(Global Navigation Satellite System), and inclinometers
(Fig. 2b, c, d). In addition, aquifer quality monitoring
wells are also constructed for environmental impact as-
sessment.

Although the pilot test has not started yet, work is cur-
rently being performed to prepare for the pilot test. This
includes the following:

– Drilling two pressure monitoring wells and aquifer
quality monitoring wells. Pressure monitoring wells
were constructed in the B and D formations. In addi-
tion, aquifer quality monitoring wells for environmental
impact assessment have been constructed.

– Conducting levelling, GNSS, and inclinometer measure-
ments. these surveys have been conducted for getting
baseline data before the start of the pilot test.

– Coring. Coring was performed for carrying out core
tests to evaluate the formation property and for obtain-
ing geological information.

3 Characteristics of pilot test field

Results of the field characterization are shown in Fig. 3,
based on boring core samples and well logs.

Proc. IAHS, 382, 787–790, 2020 proc-iahs.net/382/787/2020/
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Figure 2. Map showing layout of test site with monitoring items: (a) the detailed site map, (b) GNSS, (c) the bench mark for using sur-
face leveling, (d) the installation of inclinometer (left), the groundwater quality and piezometer monitoring well (right), (e) the formation
deformation monitoring well and the measured intervals.

The upper 20 m depth interval consists of Holocene coastal
sand. Below 20 m several meters of coastal valley fills clays
(drowned valley fill) with mud chip detritus, which are con-
sidered the border of coastal valley. The maximum depth
of the valley is estimated at 42 m at other drilling loca-
tions. Holocene deposits unconformably overlie the Pleis-
tocene Kazusa Group, the Kakinokidai, the Kokumoto, and
the Umegase formations.

The Kakinokidai and Kokumoto formations are expected
to be our shallow target. The underlying Umegase formation
is the uppermost horizon for the commercial production of
natural gas.

The shallow formation is composed of mudstone with thin
very fine to fine grained sand layers and pyroclastic tephra
beds. A number of fractures was recognized in each 1 m core,
by optical and CT scanned observation.

The geologic column is shown in Fig. 3. Red text indicates
correlative tephra beds. The target shallow formation can be
divided into four strata based on the frequency of permeable
layers and fractures. The two formations B and D are selected
as the completion interval.

4 Conclusions and future work

Moving forward, we will construct the pilot test facility and
conduct the pilot test. Core tests will be also performed on
the collected core samples. As a result of these tests, if the
land subsidence mitigation effect by injection into the shal-
low formation is confirmed, it is expected that it will be con-
nected to increased production and reservoir management in
consideration of land subsidence mitigation in the future.

Data availability. For more information about the data used,
please contact the corresponding author, Noriyuki Muraoka
(n.muraoka@godoshigen.co.jp).
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Figure 3. The formation characterization of the subsurface, the tested intervals, the overlaying aquifer, and a simplified core description are
shown here. At the depth of 89–255 m continuous coring was carried out. The rock facies characterization and the four classified strata are
observed.
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Abstract. Land subsidence due to groundwater withdrawal has been developing in the Aguascalientes Valley
since the 1980’s. Even though the affected area is close to 900 km2, and the sinking velocity is up to 10 cm yr−1

in some zones, the main concern for valley inhabitants and local government is the occurrence of subsidence-
related cracks and failures, which are developed in the surface terrain and damage buildings and infrastructure. In
order to face this problem, the state government of Aguascalientes set up in 1994 an interinstitutional committee
which is integrated by four working groups: (1) technical studies, (2) equilibrium of the aquifer, (3) normativity
and cartography, and (4) attention to damaged infrastructure. Each working group integrates several public and
private agencies whose activities are influenced by the in-progress subsidence process. Federal, state and munici-
pal water management agencies, as well as government bureaus of urban planning and public works are included
in the committee. Also, the state university and some professional state associations such as civil engineers and
earth sciences engineers are actively involved in the committee, along with the National Institute of Statistics,
Geography and Informatics, which is the federal agency addressed to produce official cartography in Mexico.
Some agencies participate not only in one working group but in those that fall in their interest, therefore, many
agencies are contributing to several working groups objectives. In this work, we present a summarize of the work
developed for the committee since its creation, and about its evolution and current organization. It is presented
an analysis and discussion of the changes that the committee has experienced in their objectives and applied
methods to address the evolution of the fissuring problem, and how their results have helped to prevent and to
mitigate the land subsidence effects. Also, the mechanisms implemented to inform to the general public about
the subsidence process and its effects; besides of the expected challenges that the committee will enfaces in the
near and far future. This work intends to share the experiences of the committee hoping to be useful to other
government agencies and earth scientists dealing with the land subsidence problem.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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1 Introduction

Land subsidence and related surface faults an ground fissures
have been investigated and documented in several regions
worldwide, and is a main topic of discussion at several sci-
entific conferences (NISOLS, 2015). In México, the alluvial
and lacustrine basins of the central plateau as Celaya, Queré-
taro, San Luís Potosí, Morelia, Toluca and Aguascalientes,
are the places where this problems of ground deformation
and surface faulting were first reported (Aguirre-Díaz et al.,
2000; Calderhead et al., 2011; Garduño-Monroy et al., 2001;
Julio-Miranda et al., 2012; Pacheco-Martínez et al., 2006,
2013; Trujillo-Candelaria, 1991). Nowadays land subsidence
due to groundwater withdrawal and related ground failures
affect close to 100 cities along México (Figueroa-Miranda et
al., 2018).

In all these places, several local government agencies deal
with the problem focusing on those tasks related to their sub-
ject of competence. For example, State Agencies for Civil
Protection, who are the responsible for preventing and man-
aging the risk situations in each state of México, have under-
taken several efforts to manage the related risk to land subsi-
dence. However, these agencies do not generate information
to be directly used in urban planning and development, nor
to be used by engineers and builders. Therefore, there is no
direct and effective collaboration or feedback between all the
governmental agencies whose activities are influenced in dif-
ferent grade for the land subsidence problems.

In this work, we present the activities developed for the
Committee for managing the risk by Faults and Cracks due
to subsidence in Aguascalientes State since its creation, and
how it is organized. It is presented an analysis and discussion
of the changes that the committee experienced in their ob-
jectives and applied methods to address the evolution of the
ground fissuring problem, and how their results have helped
to prevent and to mitigate the land subsidence effects. Also,
the mechanisms implemented to inform to the general public
about the subsidence process and its effects; besides of the
expected challenges that the committee will enfaces in the
near and far future.

2 Land subsidence in Aguascalientes Valley

Aguascalientes Valley is in the Mexican state of the same
name at the central part of Mexico (Fig. 1). The valley is
within a tectonic graben defined by two north–south-trending
normal faults. This tectonic depression has been filled by
tertiary and quaternary alluvial and fluvial sediments with a
low-to-medium degree of consolidation forming the aquifer
system. The climate in the Aguascalientes Valley is arid to
semiarid, which in combination with a lack of surficial wa-
ter flows and surficial water reservoirs, have promote that the
groundwater is the main source of water not only for agricul-
ture, but also for municipal and industrial consumption.

Figure 1. Location of Aguascalientes Valley in the context of Mex-
ico, and location of the main settlements into the valley. Modified
from Pacheco-Martínez et al. (2015).

Until the 1940’s, the city satisfied its demand of fresh wa-
ter from the springs and handmade shallow wells which does
not exceed more than 30 m depth, taking water from the re-
gional aquifer system. Groundwater pumping was initiated in
the 1940s mainly for municipal and industrial uses, but wa-
ter demand grew in the ensuing years and pumping became
intensive during the 1970s, as a consequence of the industri-
alization of Aguascalientes City, and due to the opening of
new lands for agricultural purposes (Pacheco-Martínez et al.,
2013).

As the valley population grew, groundwater pumping in-
creased causing a drop of the regional water table triggered a
land subsidence process in the entire valley becoming a haz-
ard for properties, inhabitants and the environment.

The first observations of the effects of land subsidence
in the valley occurred at the beginning of 1980’s. Dam-
ages to the constructions and infrastructure, mainly roads
and pipelines, due to reactivated and new surface faults and
ground fissures were documented (Aranda-Gómez, 1989).
For 2015, 208 surface faults and fractures had been mapped
throughout the entire Aguascalientes valley with an accu-
mulated length of 290 km, affecting 1865 buildings mainly
housings, from which 1438 of those are located within
the city of Aguascalientes, (Pacheco-Martínez et al., 2013,
2015). Nevertheless, the terrain level lowering was noticed
until 1990 by means of records of a GPS station placed a
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Figure 2. Subsidence LOS velocity map of Aguascalientes valley.
Modified from Pacheco-Martínez et al. (2015).

building at the south of the city of Aguascalientes. Those
records showed that the valley has lowered at the GPS lo-
cation to a rate up to 6.4 cm yr−1, accumulating 1.6 m in
25 years from 1990 to 2015.

More recently, the total area affected by land subsi-
dence was determined by means of SAR images anal-
ysis (Fig. 2) computing 940 km2 of terrain affected by
subsidence, and documenting subsidence velocities up to
10 cm yr−1 (Pacheco-Martínez et al., 2015)

According to National Institute of Statistics and Geogra-
phy (INEGI), the state of Aguascalientes had a population of
338 000 inhabitants in 1970, which quadrupled in 40 years,
reaching 1 312 000 inhabitants in 2015, of which 88 % live in
the Aguascalientes Valley with a majority of them (70 % of
the total) settled in the Aguascalientes City.

Recently, a new episode of industrial growth is ongoing
with the opening of several industrial parks at the south of
the valley, which in turn triggered an increase in the popu-
lation settled in the valley as well as the necessity for new
urban developments for housing, therefore, it is expected a
sustained growth in the demand of groundwater, besides an
intensification of the land subsidence process.

As it can be seen, the problems related to land subsidence
is multifactorial and must be faced it with multidisciplinary
strategies. It is an issue of scientific study but also is a con-
cern to local governments due to the social implications it
has. As a consequence, the management of land subsidence
problems gather professional of diverse disciplines, such as
earth scientist to explain the phenomenon, but also techni-
cians involved with urban planning and development; civil

Figure 3. Structure of the committee.

engineers and architects responsible to develop safe con-
structions and infrastructure as well as maintain it in good
conditions of operation; lawmakers for developing the suit-
able regulations in all the maters having participation on this
problematic, etc.

3 Formation and structure of the committee

The committee of Geological Faults and Cracks of Aguas-
calientes State (CIFGGEA) arose in September 2003, after
a ground failure appeared triggered by an intense rainfall
causing damage to several houses and to the pavement of an
avenue at the neighborhood locally called ”Casa Blanca” at
the south of the city of Aguascalientes. The first objective of
the committee was to unify criterion and methods of study
the phenomenon in order to inform the citizens and propose
remediation measurements for the damaged caused for the
fault.

The proposal of the creation of the committee was formu-
lated for the Ministry of Infrastructure and Communications
of the State of Aguascalientes, it was legally established in
23 February 2004 after its discussion and approbation in the
local congress.

The committee is organized in four working groups
(Fig. 3) that are:

– Working group 1 technical studies. Headed by the Au-
tonomous University of Aguascalientes (UAA). It is the
working group responsible to propose and coordinate
the carrying out of the needed technical studies to man-
age the land subsidence related risk over the construc-
tions, infrastructure, and population

– Working group 2 Equilibrium of the Aquifer. Lead by
the bureau for sustainability, environmental and water
affairs (SSMAA). They are responsible for the water
management focusing on achieving sustainable use of
the groundwater for stopping the groundwater level low-
ering of the aquifer system.

– Working group 3 Normative and Cartography. This
working group is coordinated by the state bureau for
planning and territorial ordering (SEGUOT), is focused
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to map the new surface faults and ground fissures that
are spreading, as well to map those that are enlarging,
in order to maintain updated the terrain discontinuities
cartography. The working group is also responsible to
propose changes in the local laws related to the subsi-
dence problem, mainly those related to urban planning
and development, and new constructions in zones af-
fected surface faults and ground fissures.

– Working group 4 Attention to Affected Infrastructure.
Lead by the ministry of public works of Aguascalientes
state. They are responsible for repairing the damaged
infrastructure such as roads pavement and sidewalks,
utility pipelines, but they also advise people about the
potential risk related to subsidence for real state acqui-
sition purposes.

At the beginning, the four working groups were coordinated
by the Water Institute (currently SSMAA) which was the
state government office for water affairs, but since 2016 the
committee is coordinated by the state bureau for planning
and territorial ordering (SEGUOT).

The committee is supported by federal, state and local
agencies dealing with water management, urban planning
and development, risk management, public works, elaborat-
ing the official cartography of México; as well is supported
by local professional associations of civil and geotechnical
engineers, architects, environmental geologist and geophysi-
cist; and by the Autonomous University of Aguascalientes.
Each one of these institutions can collaborate in one or more
working group, it depends on how much the phenomenon
and related problems influence in its ambit of competence
and responsibilities. For that, there are a representative per-
manent and a substitute one by each institution in each work-
ing group.

Nowadays, each working group meets separately bi-
monthly to plan the next two months of works and to review
the accomplishments of the works previously programed,
A plenary meeting is carried out also bi-monthly which is
attend for the four working groups. In this meeting, the
progress in the annual working agenda is reviewed, and feed-
back about the works in progress from all the working groups
is given.

4 Activities and achievements

The fist activities the committee had to carry out after its cre-
ation in 2004 was to explain why and how the Casa Blanca
fault was produced, and what measurements they had to take
to repair the damaged caused. After this moment of crisis,
the committee focused on mapping all the discontinuities and
publish the first official cartography of the ground failures.
This first version was published in 2005, in a pressed version
of twelve maps scale 1 : 50 000, and covered only the ground

failure trace through the Aguascalientes city and Jesús María
city, the main settlements due to their population in that time.

After this first version of ground failure maps, in 2006
a digital version called Soil Discontinuities Digital System
(SIDDIS) was released as a Geographic Information Sys-
tem for being installed on a PC, and was updated several
times in the next years. It covered already the complete ur-
ban zone of Aguascalientes City and Jesús María city with
all the ground failures mapped by the damaged caused to
the buildings and street pavement. Those digital versions
also included photographs and data helping to localize the
ground failure in situ, for example, it included information
of the distance between the terrain discontinuity trace to
the nearest corner. The last SIDDIS version was released in
2011, after that, the cartography of the entire valley was re-
leased online in 2012 as the Information System of Geologic
Faults and Fissures (SIFAGG), which contain a kml layer
that can be consulted on a Google Map windows at: http:
//www.aguascalientes.gob.mx/sop/sifagg/web/mapa.asp (last
access: 13 March 2020).

Since the committee was created, a concern of the par-
ticipants was to include restrictions and requirements to the
new urban develops and new constructions in order to avoid
constructions over the trace of ground failures avoiding legal
disputes and economic losses for future owners and urban
project developers.

Currently, several recommendations and requirements for
new construction projects have been incorporated in the Ur-
ban Code for the Aguascalientes State. The most relevant are:

1. The Certification of proficient professionals in geology
or geophysics is mandatory for all those who offer con-
sultant services on ground failure assessment for con-
struction purposes.

2. Municipalities are required to prepare and publish
ground faulting maps.

3. The normative includes a risk zoning based on the prox-
imity to mapped ground faults.

4. The Code requires constructors to present geophysical
or geological studies prepared by the certificated geol-
ogist or geophysics in order to obtain a construction li-
cense.

5. Incoming challenges for the committee

One of the concerns to the CIFGGEA members is continuity
and financial support. Even though the committee is legally
established and recognized by authorities, in a country as
México, the priorities in the state public agenda can change
every 6 years with the government elections. Furthermore,
the committee does not have own fund, its operations de-
pend on how much time is commissioned for the participants
by their adscription institution to collaborate in the activities
of the workings groups, as well depend on the extraordinary
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funds that the general coordinator (SEGUOT) may get for
the committee operations.

A challenge for the committee is the developing and adap-
tation of methodologies for reaching a complete risk manage-
ment as well its implementation and evaluation. Even though
the committee has progressed in this working line, mainly
due to the works of University Autonomous of Aguas-
calientes, more research is needed to accomplish this main
objective of the committee.

5 Conclusions

The committee of Geological Faults and Cracks of Aguas-
calientes State is a pioneer as organization for face the prob-
lems related to land subsidence since the focus of several
disciplines and diverse grades of specialization to get with
practical information for associated risk management.

The organization of the committee split into four groups
allow generate information and transfer it to users for plan-
ning and management in several areas from urban planning
to environmental protection, beside the generation of recom-
mendations to modify local laws to better face the subsidence
problematic. Therefore, this working organization manner
could be helpful in other places with land subsidence prob-
lems.
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Abstract. Since the development of the coastal areas near present-day Houston, Texas, USA, subsidence has
been a significant public policy concern. Subsidence in this area is caused by the extraction of groundwater from
the Coastal Lowlands aquifer system, locally referred to as the Gulf Coast Aquifer. Concerns associated with
subsidence in the Houston area include coastal inundation from storm surge, inland flooding, and critical infras-
tructure damage. The Houston area receives about 126 cm of precipitation each year, making flooding a critical
issue in the region. The Houston area is the 4th largest city in the United States with a population of about 6.89
million (2017) and has a total water demand of about 4 Mm3 per day (2017). In the 1950s the City of Houston
began the development of several reservoirs to provide water for the rapidly growing city. In 1975, following
decades of subsidence totaling over 3 m, the Harris-Galveston Subsidence District (District) began regulating
the use of groundwater and shifting the primary water supply for the region from groundwater to treated sur-
face water to cease on-going and prevent future subsidence. Leveraging the alternative resources developed by
the City of Houston in the 1950s, the District’s regulatory framework focuses on spatial prioritization and the
systematic conversion to alternative source waters. The District’s regulatory plan includes three planning areas.
Currently, the regional water authorities and the City of Houston are developing nearly five billion dollars (USD)
in infrastructure to produce and deliver an additional 1.2 Mm3 per day of treated surface water to Houston and
the surrounding communities. Resource development, public engagement, and political foresight have resulted
in a reasonable approach to shift source waters and implement a plan to dramatically reduce and stop subsidence
in the region. Figure 2 presents subsidence rates (2017) by regulatory area. Results show that the implementa-
tion of the regulatory program has substantially slowed subsidence in Areas 1 and 2, where full conversion has
taken place. Planning the future water needs of the Houston area resulted in a robust and effective collaboration
between the regulated community and the District. Analysis of historical source water use, aquifer response, and
subsidence in the Houston area shows that the reasonable management of groundwater use in the Houston region
is vital for the long-term prevention of subsidence and increases the resilience of the entire region.
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1 Introduction

The Houston Region has relied on groundwater as a pri-
mary source of water since the early 1900s. During and
following the economic boom of the 1940s, rapid popula-
tion expansion and increased water demand resulted in po-
tentiometric water-level declines in the Chicot and Evange-
line aquifer of 76- and 91 m respectively from 1943–1977
(Gabrysch, 1982).

The reliance on groundwater and subsequent subsidence
that was caused by its regional development resulted in the
creation of the Harris-Galveston Subsidence District in 1975
and the Fort Bend Subsidence District in 1989.

The Harris-Galveston Subsidence District’s mission is to
regulate the use of groundwater in the Houston Region (Har-
ris and Galveston counties) to cease ongoing and prevent fu-
ture subsidence that can lead to infrastructure damage and
contribute to flooding.

The Harris-Galveston Subsidence District (“District”) reg-
ulates groundwater use by subdividing Harris and Galve-
ston county into three regulatory areas: Area 1 includes the
Houston Ship Channel, Industrial Corridor, and coastal ar-
eas; Area 2 is primarily an urban intermediate area that in-
cludes the Texas Medical Center; and Area 3 includes the
remaining areas of the District in northern and western Har-
ris County. In 2018, Area 3 used nearly 6.96 × 105 m3 of
groundwater each day, nearly six times the other two areas
combined. Overall, the total water demand in the District in
2018, including all sources of water, was about 3.79×106 m3

per day.

2 Groundwater

Groundwater is derived from the Coastal Lowland Aquifer,
locally referred to as the Gulf Coast Aquifer System, and in-
cludes three primary water bearing units, the Chicot, Evange-
line, and Jasper aquifers (Fig. 1). The aquifers are comprised
of inter-bedded lenticular lenses of sand, silt, and clay which
are not regionally extensive and have a highly variable thick-
ness (Chowdhury and Turco, 2006) in the Houston Area.

The Evangeline aquifer is the most widely utilized aquifer
in the Houston area accounting for more than half of all the
groundwater used. The Chicot aquifer is used appreciably in
the areas closer to the coast, although it can be used for do-
mestic supply north of the District. The Jasper aquifer is used
primarily in the northern areas of the District where the unit
is closer to the surface and better quality.

Compaction and Subsidence

Subsidence has been occurring in the Houston Region since
the early 1900s. Located along the Gulf of Mexico, the to-
pography of the region is a flat coastal plain with little relief
that generally slopes about 0.2 m km−1.

The first documented case study in the Houston Region
linking shallow fluid withdrawal and land surface subsi-
dence occurred at the Goose Creek Oilfield near Baytown,
TX (Pratt and Johnson, 1926). Oil and water production at
this site occurred at depths up to about 1500 m in as old as
Miocene-age sediments. This area experienced nearly a me-
ter of subsidence over about a three-year period, and dra-
matic surficial fissures.

As the Houston area developed, experiencing dramatic
growth in the 1940s during Word War II and sustaining the
regional growth through the present, groundwater resources
were the primary source water for the region and subsidence
in the region reached magnitudes of concern.

Historically, subsidence has occurred over a broad region
that encompasses most of the City of Houston with specific
areas of increased magnitude. The Houston ship channel, a
large industrial and commerce area in Houston that is part of
the second largest port (by tonnage) in the United States, is
located near the center of an area where over 3 m of subsi-
dence as occurred since 1906.

Regulatory controls in Harris, Galveston and Fort Bend
County are implemented based on a specific portion of an
entities total water demand sourced from groundwater, with
the remaining portion sourced from an alternative source that
does not contribute to subsidence (treated surface water, re-
claimed water, etc.) In 2019, regulatory requirements in Ar-
eas 1 and 2 allow groundwater to be utilized for 10 % and
20 % respectively of the water users total water demand. In
Area 3, water users without a groundwater reduction plan
are regulated to the same requirements as Area 2. However,
if a water user has an approved groundwater reduction plan
then groundwater may provide up to 70 % of their total wa-
ter demand, with future reductions in the allowed percentage
of groundwater to 40 % and 20 % in 2025 and 2035, respec-
tively. This regulatory approach has been greatly successful
in reducing subsidence rates while accounting for the time
needed to develop infrastructure to treat and convey water
throughout the Houston region (Figs. 2 and 3).

3 Alternative Water Supplies

In the 1950s the City of Houston began the development of
several reservoirs to provide water for the rapidly growing re-
gion within the San Jacinto and Trinity River Basins. Other
entities in the region have also developed surface water sup-
ply from the Trinity, San Jacinto, and Brazos Rivers. The
treatment plants served by these surface water sources are
operated by the City of Houston, City of Sugar Land, City of
Richmond, the Gulf Coast Water Authority, the Brazosport
Water Authority, and others.

To meet the Harris-Galveston and Fort Bend Subsidence
Districts’ regulatory requirements to convert from ground-
water to surface water, the City of Houston and four regional
water authorities – Central Harris County Regional Water
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Figure 1. Hydrogeologic cross-section of the Gulf Coast aquifer system in the Houston Region, Texas, USA (modified from Kasmarek,
2014).

Authority, North Fort Bend Water Authority, North Harris
County Regional Water Authority, and West Harris County
Regional Water Authority (collectively, the “Water Author-
ities”) are working together to plan, design, construct, and
finance several major infrastructure projects. These projects
are regional in scale and are interrelated. All the projects
must be constructed on the same timeline to ensure that sur-
face water will be available to northern and western Harris
County and northeast Fort Bend County to comply with the
Subsidence District’s regulatory conversion schedule.

The first project is called the Luce Bayou Interbasin Trans-
fer Project (“Luce Bayou”). Luce Bayou is currently under
construction and will pump untreated surface water from the
Trinity River through a series of canals and water pipelines
to Lake Houston (northeast of the City of Houston). Luce
Bayou is being constructed by the Coastal Water Authority,
but the project is being funded by the entities that will be
purchasing the transferred water, which includes the City of
Houston and the Water Authorities.

The second project is called the Northeast Water Purifi-
cation Plant (“NEWPP”) Expansion Project. The NEWPP
expansion is a design-build project under construction on
the banks of Lake Houston. The project will expand the
existing plant’s capacity from 3.03 × 105 m3 per day up to
1.51×106 m3 per day, in order to treat the raw surface water
conveyed by Luce Bayou into Lake Houston (Fig. 4). The

City of Houston is the owner of this project, but the Wa-
ter Authorities have purchased 84 % of the capacity of the
NEWPP and are each paying their respective shares of the
costs.

The third project is a transmission line called the Northeast
Transmission Line (“NETL”), which will convey treated wa-
ter from the NEWPP into central and northern Harris County.
The NETL is expected to be primarily a 2.74 m diameter steel
water line that is approximately 43.5 km in length. The City
of Houston is the owner of this project, but the North Har-
ris County Regional Water Authority and the Central Harris
County Regional Water Authority have purchased capacity
in the line and are each paying their respective shares of the
costs (the West Harris County Regional Water Authority and
the North Fort Bend Water Authority are also participating in
the initial segment of the NETL).

The fourth project is a transmission line (and two pump
stations) called the Surface Water Supply Project (“SWSP”),
which will convey treated water from the NEWPP into west-
ern Harris County and north-eastern Fort Bend County. The
SWSP is expected to be primarily a 2.4 m diameter steel wa-
ter line that is approximately 64 km in length. The West Har-
ris County Regional Water Authority is the owner of this
project, but the North Fort Bend Water Authority has pur-
chased capacity in the line and is paying its share of the costs.

proc-iahs.net/382/797/2020/ Proc. IAHS, 382, 797–801, 2020
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Figure 2. Annual rate of ellipsoid height estimated from avail-
able GPS data measured at monitoring location within the Hous-
ton Region, 2014–2018. (Thompson et al., 2019, base courtesy of
© ESRI).

Figure 3. Measured and estimated annual rate of change in el-
lisoid height at Harris-Galveston Subsidence District monitoring
site PA04 located near Memorial Village, TX, 1994–2019.

In addition to the four projects described above, the City
of Houston and the Water Authorities are each designing
and constructing their own distribution systems to convey the
treated surface water to their customers.

Both the NETL and the SWSP are massive transmission
lines running through densely populated and congested ar-
eas. The transmission lines must be installed in narrow ease-
ment corridors, which adds to the complexity and ultimately
the cost of the projects. Currently (2019), both the NETL and
the SWSP are under design and are expected to commence
construction soon.

Figure 4. (main) Photo of construction of dual 2.74 m raw wa-
ter lines from Lake Houston to the Northeast Water Purification
Plant (courtesy Steve Berckenhoff); (inset) Subsidence District of-
ficials near raw water pipeline (courtesy Harris-Galveston Subsi-
dence District).

Due to the technical and financial challenges associated
with these projects, it is critical for the City of Houston
and the Water Authorities to have regulatory certainty from
the Harris-Galveston and Fort Bend Subsidence Districts.
The transmission and treatment capacity have been sized to
meet the current District’s conversion requirements in 2025
and 2035.

These interrelated regional projects are planned to be com-
pleted by 2025, when the next conversion requirements of the
Harris-Galveston and Fort Bend Subsidence Districts go into
effect. While these projects are time consuming and costly
(the costs are likely to total close to USD 5 Billion), the City
of Houston, Coastal Water Authority, and the Water Author-
ities have been able to work together to create economies of
scale and maximize efficiencies. This regional effort could
serve as a model for other locations seeking to address large
scale water supply needs.

4 Conclusions

The Gulf Coast Aquifer System in the State of Texas, USA
has been a primary source of water for the Houston region
since development began early in the 1900’s Since that time
extensive data collection and research has been conducted
to better understand the impact of anthropogenic stress on
the aquifer’s water levels, compaction, and subsidence. The
State of Texas created a unique regulatory agency to address
the issue by regulating the amount of ground water use in
Harris, Galveston, and Fort Bend counties. Since the creation
of the Subsidence Districts, areas nearest the coast have been
converted to alternative source waters and subsidence rates
of declined significantly.
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Currently, in more inland areas of the District’s, exten-
sive water infrastructure development is ongoing. These ef-
forts require the coordination of multiple regional water au-
thorities and the City of Houston to ensure the compliance
with planned future conversion requirements to further re-
duce the amount of groundwater use. This effort is planned
to be completed before the next regulatory conversion dead-
line in 2025. This regional effort that includes coordination
and collaboration amongst the regulated community as well
as the coordination between the regulator and regulated com-
munity serves as a good model for similar infrastructure de-
velopment.

Data availability. The GPS data and analysis presented in this pa-
per are published annually by the Harris-Galveston Subsidence Dis-
trict, archived locally, and are available from the District upon re-
quest.
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Abstract. The Ebro Delta is a highly vulnerable Mediterranean coastal ecosystems located on the northern
Mediterranean coast of Spain. Determining its subsidence rate and sources is a key issue for the present and
future management of this area. Differential Interferometry Synthetic Aperture Radar (DInSAR) compared with
the contribution to subsidence of the compaction of delta’s sediments and the lithosphere’s deformation, indicated
a general Ebro Delta subsidence ranging from < 1 to ∼ 2.3 mm yr−1. Subsidence is determined to be mainly
driven by natural sediment compaction (∼ 76 %), with areas strongly influenced by local processes associated to
their sedimentary distribution and composition, or external factors such as sea level rise.

1 Introduction

Ebro Delta is one of the modern delta plains formed during
the Holocene, which can be found in a variety of geographic
and geologic settings on coastal margins worldwide (Stan-
ley and Warne, 1997; Ibáñez et al., 2019). The formation of
these delta plains is a consequence of a marked deceleration
in sea-level rise started at ∼ 8000 yr BP following the end
of the last glacial period (Doyle et al., 2015; Siddall et al.,
2003). The modern river delta plains are areas very suscepti-
ble to flooding as a result of their low elevation. Human ac-
tivities, especially since the beginning of the nineteenth cen-
tury and its Industrial Revolution, may have a deep impact
on delta’s flooding hazard (Syvitski et al., 2009). As a con-
sequence of the negative aggradation-sinking balance, most
of the world’s major river deltas are sinking relative to their
local sea level. Different climate change scenarios agree on
a consistent sea level rise in areas like the northern Mediter-
ranean coast of Spain, where Ebro delta is located (Church
and White, 2011; Jevrejeva et al., 2012). As a consequence
of its low aggradation ratio versus subsidence and eustatic

sea-level rise (Ibáñez et al., 2014), some Ebro Delta plain ar-
eas are already below sea level and up to 40 % of its area
is less than 50 cm above it (Fig. 1). For these reasons Ebro
Delta is considered one of the most vulnerable Mediterranean
coastal ecosystems to the effects of climate change (Fatorić
and Chelleri, 2012; Giosan et al., 2014), and make determin-
ing the subsidence rate and sources a key issue for the present
and future management of this area.

Subsidence in delta plains, understood as a negative
aggradation-sinking balance, is a complex phenomenon in-
volving many interwoven natural processes including crustal
motion, climate, vegetation dynamics, availability of sed-
iment from the watershed, the mechanical, biological and
chemical compaction of sediment, and the marine sedimen-
tary drifts (Maldonado, 1972). Apart from these natural pro-
cesses, the anthropic activity such as subsurface mining or
the interception of upstream river-borne sediment by dams,
can exceed natural compaction by an order of magnitude
(Syvitski et al., 2009) or generate a drastic decrease in the
sediment contribution to the deltaic systems, respectively
(Ibáñez et al., 2014). Furthermore, the use of artificial levees
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Figure 1. Map of the Ebro delta plain including soils distribution derived from the Soil map of Catalonia 1 : 25 000 (deposit type in paren-
thesis), corner reflectors location, selected domains and areas below the sea level. This figure uses a proprietary © ICGC base map.

combined with reductions in the number of distributary chan-
nels can prevent river flooding onto the delta plain (Ibáñez et
al., 2014). As a consequence of all the factors involved, de-
termination of the modern delta plains subsidence rates is a
topic of increased complexity. Different types of sensors al-
low point measurements of subsidence and/or sedimentation
rates with high local precision. However, each method can
resolve only certain local and temporarily-restricted pieces
of delta surface elevation change (Higgins, 2016). Given the
spatial complexity of movements on deltaic systems, local in-
formation is insufficient to determine the general delta plain
dynamics, making thus necessary the use of measuring tech-
niques able to cover extended areas with good general res-
olution. For this reason, in this study, subsidence is anal-
ysed trough differential interferometry SAR (DInSAR) data,
whose availability covers the last 26 years in two time peri-
ods (1992–2010 and 2014–2018, respectively).

The purpose of the present study is to determine present-
day subsidence susceptibility of the Ebro Delta plain, in order
to improve this phenomenon understanding and influence on
the aggradation-sinking balance.

2 Methodology

Subsidence rate was measured through Differential Inter-
ferometry Synthetic Aperture Radar (DInSAR) techniques
using satellite data obtained from European Space Agency
(ESA) missions (Mora et al., 2018). DInSAR is a remote
sensing technique that uses a stack of satellite images to mon-
itor the surface motion with millimetric accuracy. These Syn-
thetic Aperture Radar (SAR) satellite images are captured
in the microwave domain. This remote sensing technique al-
lows obtaining subsidence maps for large areas, with a great
amount of measurement points and without field work. The
SAR signal, which is used to measure surface motion, can
be affected by several error/noise sources: (1) Atmospheric
artefacts: disturbance of the microwave signal travelling from
the satellite to the ground that adds noise to the measure-
ment. (2) Thermal noise: Electrical fluctuations arising from
the random thermal motion of electrons in the electronic de-
vices composing the radar transmitter and receiver. (3) Topo-
graphic error: imperfections on the Digital Elevation Model
(DEM) used to remove the topographic component of the sig-
nal backscattered to the radar. If these components are cor-

Proc. IAHS, 382, 803–808, 2020 proc-iahs.net/382/803/2020/



X. Rodriguez-Lloveras et al.: Detection of subsidence in the Ebro Delta plain using DInSAR 805

rectly removed we can isolate the Ground motion: compo-
nent which provides information about the surface motion
during the observation period. In this study a ICGC’s devel-
oped methodology to separate the ground motion component
from the rest of non-desired components has been used. This
methodology allows to process large quantities of DInSAR
images, obtaining a high density of measurement points (de-
pending on the land cover) no matter their non-linear mo-
tion behaviour. The processor is divided into the following
parts: (1) Classical DInSAR: In this first step the stack of im-
ages is co-registered to a single master acquisition’s geom-
etry and interferograms are generated. These interferograms
are created by comparing radar signal from different pairs
of images, their signal components described above. (2) Ad-
vanced DInSAR: This part of the processor is known as Per-
sistent Scatterer Interferometry (PSI), and tries to separate
the different components of the interferometric signal, ob-
taining the final ground motion measurement. Nevertheless,
one of the main drawbacks of this processing technique is
that require low variation rates on surface content during the
analysis period in order to obtain high quality measurements
(interferometry coherence). As a consequence, soil covers
experimenting great variations along the year, as it happens
in vegetated and agricultural areas, return poor coherence.
This limitation is critical in Ebro Delta plain since extremely
good signal quality is necessary as subsidence rates are on the
verge of the technique sensitivity. Around 65 % of Ebro Delta
emerged plain is covered by crops. Hence its cover is highly
variable during the year. In order to overcome this drawback,
a total of 22 high response corner reflectors were installed
in areas were poor coherence was expected (Fig. 1). In addi-
tion, surface information was restricted to domains represen-
tative of the different delta environments with higher coher-
ence in all the considered intervals, to correlate the DInSAR
data with subsidence sources (Fig. 1).

Subsidence sources are estimated trough the Syvitski et
al. (2009) formula without the eustatic sea-level rate, as sub-
sidence (1S) is independent of this parameter:

1S = A−CN−CA±M,

where A is aggradation, CN natural compaction, CA Artifi-
cial compaction and M deformation of the lithosphere.

Based on Ibáñez et al. (1997), River aggradation at the
Ebro delta can be considered null. Natural compaction is de-
termined through the Holocene deposit thickness determined
by Benjumea et al. (2017), the surface sedimentary pattern
and the Meckel et al. (2007) delta plain deposits compaction
rate model. Compaction rates are considered for an accumu-
lation interval of 8000 years and compaction percentiles P10
and P90, over the selected domains. Artificial compaction is
calculated trough the relative movements within domains.
Finally deformation of the lithosphere is determined as a
combination of flexural effect and tilting of the continen-
tal platform margin. These values are calculated based on

Figure 2. Comparison between sediment thickness of the Ebro
delta plain and subsidence rate measured with DInSAR in Main-
land (a) and Shore (b) Domains.

the water-sediment dynamic load since the last glacial max-
imum, based on the sea level changes from Miller (2013)
dataset and the sediment thickness accumulation determined
on Ebro delta by Mauffrey et al. (2017) as developed in
Rodriguez-Lloveras et al. (2018).

3 Results

The obtained DInSAR results show subsidence movements
ranging from < 1 to ∼ 17 mm with an average subsidence
rate of 0.78 mm yr−1, a standard deviation of 0.89 mm yr−1

and a maximum of 4.04 mm yr−1, located in the domains
with lower sedimentary thickness and closer to the main land
(Fig. 2a). As a contraposition of subsidence, a vertical accre-
tion up to 2.14 mm yr−1 has been observed, which is mainly
located on some of the shore domains with higher sedi-
mentary thickness (Fig. 2b). Despite these extreme values,
the general trend shows proportionality between sedimen-
tary thickness and subsidence (Fig. 3). Considering the sub-
sidence sources, data do not show significant movement dis-
tribution changes inside the domains. As there is no exploita-
tion of resources in Ebro delta subsoil, the artificial com-
paction in Ebro delta plain is considered null. The Holocene
sedimentary prism of the Ebro delta plain is up to 55 m thick.
For these thicknesses, Meckel (2007) model of natural com-
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Figure 3. Comparison between subsidence rates on Ebro delta with
DInSAR results, considering only the natural compaction (a) and
adding the lithospheric efects (b).

paction rates show values from 0 to 0.4 mm yr−1 for per-
centile P10 and from 0.8 to 1.7 mm yr−1 for percentile P90.
These results follow the general trend of the DInSAR mea-
sured movement, which mainly fall between the percentiles
P10 and P90 compaction rates, being closer to percentile P90
(Fig. 3a). The inclusion of flexural effect and tilting contri-
butions to total subsidence increase the subsidence rate up to
0.41 mm yr−1, being up to 0.29 mm yr−1 consequence of the
flexural effect and up to 0.12 mm yr−1 effect of tilting. Never-
theless these effects have a total uncertainty of 0.1 mm yr−1,
due to methodology limitations. The addition of lithospheric
deformation to natural compaction yields a better adjustment
to the DInSAR-measured subsidence with similar outliers
(Fig. 3b). Considering the DInSAR and the methodological
uncertainties, general subsidence rate of the Ebro delta plain
is expected to range from ∼ 0 to ∼ 2.3 mm yr−1.

4 Discussion

As seen in the results, not all the measured points are coher-
ent with the calculated subsidence. Some domains with low
sediment thickness present higher subsidence rates than the
average while other domains with high sediment thickness
show aggradation. These domains are located on the main
land and the coastal regions of the delta plain respectively.
This data seems to contradict the Meckel et al. (2007) state-
ment that compaction increase with thickness. This appar-
ent contradiction can be explained through the composition

of the soil. The inner Ebro delta plain contain sectors with
abundant organic matter such as Ullals and Amposta, as can
be seen on the soils map (Fig. 1)

Organic matter-rich dedposits are also found on the inner
delta plain’s (Maldonado, 1972). Presence of organic matter
boosts compaction as it has an accelerated compaction ca-
pacity which can be up to 60 % of its original volume. In
addition the compaction rate is higher in recently deposited
materials (Bos et al., 2012). On the contrary, sea side areas
such as Platjola or Riumar domains are composed by sandy
near saturated soils, where compaction occurs shortly after
deposition and as consequence its residual compaction is low
(Revil et al., 2002). In addition, due the low aggradation rate,
Ebro delta coastline on selected sectors is in regression (Ro-
driguez Santalla, 2004). As a consequence the beach profile
tend to rise its onshore section (Doyle et al., 2015). As the
DInSAR signal is based on reflectivity coherence which does
not change with the process, this onshore rise of beach sedi-
ment is detected as accretion.

In addition to the local processes affecting the subsidence
phenomenon, DInSAR-based measures and the subsidence
rate calculation approach have some limitations that should
be considered. As a consequence of DInSAR corrections, sta-
ble measures (without movement) can show certain displace-
ment. Consequently a stable filter should be applied. Barra et
al. (2017) determine the limit of movement at the double of
standard deviation, which in Ebro delta record imply a value
of subsidence rate of 1.78 mm. Consequently, average subsi-
dence rates on most of the Ebro delta domains are within the
DInSAR error range. Despite the local effects and method-
ological limitations, results are considered of good quality
as the measured DInSAR data and the subsidence approach
based on delta sediment compaction and lithospheric char-
acteristics show a good agreement. This agreement occurs
between DInSAR values over and under the stability limit as
well as with the subsidence approach. Based on this match
and considering that DInSAR measures and subsidence ap-
proach are independent, it can be stated that the obtained re-
sults of subsidence rate over Ebro delta plain are reliable.

5 Conclusions

Ebro Delta average subsidence, ranges from < 1 to
∼ 2.3 mm yr−1, being higher on the distal tip of the delta.
The geological analysis of the contributing factors, suggests
that subsidence is mainly driven by natural sediment com-
paction (∼ 76 %) followed by continental platform margin
flexural effect (∼ 13 %) and tilting (∼ 11 %). Despite the gen-
eral trend, the Ebro delta contain domains of accelerated sub-
sidence, and domains with accretion, indicating strong in-
fluences of soil characteristics and environmental dynamics,
specially sea level changes and its derived coastal erosion.
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Abstract. Groundwater has been a major source of agricultural, municipal, and domestic water supply since
the early 1920s in the Coachella Valley, California, USA. Land subsidence, resulting from aquifer-system com-
paction and groundwater-level declines, has been a concern of the Coachella Valley Water District (CVWD) since
the mid-1990s. As a result, the CVWD has implemented several projects to address groundwater overdraft that
fall under three categories – groundwater substitution, conservation, and managed aquifer-recharge (MAR). The
implementation of three projects in particular – replacing groundwater extraction with surface water from the
Colorado River and recycled water (Mid-Valley Pipeline project), reducing water usage by tiered-rate costs, and
increasing groundwater recharge at the Thomas E. Levy Groundwater Replenishment Facility – are potentially
linked to markedly improved groundwater levels and subsidence conditions, including in some of the histor-
ically most overdrafted areas in the southern Coachella Valley. Groundwater-level and subsidence monitoring
have tracked the effect these projects have had on the aquifer system. Prior to about 2010, water levels persis-
tently declined, and some had reached historically low levels by 2010. Since about 2010, however, groundwater
levels have stabilized or partially recovered, and subsidence has stopped or slowed substantially almost every-
where it previously had been observed; uplift was observed in some areas. Furthermore, results of Interferometric
Synthetic Aperture Radar analyses for 1995–2017 indicate that as much as about 0.6 m of subsidence occurred;
nearly all of which occurred prior to 2010. Continued monitoring of water levels and subsidence is necessary
to inform the CVWD about future mitigation measures. The water management strategies implemented by the
CVWD can inform managers of other overdrafted and subsidence-prone basins as they seek solutions to reduce
overdraft and subsidence.

1 Introduction and Background

Groundwater has been a major source of agricultural, mu-
nicipal and domestic water supply in the Coachella Valley,
California, USA, since the early 1920s (Fig. 1). By about
2010, water levels in many wells in the Coachella Valley had
declined by as much as 30 m and water levels in some wells
were at their lowest recorded values (Fig. 1a). Declining
water levels can contribute to, or induce, land subsidence
in alluvial aquifer systems with compressible fine-grained
deposits such as that of the Coachella Valley. Results of
Global Positioning System and spirit-leveling surveys were
used to determine that as much as 0.15 m of subsidence
occurred in the southern parts of the Coachella Valley during
1930–1996 (Ikehara et al., 1997). Interferometric Synthetic

Aperture Radar (InSAR) analyses were used to determine
that as much as 0.6 m of subsidence occurred during
1995–2010 along the southwestern margins of Coachella
Valley in the urban areas of Palm Desert, Indian Wells and
La Quinta (Sneed et al., 2014; Fig. 1b). Land subsidence
has caused earth fissures and has damaged buildings, roads
and water conveyance canals near La Quinta (Clay Stevens,
TerraPacific Consultants, Inc., written communication,
2006). Subsidence-induced sags along the Coachella branch
of the All-American Canal (Coachella Canal) adversely
affected flow, caused loss of freeboard, and caused the
water surface to overtop the concrete liner in some areas,
which prompted the CVWD to realign a portion of the
canal in 2014. Since about 2010, the combination of several
water management projects implemented by the CVWD
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have markedly improved groundwater levels in some of
the historically most overdrafted areas of the valley. The
projects fall under three categories – conservation, managed
aquifer-recharge (MAR), and groundwater substitution
(using Colorado River and recycled water). The groundwater
substitution is used for agriculture, golf-course irrigation,
and other non-potable water uses through the Coachella
Canal and the Mid-Valley Pipeline (MVP) project (Coachella
Valley Water District, 2012; Fig. 1a). Monitoring has tracked
the effect that MAR and the reduction in pumpage result-
ing from these projects have had on groundwater levels
(Fig. 1a, b). The marked improvement in groundwater
levels that began around 2010 was timely. In 2014, the
California legislature passed the Sustainable Groundwater
Management Act (SGMA), which stipulates sustainable
management of groundwater resources by avoiding certain
“undesirable results,” including groundwater-level declines
and land subsidence. CVWD’s groundwater management
plans received state approval and meet the requirements
of the SGMA (California Department of Water Resources,
https://water.ca.gov/Programs/Groundwater20Management/
SGMA-Groundwater-Management/Alternatives, last access:
21 August 2019).

2 Geographic and Hydrogeologic Setting

The Coachella Valley is a 1000 km2 northwest-trending val-
ley in arid southeastern California (Fig. 1); the valley re-
ceives only about 75 mm of precipitation annually (Califor-
nia Department of Water Resources, 1964). The northern part
of the valley is largely rural but includes the city of Palm
Springs. The southern part of the valley has larger urban cen-
ters including the cities of Palm Desert, Indian Wells, La
Quinta, and Indio, which are interspersed with about 120 golf
courses, as well as smaller urban centers such as Coachella
and Mecca, where agricultural land use is more prevalent.

The 600 m thick aquifer system in the Coachella Valley
comprises a complex unconsolidated to partly consolidated
assemblage of gravel, sand, silt and clay of alluvial and la-
custrine origins (California Department of Water Resources,
1979). In the southern Coachella Valley, the aquifer system
consists of a semiperched aquifer zone, an upper aquifer, a
confining layer (lacustrine deposits), and a lower aquifer. The
lower aquifer is the most productive source of groundwater
in the southern Coachella Valley. In the northern Coachella
Valley, the confining layer is absent such that the aquifer sys-
tem is not subdivided. Sediments tend to be finer grained
(contain more silt and clay) in the southern part of the valley
compared to the northern part because of the greater distance
from the sediment source areas in the north and because of
lacustrine deposition in the ancient Lake Cahuilla (California
Department of Water Resources, 1964, 1979). Furthermore,
lithologic analyses indicated that fine-grained compressible
sediments were preferentially deposited in the southwestern

margin of the valley, resulting in interbedded aquitards with
variable thicknesses (Sneed et al., 2014).

The general direction of groundwater flow is southeast-
ward toward the Salton Sea. Northwest trending faults gen-
erally are parallel to the flow direction but affect the move-
ment of groundwater in some parts of the valley (Califor-
nia Department of Water Resources, 1964). InSAR analy-
sis indicated that the northern and eastern extents of subsi-
dence in Palm Desert, Indian Wells, and La Quinta terminate
abruptly, and are coincident with an inferred fault (Jennings,
1977; Sneed et al., 2014; Fig. 1). Abrupt areal changes in
subsidence can be the result of faults separating compress-
ible from less-compressible deposits or acting as barriers
to groundwater flow (Galloway et al., 1999). Hydrostrati-
graphic analyses led Sneed et al. (2014) to conclude that dif-
ferences in the sediment compressibilities across the inferred
fault are probable.

3 Groundwater Levels and Land Subsidence

Groundwater pumping between the early 1920s and the late
1940s resulted in seasonal groundwater-level fluctuations su-
perimposed on declines of as much as 15 m. In 1949, the
importation of Colorado River water through the Coachella
Canal to the southern Coachella Valley began. The impor-
tation of surface water resulted in decreased groundwater
pumping during the 1950s through the 1970s, and groundwa-
ter levels in some wells consequently recovered by as much
as 15 m. Starting in the late 1970s, however, the demand for
water increased to the point that groundwater levels again
declined in response to increased pumping. By about 2010,
water levels in many wells in the southern Coachella Valley
had declined by as much as 30 m, with some reaching histor-
ically low levels (Fig. 1a, b).

Land subsidence in the southern part of the Coachella Val-
ley has been monitored since 1995 using InSAR methods. As
much as 0.6 m of subsidence had occurred by 2010, with the
local maxima in the urbanized areas along the southwestern
margin of the valley (Sneed et al., 2014; Fig. 1b). Analysis
indicated subsidence rates as high as about 50 mm yr−1 in
some areas over the 15 year period – including during peri-
ods of seasonal water-level recovery. Subsidence occurring
during periods of water-level recovery indicates that resid-
ual compaction of thick clay aquitards occurred and could be
a substantial component of total compaction in these areas
(Sneed et al., 2014). Land subsidence in the northern part of
the valley prior to 2010 had not been monitored as closely
as in the southern part, but InSAR analyses indicated land-
surface stability during 2003–2005 (Martin et al., 2011).

Since about 2010, groundwater and land subsidence condi-
tions – including in some of the historically most overdrafted
areas in the southern part of the valley – have markedly im-
proved. Groundwater-level recovery during 2010–2017 co-
incided with substantially reduced subsidence rates or up-
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Figure 1. The Coachella Valley, California, USA with an interferogram showing land-surface deformation for 1995–2017 (excludes
8 November 2000–30 November 2003 and 19 September 2010–28 December 2014); (a) Groundwater levels in selected wells and mitigation
strategies, 1960–2017; (b) InSAR-derived deformation at selected locations (dashed where estimated), and groundwater levels in selected
wells, 1992–2017; (c) Water volumes for groundwater deliveries, surface-water deliveries through the Mid-Valley Pipeline, recharge at the
Thomas E. Levy Groundwater Replenishment Facility, and consumption according to the implementation of tiered-rate costs, 2000–2017.
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lift compared to subsidence rates during 1995–2010, when
groundwater levels declined (Fig. 1b). Subsidence rates dur-
ing 2010–2017 were generally less than half the rates com-
puted for 1995–2010, and in most cases the rates were re-
duced by 75 %. Furthermore, the subsidence rates generally
slowed throughout 2010–2017. The northern part of the val-
ley uplifted by as much as 60 mm during 2014–2017.

The trend reversal in the southern part of the valley pro-
vides new insights into aquifer-system mechanics. While
many areas had stopped subsiding or had uplifted during
2010–2017 during water-level recovery, the few areas that
did subside during water-level recovery indicate a mixed
aquifer-system response. It is likely that the coarser-grained
aquifers and thin, quickly equilibrating aquitards expanded
elastically, while the thicker, slowly draining aquitards com-
pacted (residual compaction). This mixed, mechanical re-
sponse of the aquifer system indicates that the stresses caus-
ing compaction of the thicker aquitards are not represented
by the measured stresses (water levels in aquifers). Be-
cause of the impedance of groundwater flow in the aquitards,
changes in hydraulic head in the aquifers may not have
yet occurred throughout a significant part of the thicker
aquitards. If this is the case, subsidence rates are expected
to slow asymptotically if groundwater levels continue to re-
cover or stabilize.

4 Mitigation of Groundwater Overdraft and Land
Subsidence

The stabilization and recovery of groundwater levels, and
the reduced rates or cessation of subsidence, correspond to
the timing of various conservation, MAR, and groundwa-
ter substitution projects implemented by the CVWD to in-
crease recharge or reduce reliance on groundwater (Fig. 1c).
Projects have been implemented by the CVWD since 1973
throughout the valley to address overdraft, but the implemen-
tation of three projects in particular are potentially linked to
markedly improved groundwater levels since about 2010 in
some of the historically most overdrafted areas of the val-
ley. These projects are groundwater substitution through the
MVP project since 2006, budget-based tiered-rate costs since
2009, and MAR at the Thomas E. Levy Groundwater Replen-
ishment Facility since 2009. Additionally, drought-induced
conservation requirements mandated by the State of Califor-
nia beginning in 2014 likely contributed to the improved con-
ditions.

The multi-pronged water-resource management approach
includes agricultural and urban (recreational, residential,
and commercial) water users. In the mostly rural northern
parts of the Valley, the fluctuations in groundwater levels
are partly driven by recharge operations at the Whitewa-
ter and Mission Creek Groundwater Replenishment Facil-
ities, which began in 1973 and 2002, respectively (Fig. 1,
for example, well 3S/4E-29R1 in Fig. 1a; Coachella Val-

ley Water District, 2012). These groundwater replenishment
facilities are in the northwest part of the valley, such that
the recharged water flows southeasterly towards agricultural
and urban centers. Further south, near Palm Desert, Indian
Wells, and La Quinta, where the highest subsidence rates
were measured between 1995 and 2010, groundwater-level
responses to those recharge operations diminish and sea-
sonal and longer-term trends in groundwater-levels and land-
surface deformation become more prevalent (Fig. 1a, b). This
largely urbanized area is where many of the conservation
projects were expected to be more commonly adopted. The
conservation projects include turf conversion to less water-
intensive landscape (including golf courses), residential and
large landscape smart water controllers, and smart water noz-
zles, among other conservation projects. The implementation
of budget-based tiered-rate costs in 2009 most closely coin-
cides with the reversal of long-term groundwater-level de-
clines in the area (Fig. 1a, b). In addition, more than a dozen
new connections from golf courses, resorts, and other busi-
nesses to the MVP project since 2006 have contributed to
reduced groundwater use (Fig. 1c).

In the largely rural and agricultural areas south of La
Quinta, the effects of recharge operations at the Thomas
E. Levy Groundwater Replenishment Facility, which began
in 2009, are superimposed on the seasonal and longer-term
trends in both groundwater levels and land-surface defor-
mation (Fig. 1a–c). These recharge operations coincide with
the abrupt reversal of long-term groundwater-level declines
in the area. Additionally, the flood-to-drip agricultural re-
bate conservation project implemented by CVWD starting
in 2016 was expected to be more commonly adopted in this
area but has since been discontinued.

5 Summary

Groundwater has been a major source of agricultural, mu-
nicipal and domestic water supply in the Coachella Valley,
resulting in water-level declines of as much as 30 m by about
2010, when many reached historically low levels (Sneed et
al., 2014). These declines resulted in as much as 0.15 m of
subsidence by 1996 in the southern part of the valley, and as
much as 0.6 m of subsidence between 1995 and 2010 along
the southwestern margin of the valley, where differential
subsidence has damaged buildings, roads, water conveyance
canals, and other infrastructure. Starting in about 2010, the
combination of several projects implemented by the CVWD
to increase recharge or reduce reliance on groundwater coin-
cided with wide-spread stabilization and recovery of ground-
water levels and a substantial slowing or cessation of sub-
sidence in some of the historically most overdrafted areas.
Phase 1 of the Palm Desert Groundwater Replenishment Fa-
cility, which consists of recharge ponds adjacent the White-
water Stormwater Channel in Palm Desert, began recharge
operations in January 2019, with the management goal of
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mitigating the continued, albeit slowed, groundwater-level
declines and associated subsidence in the Palm Desert and
Indian Wells areas. Phase II of the Palm Desert Groundwater
Replenishment Facility involves construction of additional
recharge ponds in the Whitewater Stormwater Channel in
Palm Desert. As the CVWD continues to implement such
projects, future monitoring could track the resulting effects
on the aquifer system and help inform future mitigation mea-
sures, as the CVWD has done using the results of previous
studies. The water management strategies implemented by
the CVWD can inform managers of other overdrafted and
subsidence-prone basins as they seek solutions to comply
with the SGMA.

Data availability. The InSAR data presented in this report
are available at https://www.sciencebase.gov/catalog/item/
5cfea3cfe4b0156ea564502c (last access: 10 March 2020, Sneed,
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Abstract. In the Netherlands land subsidence is a continuously ongoing process. Consequently, an increasing
number of people and economic assets are exposed to subsidence, damage costs are soaring, and flood risk and
greenhouse gas emissions are increasing. In some areas tipping points have already been reached, where current
land-use can no longer be maintained without considerable costs, underlining the urgency to take action.

Together with a consortium consisting of universities, research institutes, governmental agencies, public and
private partners we have developed a national, multidisciplinary research programme aiming to develop an in-
tegrative approach to achieve feasible, legitimate and sustainable solutions for managing the negative societal
effects of land subsidence, connecting fundamental research on subsidence processes to socio-economic impact
of subsidence and to governance and legal framework design.

The program is designed to co-create insights that help to effectively mitigate and adapt to subsidence within
the Netherlands by making major improvements in measuring and modeling the processes and consequences
of subsidence, identifying, developing and critically evaluating control measures and designing governance and
legal approaches that facilitate their implementation. Hereto we will develop (a) new satellite-based technol-
ogy to measure, attribute and monitor subsidence, (b) solid understanding of the interacting multiple processes
contributing to total subsidence, (c) sophisticated physical and economic numerical models to predict human-
induced subsidence rates and impacts, and (d) implementation strategies that go beyond technical measures, to
strengthen governance and financing capacities as well as legal frameworks. This fully integrated approach deals
with all impacts of land subsidence on society and the economy.

Published by Copernicus Publications on behalf of the International Association of Hydrological Sciences.
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1 Land subsidence in the Netherlands

In the Netherlands land subsidence is a continuously ongo-
ing process due to (1) drainage of peatlands and areas re-
claimed from the sea, (2) expansion of built-up areas and
the infrastructural network on soft soil, (3) salt mining and
gas extraction (Fig. 1). These human-induced drivers result
in relatively high rates of subsidence ( ∼ 0.5–10 cm yr−1. An
increasing number of people and economic assets are ex-
posed to subsidence and damage costs are soaring, accumu-
lating to over EUR 5 billion for infrastructure alone till 2050
(Van den Born et al., 2016). Moreover it gives rise to se-
rious safety issues due to increased flood risks and in case
of subsidence as a result of peat oxidation – causes consid-
erable greenhouse gas (GHG)emissions which will further
contribute to climate change. Because the shallow subsur-
face of ∼ 50 % of the Netherlands and ∼ 80 % of the low
lying western and northern part contains organic material
(peat and organic clay) (Koster et al., 2018), subsidence rates
will increase further due to climate change (> oxidation and
GHG emission). In some areas (e.g. parts of polder Groot-
Mijdrecht, Zuidplaspolder) tipping points have already been
reached, where current land use can no longer be maintained
without considerable costs, underlining the urgency to take
action.

During the last decades a range of mitigation and adap-
tation measures have been developed, however these are
mostly ad-hoc applied local measures in response to inci-
dents. This is caused by the fact that there is still little un-
derstanding of the exact rates and processes causing subsi-
dence. That makes that timeliness of implementing measures
and their effectiveness are hard to assess by land owners and
responsible authorities, stalling implementation of measures
at the large scale on which the problem is occurring. The
implementation of measures for mitigating or adapting to
land subsidence poses governance, economic and legal chal-
lenges. Mitigating measures may to some extent enable the
continuation and reconciliation of certain land-use functions
such as agriculture and nature conservation, but this is not
without limits. At some point political choices might need to
be made that deviate drastically from existing and historical
policies and impact numerous interests and stakeholders.

Subsidence and GHG emissions can be mitigated by
smart and efficient management strategies regarding e.g. spa-
tial planning, extraction of hydrocarbons and groundwater,
groundwater tables, and land use. However, this requires
thorough knowledge on the (interacting) processes causing
subsidence, its impacts and possible integrated solutions.

2 National scientific research program

The threat of land subsidence, the knowledge hiatus on
process-interplays causing it, and lacking mid- to long-term
coping strategies, ask for an integrated research program that
addresses the issue of land subsidence in a holistic way,

whereby insights about physical-chemical-biological system
functioning, development, evaluation and implementation of
measures as well as an assessment of their governance and
legal implications co-evolve.

Therefore, together with a consortium consisting of 3 uni-
versities (Utrecht University, Delft University of Technology,
Wageningen University), research institutes (Deltares, TNO-
Geological Survey of The Netherlands, Wageningen Envi-
ronmental Research), governmental agencies, public and pri-
vate partners we have developed a national, multidisciplinary
research programme (runtime: 2020–2024) aiming to de-
velop an integrative approach to achieve feasible, legitimate
and sustainable solutions for managing the negative societal
effects of land subsidence, connecting fundamental research
on subsidence processes to socio-economic impact of subsi-
dence and to governance and legal framework design. The
program is to contribute significantly to the ability to miti-
gate and adapt to subsidence in populated, governed deltas in
the short and in the long term and via management of subsi-
dence, lower GHG emissions and decrease risks and looming
damage for low-lying delta plains under climate change.

2.1 Program objectives

The underlying scientific challenges and objectives of this
program are to:

1. tailor latest satellite-based radar technology to measure
and monitor ground movement at high spatio-temporal
resolutions, integrate this with inverse-modelling tech-
niques to disentangle total shallow and deep subsi-
dence, anthropogenic and natural contributions, and of-
fer conscious choices when recombining the geophys-
ically separated components in subsidence projections
(spatial forecasts);

2. understand and quantify all mechanisms causing subsi-
dence and associated GHG emission currently at play in
the Netherlands, with attention to interrelationships and
process-separation uncertainties, offering models of the
processes affecting the aerated topsoil and actively con-
solidating subsoil, which are calibrated at experiment
plot scale and recalibrated to coarser cell-scales of the
spatial forecasts;

3. develop a set of reliable, alternative-scenario-sensitive
spatial forecasts for actual and projected subsidence
rates, including modules that convert subsidence rates
(mm yr−1) to costs (EUR yr−1) and use these as oper-
ational tools to develop strategies to convey results of
cost-benefit analyses to decision makers. The step to
costs (pricing) requires to develop algorithms to (i) ac-
count for risk of structure-failure under differentiated
subsidence, (ii) assessing impacts on agriculture and,
(iii) integration of costs and benefits per potential mea-
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Figure 1. (a) Land subsidence over the last 1000 years in the coastal peat lands of the Netherlands due to drainage, loading and peat mining
(Erkens et al., 2016). (b) Prediction of the amount of land subsidence for the coming decades, showing land subsidence of soft soils, salt
mining and gas extraction (Erkens et al., 2017).

sure (implementation costs, damage, social/health risks,
GHG emissions);

4. develop effective and legitimate subsidence mitigation
strategies, making use of the findings on drivers of
subsidence and its socio-economic impact, supported
by governance approaches and the necessary financial
and legal frameworks to enable successful selection and
implementation of these future-proof, context-sensitive
management strategies for intensively used agro-urban
delta plains.

2.2 Program set-up

The program consists of four scientific work packages and a
fifth one on knowledge utilization. To enable direct use of re-
sults in policy making, the program covers the 6M approach
in dealing with subsidence (Erkens and Stouthamer, 2020):
subsidence measuring and analysis of mechanisms, quanti-
fying impacts, deliberating measures and evaluating perfor-
mance (Figs. 2–3). Each work package delivers knowledge
of direct use to activities of the linked step in the policy cy-
cle.

2.2.1 Work packages

WP1 – Measuring and monitoring of subsidence rates at
local and regional scales: will utilize InSAR satellite-

Figure 2. The program framework and approach link up with the
policy cycle to ensure uptake of the research results in policy and to
facilitate implementation of effective measures (after: Erkens and
Stouthamer, 2020).

based radar technology at high spatio-temporal reso-
lutions and integrate this with geophysical modelling
techniques, to disentangle total ground movement into
shallow and deep and anthropogenic and natural con-
tributions, including sea-level rise related subsidence
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Figure 3. Program structure. We will follow an iterative approach whereby insights from the different work packages feed into one another
and enrich the knowledge needs addressed by other WPs.

components. InSAR techniques will be developed to
monitor soft soil subsidence in agricultural and urban
areas, with disentangled signals of groundwater, salt and
hydrocarbon extractions (inverse modelling) and glacio-
and hydro-isostasy (GIA modelling, gravimetry, back-
ground regional relative sea-level rise).

WP2 – Mechanisms and GHG emissions: aims to un-
ravel, better understand and quantify the interacting
subsidence processes such as peat oxidation with asso-
ciated GHG emissions, compaction, shrinkage, creep,
and examine the environmental impact of subsidence
mitigation measures. It includes parameterization and
calibration of process models used to analyze and fore-
cast subsidence.

WP3 – Impact analysis: focusses on predictive mod-
elling by integration of process models in one numerical
framework to predict subsidence under different man-
agement scenarios, and the development of new meth-
ods to estimate subsidence-related damage to infras-
tructure, buildings and agriculture, besides GHG emis-
sions, as input for an socio-economic cost-benefit anal-
ysis (SCBA, converting mm yr−1 to EUR yr−1). This
work package has a focus on numerical model devel-
opment and (big) data analyses and includes geomod-

elling, material science research and economic model-
ing.

WP4 – Measures and governance approaches: aims to
(i) identify suitable mitigation, adaptation and compen-
sation measures, (ii) develop economic and financial
tools aiming at supporting parties to carry the costs of
damage and/or implementation of measures, (iii) pro-
vide recommendations for strengthening governance
capacities for dealing with existing and new challenges
(e.g. drought, salinization due to sea-level rise) in wa-
ter management and spatial planning, (iv) develop eq-
uitable and legitimate legal frameworks to effectively
implement new strategies of dealing with subsidence.

WP5 – Knowledge utilization and entrepreneurship:
will translate the scientific results to practice in close co-
operation with knowledge-users and entrepreneurs; de-
sign and development of innovative mitigation and man-
agement strategies under different scenarios of socio-
economic and climatic circumstances.

Knowledge utilization is an integral part of this research pro-
gram. Knowledge-users are part of the consortium and stake-
holders in case study areas will be actively involved.
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2.2.2 Expected deliverables

As results, the program is expected to deliver:

1. Technology for satellite-based subsidence monitoring,
interpretation and use in forecasting (WP1);

2. Improved empirical understanding and knowledge in-
tegration on individual processes and their interactions
and feedbacks driving soft soil subsidence, including
upscaled calibration allowing to implement it in spatial
models (WP2), and operationalize it for damage quan-
tifications and cost-benefit analysis (WP3);

3. Open-source spatial subsidence models and forecast
maps (scenarios), that will support decision-making and
policy-design (WP3–4), developed aligned with exist-
ing (TNO-GSN) and newly launched (NIB) national
data infrastructure, to feed, host and reiterate such mod-
elling.

4. Technical and economic measures to mitigate and adapt
to subsidence.

5. Governance and legal strategies that facilitate the im-
plementation of proposed measures: policy and decision
support tools to manage subsidence.
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Abstract. Geological surveys traditionally assess past and present processes in the subsurface, focusing mainly
on exploration and extraction of natural resources. Applications like these determined how geological surveys
designed and operated their information services. In recent years, information needs are rapidly evolving in
conjunction with emerging societal challenges such as climate change and the related energy transition. Both
challenges have a geological component and have potentially large implications for future land use. Subsidence
is a particularly wicked challenge to the Dutch lowlands. These lands are drained to keep them arable and
habitable, while drainage causes subsidence. They overlie hydrocarbon and other geological recourses of which
the production causes subsidence too. The effects of both – increased flood risk – are aggravated by climate
change and sea-level rise. Managing these risks requires knowing and understanding the connection between
subsurface processes and surface movement. This knowledge must be quantitative. Subsidence forecasts can be
improved by squeezing all possible information out of a variety of local data, ranging from geological data that
bear information on subsidence potential to geodetic data which allow for subsidence monitoring. This paper
will substantiate the value of subsidence information for governance in sensitive areas, using examples in The
Netherlands. In particular, the potential role of a nation-wide, freely accessible repository for subsidence data
will be highlighted.

1 Introduction

Inhabitants of the Dutch delta have significantly adapted the
landscape to make and keep it habitable for well over a
1000 years. These adaptations have large consequences also
in the long term. Subsidence is the most significant of these
(Erkens et al., 2016).

Over the last 50 years the pressure on the country’s live-
ability has further increased. Reasons include the population
increase, climate change and the accompanying sea level rise,
and the long history of exploitation of deep geo-resources
(oil, gas and salt) that cause further subsidence. Subsidence
is traditionally governed with adaptation methods like higher
levees or further lowering of groundwater levels. However,
in various places, such methods have reached the end of their
usability. As an unavoidable consequence, far-reaching mea-
sures will be needed in the coming decades to safeguard the
habitability of the Netherlands.

Subsidence is a slow and complex phenomenon, because
multiple processes are not only causing subsidence but also
affect each other. As a result, it is challenging to oversee the
long-term consequences of interventions both on the surface
and in the subsurface.

2 Societal questions related to subsidence

Subsidence is a wide-spread phenomenon in the Netherlands.
It is caused in part by natural processes (Kooi et al., 1998),
but to a more significant extent by human interventions
(Erkens et al., 2016). Examples of such interventions include
land reclamation, groundwater management, exploitation of
oil, gas, other forms of geo-energy, salt and drinking water,
and the development of large infrastructural works. Subsi-
dence has major impacts on infrastructure (roads, railways,
bridges and tunnels, dams and levees, subsurface cables and
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pipelines), water management, the built environment, land
use and coastal morphology.

Governments and companies are increasingly confronted
with questions on how to deal with the consequences of sub-
sidence now and in the future:

– In agricultural areas, should we keep on adapting
groundwater levels to land use, or should we adapt land
use itself?

– Should we continue to elevate dikes and levees, or
should we find other ways to protect ourselves to flood-
ing hazards?

– What are the expected costs for infrastructure mainte-
nance, and how can we keep these costs as low as pos-
sible?

– What is the underlying cause of subsidence related dam-
age to houses and other buildings, and who – if anyone
– can be held responsible?

– What kind of monitoring is required and at which level?
What is the added value?

To answer such questions, knowledge of and information on
subsidence and the underlying processes is indispensable.
Currently these questions are addressed in local and regional
projects (see, e.g. Koster et al., 2018). Subsidence however
affects a large number of people and organisations and a na-
tional approach is needed.

3 Management of the Subsidence information cycle

Management, mitigation or adaptation to subsidence is vital.
Decisions, however, can only be faithfully made on the basis
of quantitative information. The related information cycle to
manage subsidence in all its aspects requires information of
various nature:

– Data and monitoring: how much subsidence occurs at
which place and with what rate?

– Knowledge of driving processes: what is causing subsi-
dence in the given circumstances?

– Predictive models – i.e. a quantitative description that
translates the driving processes and the governance
choices in faithful subsidence forecasts.

– Model parameterization: have subsidence data been
used to infer parameters in the driving models?

– Interventions and remediation measures including mon-
itoring: what has been done?

As said, the current initiatives to address subsidence are lo-
cal, and most of the time they focus on a specific challenge.
To be able to address the listed societal questions, integrated

Figure 1. Information cycle for optimum decision making.

data and knowledge is needed. An information cycle is re-
quired that ensures unambiguous, reliable, up to date data
and information in such a way that it can be used by end-
users for different purposes (Fig. 1). A quality description in
the data is critical for later use in quantitative models.

The combined requirements just listed are complicated by
a number of properties inherent to the phenomenon of sub-
sidence. Firstly, it is a complex problem in which many pro-
cesses, mechanisms and scales are interacting and must be
coupled in comprehensive models. Secondly, there are par-
ticular difficulties in measurement procedures and modelling
approaches that call for dedicated expert knowledge. Reli-
able, accurate, transparent, shared data, models and informa-
tion are required, covering the entire information cycle. And,
finally, the continuity of availability of data and models must
be preserved.

In our opinion the combined requirements call for a
nation-wide, public service. Information must be available
on the national level and accessible for all parties in a trans-
parent and open way. This way, regional and local expertise
and innovation can be leveraged.

The approach just sketched is at the heart of the work of
Geological Survey of the Netherlands (Van der Meulen et
al., 2013). Indeed, geological surveys have been designed to
build, operate and maintain these information cycles. While
their activities were traditionally in the fields of groundwater,
resources exploration or geo-engineering, addressing topics
as subsidence on a national level will lift the information ser-
vices to the next level. It introduces a permanent dynamic
dimension into the existing portfolio.

4 Conclusions and discussion

The objective of a public subsidence Information Service
should be to make unambiguous, reliable, up-to-date infor-
mation on subsidence available in such a way that it can be
used by a range of end-users for a range of different purposes.
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The Information Service should define Information Prod-
ucts in close consultation with stakeholders, and should in-
clude a quality control system for data and models.

For maintenance of the infrastructure as well as manage-
ment and disclosure of information, the information service
should take advantage of a number of existing initiatives and
responsibilities, such as the Key Register of the Subsurface
(BRO), and the information services of the Geological Sur-
vey of the Netherlands, TNO.

Further innovations will be needed in the coming decen-
nia. Such innovations will help stakeholders in the Nether-
lands to take well-informed decisions and avoid costs and/or
keep them under control. The outreach, however, can be even
larger when they are used in other parts of the world. We
feel that there are many comparable regions that could ben-
efit from applying similar approaches as we now intend to
build for the Netherlands.
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Abstract. Land subsidence in the Netherlands is an ongoing process. An increasing number of people and
economic assets are exposed to subsidence and damage costs are soaring. In some areas tipping points have
already been reached, where current land-use can no longer be maintained without considerable costs.

A specific policy focusing on subsidence is lacking. Dealing with the societal impacts of subsidence is mainly
the (implicit) responsibility of the public authorities that regulate the drivers of subsidence. As the societal
impacts continue to occur and are increasing, discussions arise on the exact drivers of subsidence and responsi-
bilities for the impacts on society.

Our study aims to analyse whether and to what extent public decision-making, which controls land subsi-
dence due to groundwater-table lowering and extraction of hydrocarbons and its societal impacts, is organised
effectively to reduce these societal impacts, and how the legal framework can be improved to achieve that. By
studying the respective legal frameworks of these drivers, we map legal solutions for mitigation of subsidence
itself or adaptation to its societal impacts – both eventually aimed at reducing the societal impacts of subsidence.
In this paper, we focus on the legal framework of one of these drivers: groundwater-table lowering.

1 Human drivers of subsidence

The Netherlands has a long history of subsidence (Van de
Ven, 1993; Vos and Van Heeringen, 1997; Erkens et al.,
2016). Large-scale drainage of the extensive peatlands in the
western and northern parts of the Netherlands started approx-
imately 1000 years ago as a result of rapid population growth
(Borger, 1992; Van Dam, 2001). Subsidence nowadays is still
ongoing due to (1) continuous drainage of the former peat-
land, which is now mainly in use as agricultural land and
built-up area, (2) expansion of the built-up area and the in-
frastructural network, (3) salt mining and the extraction of
gas in the northern Netherlands (Fig. 1). As a result of this,
currently ∼ 50 % of the coastal-deltaic plain of the Nether-
lands is located below sea level (Koster et al., 2018).

2 Land subsidence from a legal perspective: legal
control of human drivers

Law is aimed at regulating human behaviour and is there-
fore an effective means to prevent human-induced land sub-
sidence. In order to evaluate the legal framework concerning
the lowering of the groundwater table, this paper first gives a
short overview of the Dutch legal system and public policy-
making and decision-making in the Netherlands.

2.1 The Dutch legal system: constitutional organisation

The Netherlands has a multilevel administration. Four geo-
graphically demarcated levels of government can be distin-
guished (Fig. 2): the national government, the provinces, the
municipalities, and the regional water authorities. Provinces
and municipalities are decentralised administrative author-
ities that have general rule-making competences, which
means that they can make rules on a whole range of policy
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Figure 1. Subsidence map of the Netherlands (© Bodemdal-
ingskaart.nl, 2018).

areas. They also have executive powers, which means that
they are responsible for implementing and enforcing gen-
eral rules, mostly by making binding decisions in individual
cases. The fourth geographically demarcated, decentralised
level of government is the Regional Water Authority (RWA).
In contrast to the other decentralised administrative authori-
ties, the RWAs can only exercise their competences to deal
with one policy area: water management.

The rationale of the multilevel character of the Dutch gov-
ernment is that rules and decisions are best made at the most
appropriate level of administration: some issues are better
dealt with by the national government since they concern the
entire country, while local issues are best dealt with by a mu-
nicipality.

2.2 The Dutch legal system: public policy-making and
decision-making

The national government as well as the decentralised admin-
istrative authorities use their competences to develop and im-
plement public policy. Policies are not legally binding; in-
stead, they inform these public authorities when they enact
general rules or make binding decisions. The adjective “pub-
lic” means that in enacting general rules and binding deci-
sions public (administrative) authorities ought to pursue pub-
lic, rather than personal goals. Citizens affected by a public

decision can seek judicial protection against such a decision
before administrative courts and, on occasion, civil courts if
they perceive the decision as unlawful.

The Dutch Constitution lists several public responsibilities
that require the government to develop public policies. One
example is article 21 of the Constitution, which states that
“[i]t shall be the concern of the authorities to keep the coun-
try habitable and to protect and improve the environment”.
The public policies developed to protect the environment are
enacted in sectoral laws (Fig. 3), each of which deals with
a particular aspect of environmental protection (e.g. spatial
planning, water quality, nature protection).

These sectoral laws grant the central government and de-
centralised public administrative authorities rule-making and
executive competences in order to protect different aspects
of the environment. These governments must exercise these
competences in light of the particular aspect of the environ-
ment that a sectoral law aims to protect. As a result, admin-
istrative authorities, when taking a binding decision in an
individual case for which they must weigh different, some-
times conflicting interests against each other, can only take
into account those interests relating to the particular aspect
of the environment that the sectoral law deals with. This
often results in complex decision-making, since one activ-
ity can potentially harm different aspects of the environment
and is therefore often regulated in several sectoral laws, for
which often different administrative authorities are the com-
petent decision-makers and different interests must be taken
into account. Public decision-making in environmental law
does therefore seldom take place in isolation – there often is
an interplay or interdependency between the different public
decisions applicable to an activity. This does not only result
in complex decision-making, but also makes it very complex
for citizens who seek judicial protection, as responsibility for
drainage activities is scattered throughout different laws and
regulations executed by different authorities.

Although the sectoral laws will be put together in the Envi-
ronmental and Planning Act (likely in 2021), this will likely
have no or little effect on the fragmented nature of environ-
mental regulation and decision-making.

3 Lowering of groundwater levels: the legal
framework of water-level government

Human-induced subsidence can either be the result of exter-
nal pressure of infrastructure and buildings (loading), (large-
scale) groundwater extractions and water-level management
of both groundwater and surface water bodies. In this pa-
per we focus on the legal framework of one of these causes,
namely water-level management.
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Figure 2. Constitutional organisation of the government in the
Netherlands.

3.1 Public decisions and relevant interests under the
legal framework

The legal framework concerning water-level management
primarily consists of two acts, namely the Water Act and the
Spatial Planning Act (SPA). The purpose of the Water Act
is ensuring water safety, protecting water quality and allow-
ing water systems to fulfil societal functions (Sect. 1.2 “Wa-
ter Act”). The Water Act designates decision-making compe-
tences to different public authorities, relating to the purposes
of the Act, including establishing formal decisions with re-
gard to target levels for (designated) groundwater and sur-
face water bodies. RWAs establish water level target deci-
sions for regional waters, which they have to maintain as
much as possible. RWAs can do this for instance by operating
pump stations and weirs, but they can also exercise their legal
water management competences by, for example, regulating
(human) activities that can affect water levels (in permits or
binding rules).

When establishing water level target decisions, the compe-
tent public authority must take into account all interests rel-
evant to this decision. The interests concerning spatial func-
tions that require a certain water level – such as agriculture,
nature, residential area, leisure and archaeology – play an im-
portant role in this matter. RWAs tend to follow the policy
principle “water level follows allocated (spatial) function”
when establishing water level target decisions.

Some spatial functions require different groundwater lev-
els; for example, lower groundwater levels are more bene-
ficial to agriculture, whereas higher groundwater levels are
more beneficial to nature. For this reason, RWAs are inclined
to set lower water levels in water target decisions for areas
that have an agricultural function in comparison to the wa-
ter levels set for areas that have an ecological function in the
zoning plan.

Spatial functions have to be allocated to lands by the mu-
nicipalities in their zoning plans. The Spatial Planning Act

Figure 3. Sectoral environmental protection legislation.

(SPA) requires municipalities to adopt binding zoning plans
for all lands under their jurisdiction, including the subsoil,
groundwater and surface water. The purpose of the SPA is to
provide “good spatial planning” (Sects. 2.1 and 3.1 “SPA”).
When adopting a zoning plan, municipalities must therefore
take into account all the relevant interests related to good
spatial planning. Since providing good spatial planning is an
open-ended purpose, a wide variety of interests might be rel-
evant.

The water level set in a water level target decision is there-
fore closely connected to the spatial functions allocated in
the relevant zoning plan.

3.2 Land subsidence and its societal impact as a
relevant interest

In both the Water Act and the SPA, land subsidence is
not explicitly mentioned as an interest that must be taken
into account in public decision-making. However, the open-
endedness of the purposes of both the Water Act and the SPA
means that a wide variety of societal impacts of land sub-
sidence can be taken into account in decisions taken under
these Acts, such as water level target decisions and zoning
plans. The public authorities, however, must weigh those in-
terests against many other relevant interests. The outcome of
this balancing exercise is not predictable as a plethora of in-
terests could come into play.

However, for the RWAs, that generally follow the self-
binding policy principle “water level follows allocated func-
tion”, the spatial functions allocated in a zoning plan are a
predominant factor when establishing a water level target de-
cision.

Municipalities can take land subsidence into account when
adopting zoning plans, as long as it is connected to good spa-
tial planning. There are two procedural requirements that see
to a zoning plan’s effects on groundwater levels: the munici-
pality must describe how it has taken into account the effects
of the zoning plan on local water management, and the mu-
nicipality must consult with the local RWA for the effects
of the plan on groundwater levels. However, these are pro-
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cedural rather than substantive requirements – they do not
prescribe how land subsidence should be taken into account
in a zoning plan.

4 Towards more effective control of
groundwater-level lowering: improving the legal
framework

The Dutch legal system can be characterised as a multilevel
administration, designed to function at different geographical
scales. For that reason, the level of government that corre-
sponds with the geographical scales at which the impacts of
the decision are felt, establish general rules and take binding
decisions. Furthermore, these different levels of government
each are competent to adopt rules and take decisions to pro-
tect particular aspects of the environment (spatial planning,
water, etc), rather than the environment as a whole.

These characteristics of the Dutch legal system, how-
ever, seem weaknesses when it comes to effective control
of groundwater-level lowering. Impediments to its effective
control are the lack of a specific policy focusing on land sub-
sidence and the fragmentation of decision-making between
various different public authorities. This results in incoher-
ent, and hence ineffective, public decision-making. Whether
and to what extent groundwater levels are lowered, depends
on the water levels set in water level target decisions by the
RWAs, which in turn depend on the spatial functions allo-
cated in the municipal zoning plans. Although the societal
impacts of land subsidence can be a relevant interest to be
taken into account in a zoning plan (as long as it relates to
good spatial planning), municipalities have to balance this in-
terest against other spatial interests such as agriculture. Some
municipalities might thus design their zoning plan in such a
way that it reduces the impacts of land subsidence in vulner-
able areas, such as allocating bodies of water and the sur-
rounding land a nature function, rather than agricultural area
or establishing building bans or prescribe adaptive building
requirements in subsidence vulnerable areas; others might
not do so.

One way to improve the existing legal framework, so that
specific policies focusing on land subsidence can be devel-
oped, would be to explicitly address land subsidence in sec-
toral laws, such as the SPA and the Water Act, and require
its effects to be explicitly weighed in decisions under these
sectoral laws.

Another way to improve the legal framework would be to
stimulate provinces to take their policy-steering and regional
coordination role seriously by using their legal instruments to
coordinate municipal spatial planning policy and decisions
and water management policy and decisions of the RWAs.
Provinces are in a uniquely suitable position to develop and
implement policies to prevent or mitigate the impacts of land
subsidence. First, because provincial interests correspond to
the geographical scale of the societal impacts of land subsi-

dence. The impacts of land subsidence are felt in areas larger
than individual municipalities and RWAs but only in certain
provinces – not in the entire country (Fig. 1). Provinces there-
fore seem the appropriate level of government to develop co-
herent policies to reduce the impacts of subsidence, as it is
in the provincial interest to do so. Second, they can already
coordinate decision-making on regional spatial planning and
regional water management in the provinces and can thus de-
velop specific (regional) policies on land subsidence.

Finally, structural monitoring by the national government
could result in more coherent policy-making and decision-
making. Impartial and publicly accessible current data on e.g.
surface elevation, groundwater levels and subsurface proper-
ties, preferably standardized and at sufficient spatial and tem-
poral resolution, can help public authorities develop more in-
formed policies and take better decisions, for example when
allocating functions in a zoning plan.

In the end, however, it is not the lawyers or geologists that
reduce the impacts of land subsidence: that depends on good
public policy-making and decision-making by the public au-
thorities, informed by geological information and laid down
in legal rules. Improvements to the legal framework, how-
ever, can contribute to informed political decision-making
and the development of specific policies by public authori-
ties, and thus to more effective decision-making in order to
reduce the societal impacts of land subsidence.

5 Conclusions

Law is aimed at regulating human behaviour and is therefore
an effective means to prevent the impacts of human-induced
soil subsidence. The Duth legal system is a multilevel ad-
ministration, with each level of government functioning at
different geographical scales and exercising competences on
different aspects of the environment. These characteristics,
however, are weaknesses when it comes to effective control
of soil subsidence. The lack of specific policy focusing on
soil subsidence and the fragmentation of competences re-
sults in ineffective public decision-making. Improvements to
the legal framework and better use of existing legal instru-
ments, such as strengthening the coordinating and policy-
steering role of provinces, could improve the effectiveness
of decision-making to reduce the impacts of subsidence.
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Abstract. Shanghai has a long history of exploitation and utilization of groundwater in order to meet the needs
of industrial production and residential water. As a result, serious land subsidence disasters were induced. Land
subsidence poses a huge security threat to the low-altitude coastal city of Shanghai. The development of land
subsidence in Shanghai is closely related to the exploitation of underground water. In order to control land sub-
sidence disasters, Shanghai has taken three key measures, i.e., the amount of compressed groundwater exploita-
tion, the adjustment of groundwater exploitation level, and the implementation of artificial groundwater recharge,
which have become the most effective measures for land subsidence control. However, as the groundwater lev-
els of various aquifers in the region rise sharply, land subsidence is effectively controlled, and the measures of
groundwater exploitation and recharge need to be dynamically adjusted to adapt to the current situation. In this
context, from the perspective of history, the paper analyzes the long-term groundwater exploitation and recharge
process and the development characteristics of land subsidence in Shanghai and studies the evolution process of
land subsidence in different stages. From the perspective of land subsidence prevention and control, the paper
analyzes the management measures of groundwater exploitation and recharge and the great achievements. The
research results can provide a basis for land subsidence control and comprehensive groundwater management
in the new period and can also provide a demonstration and reference for groundwater resource management in
similar areas.

1 Introduction

Land subsidence is a worldwide geological hazard, which
is very significant in plain or basin areas. The main rea-
son is unreasonable exploitation of groundwater (Wei et al.,
2009). As a precious natural resource, the scientific and ef-
fective management of groundwater is very important, espe-
cially for land subsidence control. Since the opening of the
port, Shanghai has begun to develop and utilize groundwa-
ter resources. While serving production and living, ground-
water resources have caused serious land subsidence prob-
lems. In order to control land subsidence, Shanghai has car-
ried out groundwater exploitation control and implemented
an artificial groundwater recharge project. The innovative dy-
namic management mechanism of groundwater exploitation

and recharge has played an important role in preventing and
controlling land subsidence in Shanghai. It has demonstra-
tion and reference value.

2 Overview of land subsidence in Shanghai

2.1 History of land subsidence

The phenomenon of land subsidence was discovered in
Shanghai in 1921, which is the earliest city discovered in
China. It has experienced the development history of land
subsidence for nearly a century, and it is one of the areas
with the most serious land subsidence in China. From the
perspective of land subsidence development, it can be gener-
ally divided into two periods, namely, a serious development
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period of land subsidence (1921–1965) and a land subsidence
control period (1966 to present). Since 1966, the monitoring
data of land subsidence in the downtown area of Shanghai
have shown that, with the change in groundwater exploita-
tion and artificial recharge pattern and urban construction,
land subsidence in Shanghai presents a trend of continuous
development in time and space. Since the implementation of
land subsidence control measures in the 1960s, after more
than 50 years of land subsidence monitoring and prevention,
land subsidence control has achieved great results (Fig. 1).

2.2 Development status of land subsidence

According to the long-term monitoring data of land subsi-
dence, land subsidence decreases year by year in Shanghai.
At present, the average annual land subsidence has been con-
trolled within 6 mm for 10 consecutive years. The settlement
funnel area in the city has been greatly reduced, and some
areas have seen small ground rebound, but the maximum an-
nual settlement in some areas is about 20 mm. There are still
several small settlement funnel areas, so now it can be seen
that uneven settlement features are the most prominent.

Due to different sedimentary environments and properties
of soil layers, the characteristics of deep and shallow soils are
quite different. In a general way, the first confined aquifer and
the strata above it are referred to as the “shallow soil layer”,
and the strata below the first confined aquifer are referred to
as the “deep soil layer”. With long-term groundwater over-
exploitation and utilization of underground space, different
depths of soil deformation characteristics have also changed
dramatically; subsidence of the deep soil layer has not been
obvious in recent years. But the shallow soil layers have been
influenced by engineering construction and shallow soft soil
consolidation, and the proportion of the overall land subsi-
dence is continuing to grow. According to the statistical anal-
ysis of the monitoring data of stratified soil settlement from
1980 to 1995, the proportions of shallow and deep soil sub-
sidence were about 45 % and 55 %. From 1990 to 2000, the
subsidence of the shallow and deep soil layers accounted for
about 40 % and 60 %. Since 2000, the cumulative deforma-
tion of the shallow soil layer has contributed about 70 % of
the total land subsidence. It can be seen that the control of
shallow strata subsidence is vitally important to the control
of land subsidence, especially in the case of a large reduction
of groundwater exploitation. Thus, land subsidence is mainly
caused by the settlement of the shallow soil layer, while the
deep soil layer even shows the trend of slight rebound.

3 The relationship between land subsidence and
groundwater

3.1 Inducing factors of land subsidence

The influencing factors of land subsidence are very complex,
and their development and influence degree vary greatly in
spatial and temporal distribution. The fundamental factors
are closely related to the buried depth and undulation of the
bedrock, the thickness of Quaternary overburden and geo-
logical structure characteristics, the development of aquifers
and groundwater exploitation, and engineering construction
activities.

3.1.1 Geological environment conditions are the
background conditions of land subsidence

The neotectonic movement formed the basic pre-Quaternary
geomorphologic framework of two sedimentary depressions
and three sedimentary uplifts. Since the Quaternary period,
influenced by marine environments frequently alternating,
Quaternary sediments’ genetic types have been relatively
complex, sand and clay soil layers have appeared alternately,
and the soft soil layer has been in development and had
an obvious rhythm-changing law. The development of more
than four water-rich confined aquifers constitutes the mate-
rial basis of land subsidence. Therefore, based on the Qua-
ternary geological environment conditions, intense ground-
water exploitation activities have caused a number of large
subsidence funnels. Holocene soft soil has been consoli-
dated due to engineering activities, so development intensity
of land subsidence is relatively large basically in the land-
subsidence-prone area (Yang et al., 2010).

3.1.2 Overexploitation of groundwater is the main
external cause of land subsidence

There are five confined aquifers in the Quaternary strata in
Shanghai, which are very water-rich. In the course of eco-
nomic and social development, as early as 1860 the first deep
well in the city center was excavated for use to meet the in-
dustrial production and living consumption. Unfortunately,
the intensity, volume and spatial distribution of underground
water are all in disorder. In the 1960s groundwater extraction
peaked at 200 million tons a year, which caused serious land
subsidence problems. It can be found that there is a good con-
sistency between land subsidence and groundwater exploita-
tion. Since then, groundwater management measures such
as compressed groundwater extraction and artificial recharge
have been adopted, and land subsidence has been under con-
trol (Fig. 2). Nevertheless, unreasonable groundwater ex-
ploitation was still the main influencing factor in land sub-
sidence (Yang et al., 2014).

Proc. IAHS, 382, 831–836, 2020 proc-iahs.net/382/831/2020/



T. Yang et al.: Integrated management of groundwater exploitation 833

Figure 1. Land subsidence development duration characteristic curve in Shanghai.

Figure 2. Historical graph of annual groundwater intake and land subsidence in Shanghai.

3.1.3 Construction activities have become an important
cause of land subsidence

Since ground subsidence has been under control, the an-
nual average subsidence was reversed from the maximum
of 105 mm to a small rebound, and the land subsidence rate
was effectively controlled. In recent years, with the signifi-
cant compression of groundwater exploitation and steady in-
crease in groundwater recharge, the groundwater level has
been raised to a higher level, but land subsidence is still de-
veloping continuously. Especially from the 1990s to the be-
ginning of this century, the land subsidence rate had an in-
creasing trend. Since the beginning of this century, the rate of
land subsidence has been further controlled but has still con-
tinued to develop. Through long-term area leveling and soil
stratification settlement monitoring, it is found that there are
many settlement centers in the region with small scope, wide

distribution and different development degrees, and land sub-
sidence presents prominent uneven characteristics. The com-
pression deformation of the shallow soft soil layer and the
water-bearing sand layer affected by engineering construc-
tion activities has become an important factor in land subsi-
dence (Yang, 2012; Yan et al., 2019).

3.2 Dynamics of groundwater exploitation and recharge

As demand for groundwater resources changes constantly,
the utilization of groundwater also changes correspondingly.
Meanwhile, in order to control land subsidence, artificial
groundwater recharge was implemented for a long time. Be-
fore the 1960s, groundwater exploitation was mainly concen-
trated in the second and third artesian aquifers in the middle
and shallow areas, accounting for more than 80 % of the to-
tal exploitation volume. Artificial groundwater recharge has
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been implemented since 1966, and the aquifer and quantity
of groundwater recharge have been gradually adjusted. In the
early stage, it mainly recharges the second and third confined
aquifers. And in the middle stage, it mainly recharges the
second, third and fourth aquifers. However, in the recent pe-
riod, it recharges the second, third, fourth and fifth aquifers.
In general, the annual exploitation and recharge volume of
groundwater have shown a trend of decreasing and increasing
year by year. The annual exploitation volume has decreased
from nearly 200 million tons at the highest level to less than
10 million tons at present. And the annual recharge volume
has increased from 3.9 million tons in the early stage to about
21 million tons at present. It can be seen that at present, the
amount of groundwater exploitation and recharge in the city
has undergone a huge reversal. It has gone through the stages
of imbalance of exploitation and recharge and balance of ex-
ploitation and recharge, and recharge is much greater than
exploitation.

3.3 Correlation between land subsidence and
groundwater

The long-term monitoring of land subsidence and groundwa-
ter level shows that the unreasonable exploitation of ground-
water breaks the balance of groundwater flow field and stress
field. And this directly influences the development and dis-
tribution of land subsidence. In the early 1960s, when the
exploitation reached its peak, the annual land subsidence
reached its maximum of 105 mm. Since 1966, as a result of
groundwater control measures, land subsidence has quickly
slowed down, and there has even been a partial rebound.
The groundwater level of each aquifer has been continuously
rising for many years, and land subsidence has also main-
tained a relatively stable amount: the average annual land
subsidence especially in the last 10 years has been controlled
within 6 mm. It can be seen that groundwater exploitation has
a direct impact on the occurrence and development of land
subsidence. Therefore, unreasonable exploitation of ground-
water is the key factor leading to land subsidence.

4 Integrated groundwater management based on
land subsidence control

4.1 Compressed groundwater exploitation

Since Shanghai opened its port in 1860, groundwater has
been used for production and living for a long time. From
1860 to 1921, there were only 22 deep wells with an an-
nual exploitation volume of about 500 000 tons in the city.
By 1933, however, there were 392 deep wells with an an-
nual exploitation capacity of 13.87 million tons. By 1949,
the number of deep wells had increased to 708, with an an-
nual exploitation volume of 87.5 million tons. With the rapid
development of industrial production, the amount of ground-
water exploitation and the number of wells increased simul-

taneously and reached a peak of about 200 million tons in
1963. This is mainly concentrated in the old urban area of
the center, and the exploitation wells mainly exploit the sec-
ond and third confined aquifers in the shallow layers. They
can be used as a cooling water source for the textile, smelt-
ing and other industries and as a supplementary water source
for daily life. Among them, the groundwater in this stage is
mainly industrial water, accounting for about 80 % of the to-
tal exploitation.

Overexploitation of groundwater has led to serious land
subsidence, which directly threatens urban safety. From
1965, the city began to regulate and control the amount of
groundwater exploitation wells and restrict the amount of
groundwater exploitation. As a result, the total number of ex-
ploitation wells has been reduced, and the amount of ground-
water exploitation has been greatly reduced, basically re-
maining at about 75 million tons annually. The land subsi-
dence has been effectively alleviated. However, in the 1980s
and 1990s, with the influence of urban development and en-
gineering construction activities, the amount of groundwater
was increased to 150 million tons annually. The land sub-
sidence rate also tended to accelerate. Since 2000, with the
adjustment of urban industrial structures and the reform of
water supply integration, the amount of groundwater and the
number of deep wells have been reduced sharply. Shanghai
has bid farewell to the “era of deep wells”. Now the ground-
water levels of all confined aquifers continue to rise. Land
subsidence continues to decrease.

4.2 Adjust aquifers of groundwater exploitation

In view of the serious land subsidence problem, in order
to better coordinate the relationship between land subsi-
dence control and urban development, the main exploitation
aquifers have been gradually adjusted from shallow to deep
aquifers since 1965. The amount of exploitation and the num-
ber of single wells have been generally reduced. In practice,
the number of wells in the second and third confined aquifers
has decreased significantly, and it is spreading from down-
town to the suburbs. The number of wells in the fourth and
fifth confined aquifers has gradually increased. This has ef-
fectively slowed the subsidence of the aquifer.

4.3 Implement artificial groundwater recharge

In order to control land subsidence, artificial groundwater
recharge was officially started in 1966. From 1966 to 1981,
the amount of groundwater recharge increased year by year,
from about 3.8 million tons to about 24 million tons. The
ratio of groundwater recharge to extraction is 0.05–0.29.
Groundwater management adopts winter recharge and sum-
mer use. With the strengthening of deep well management,
a series of measures such as groundwater exploitation and
a recharge plan were implemented. The amount of ground-
water extracted continues to decrease, and the amount of

Proc. IAHS, 382, 831–836, 2020 proc-iahs.net/382/831/2020/



T. Yang et al.: Integrated management of groundwater exploitation 835

recharge is steadily increasing and remains at the level of
20 million tons. At present, the state of recharge is much
larger than the amount of exploitation. On the whole, the
groundwater exploitation is characterized by the develop-
ment from unordered exploitation to orderly exploitation,
which is greatly affected by the development level and indus-
trial adjustment in different periods. The level of each con-
fined aquifer continues to rise, and land subsidence is effec-
tively controlled. However, groundwater recharge manage-
ment is still extensive; a recharge well layout is not reason-
able, and aquifers of recharge are not fine enough.

4.4 Control of shallow engineering dewatering

Groundwater resources are abundant in Shanghai. The level
of phreatic water is only 0.5 m. The pressure of the arte-
sian head is large, which is dangerous for underground space
development. Thus, underground engineering construction
must carry out engineering dewatering activities. The safety
of foundation pit engineering can be guaranteed by pumping
groundwater in the shallow soil layer and lowering the con-
fined head. However, this will lead to serious land settlement
problems, especially significant uneven settlement.

Tianliang Yang and other experts have made a number of
innovative achievements in the research and demonstration
application of ground settlement control caused by dewa-
tering in deep foundation pit engineering. On the basis of
analyzing the law of land subsidence, they put forward the
control index of land subsidence caused by dewatering in
deep foundation pit engineering and established the dual con-
trol index system of land subsidence and groundwater level.
From the perspective of long-term land subsidence charac-
teristics, the key to controlling land subsidence caused by
dewatering in deep foundation pit engineering mainly lies in
controlling the excessive depth drop in the underground wa-
ter level outside the pit.

4.5 Law and regulations for groundwater management

Due to the unreasonable exploitation of groundwater and en-
gineering dewatering activities, serious land subsidence is
caused. Therefore, the control of groundwater activities has
become the main measure of land subsidence control. Since
the 1970s, Shanghai has introduced a number of groundwa-
ter management regulations to control groundwater exploita-
tion and manage artificial groundwater recharge. In 2013,
the Shanghai municipal regulations on the prevention and
control of land subsidence were officially issued, defining
the government’s responsibilities for the prevention and con-
trol of land subsidence. The law became the first local law
on land subsidence control in China. The linkage working
mechanism of land subsidence prevention and control by
multiple government departments was established. This has
become the basis for the long-term monitoring and preven-

tion of land subsidence and provided the basic guarantee for
urban safety and disaster prevention and reduction.

5 Conclusion and suggestion

1. The occurrence and development of land subsidence are
always closely related to the exploitation and utilization
of groundwater. Therefore, the key measure to prevent
land subsidence is the control of groundwater exploita-
tion and utilization.

2. The control of land subsidence must start from the con-
trol of groundwater, which can be achieved by taking
comprehensive measures such as reducing the exploita-
tion amount, adjusting the aquifers of groundwater ex-
ploitation, implementing artificial recharge of ground-
water and supervising engineering dewatering activities.

3. In general, a comprehensive land settlement prevention
and control system should be established. The technical
measures of land subsidence control are the important
foundation. Laws and regulations are important safe-
guards to effectively control land subsidence. The co-
ordinated control mechanism of land subsidence is the
key.
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Abstract. The Sacramento-San Joaquin Delta is at the heart of California’s water supply system that provides
water for irrigation and human consumption. It is also home to subsiding organic soils, decreasing native aquatic
species populations, water quality degradation, vulnerable levees (levees are equivalent to dikes) and decreasing
agricultural viability. There has been substantial progress in the interdisciplinary understanding and quantifi-
cation of the nature and effects of subsidence and its mitigation. Because of the need for a drained rootzone,
farming of crops such as vegetables, trees, vines, corn and alfalfa, results in an ongoing unsustainable cycle of
continuing peat oxidation and deepening of drainage ditches to compensate for elevation loss. Despite substan-
tial evidence for the increasing risks to the State’s economy and water supply, the unsustainability of the status
quo, and evidence for the benefits of alternatives, there has been limited progress in converting to land uses
that can reduce, stop and reverse subsidence. Our overall approach has been to measure land-surface elevation
changes; understand, quantify and model subsidence and greenhouse gas emissions from drained organic soil,
and evaluate alternate land uses. Subsidence rates vary from less than 0.5 to over 2 cm yr−1, depending primar-
ily on depth to groundwater and soil organic matter content. The primary cause of subsidence is the oxidation
of organic matter, which has resulted in elevations of −3 to −9 m on about 100 000 ha. Using the results from
micrometeorological measurements and modelling, we estimate that organic-matter oxidation causes an annual
emission of over 2×106 t of CO2-equivalent which represents about 21 % of the State’s plant-based agricultural
emissions.

Rewetting of the peat soils is emerging as a viable solution. Rice and wetlands stop and (in the case of wet-
lands) reverse the effects of subsidence and result in a net greenhouse-gas emission reduction benefit. Wetlands
accrete about 3 cm of soil per year, can break the unsustainable subsidence/drainage cycle, reverse the trajec-
tory of increasing hydraulic pressures on levees, reduce the probability of levee failure and seepage onto islands
(islands are equivalent to polders), and may provide material for biofuels and animal feed. The recent implemen-
tation of a methodology for quantification of the GHG benefit is facilitating land use conversion and participation
in the carbon market.

1 Background

Peatlands worldwide occupy about 3 % of the land surface
but contain almost 20 % of all organic carbon stored in ter-
restrial systems. Carbon sequestration results from biomass
production under saturated anaerobic conditions. Drainage
of peatlands alters the carbon dynamics of peat soils; aero-
bic conditions accelerate decomposition of the carbon stocks
accumulated over centuries under flooding.

Sacramento-San Joaquin Delta, USA

The Sacramento-San Joaquin Delta peatlands (Fig. 1) rep-
resent an important extreme example of soil oxidation sub-
sidence and collateral detrimental effects. About 5 × 109 m3

of peat accumulated during the last 7000 years of wetland
development (Deverel and Leighton, 2010). Drainage of the
peatlands, which began in the mid-19th century, resulted in
the loss of about one-half of this volume. This degradative
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Figure 1. Location of the Sacramento-San Joaquin Delta and 2017
elevations.

process is on-going (Deverel et al., 2016a) and has resulted
in elevations of Delta islands as low as 9 m below sea level
(Fig. 1).

The current trajectory of Delta land- and water-
management is unsustainable. Key indicators include native
species decline (e.g. Moyle et al., 2016), decreased arabil-
ity (Deverel et al., 2015), increased pressure on levees and
water supply vulnerability (Deverel et al., 2016b), and large
greenhouse gas emissions (Hemes et al., 2019). The State of
California has established ambitious co-equal goals for the
Delta: to provide a more reliable water supply and to protect,
restore and enhance the Delta ecosystem (Delta Stewardship
Council, 2018).

Alternate land uses such as permanently flooded, managed
wetlands provide a substantial net GHG emissions reduction
benefit relative to the status quo and mitigate and reverse
subsidence, thereby reducing levee vulnerability over time
and contributing to increased water supply reliability and re-
siliency (Deverel et al., 2014; Miller et al., 2008; Hemes et
al., 2019). In this paper, we explore possible solutions to the
Delta subsidence problem through the adaptation of alternate
land uses.

2 Approach and methods

We investigated the practical aspects and potential regional
and state-wide benefits of conversion of peat soils in the
Delta to alternative land uses as a solution to the subsi-
dence and sustainability problems. Our approach is holis-
tic in that we explored and analysed the available data for
greenhouse-gas (GHG) emissions reductions and associated
financial benefits for landowners. First, we used the SUB-
CALC model (Deverel et al., 2016a) to estimate Delta-wide
GHG emissions in relation to California’s overall agricul-
tural emissions. Next, we explored the use of wetlands for re-
versing the effects of subsidence through accretion measure-
ments using sedimentation erosion tables (Boumans and Day,
1993). We assessed the use of the protocol for the Deltaic
Wetlands Restoration (Deverel et al., 2017a). Lastly, we as-
sessed the benefit to increasing levee stability, water-supply
reliability and ecosystem benefits.

3 Results and discussion

3.1 Delta and California GHG emissions

Using the SUBCALC model described in Deverel et
al. (2016a), and nitrous oxide data described in Deverel et
al. (2017b) we estimated that the total annual GHG emis-
sion in the Delta at about 2 × 106 metric tons of CO2 equiv-
alents (MT CO2 eq.) (Fig. 2). Estimated average per hectare
annual MT CO2 eq. varied primarily due to spatially variable
soil organic matter content and depth to groundwater. The
largest GHG emissions originate from the central Delta is-
lands where the highest organic matter content soils are lo-
cated. Deverel and Leighton (2010) discussed the factors af-
fecting the distribution of soil organic matter content: recla-
mation date, geomorphology, etc.

California is home to about 17 million agricultural
hectares. The total estimated GHG emissions from Califor-
nian agricultural land, 8 % of California’s total GHG emis-
sions, was calculated as 33.8×106 MT CO2 eq. in 2016 (Cal-
ifornia Air Resources Board, 2019). Annual agricultural an-
imal emissions were estimated at 24.3 × 106 MT CO2 eq.
Therefore, about 100 000 ha of Delta organic soils, 0.5 % of
California’s agricultural land, account for about 6 % of to-
tal California agricultural emissions, and 21 % of non-animal
agricultural GHG emissions. Stopping Delta GHG emissions
will help California reach its goals to reduce State-wide GHG
emissions by 80 % below 1990 levels by 2050 (California Air
Resources Board, 2018).

3.2 Changing the trajectory, rewetting of peat soils

Multiple publications have demonstrated the GHG and
subsidence-reversal benefits of rewetting Delta peat soils.
Most recently, Hemes et al. (2019) summarized the GHG
benefit of conversion to wetlands for 36 site-years of Delta
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Figure 2. Present-day estimated annual GHG emissions in
MT CO2 eq. ha−1 yr−1.

Figure 3. Land-surface elevation change in the Twitchell Island
managed wetland. A, B, C and D are sites for sedimentation ero-
sion measurements.

eddy covariance CO2 and CH4 ecosystem flux data. Miller et
al. (2008) and Deverel et al. (2014) presented accretion data
and associated subsidence mitigation benefits.

We herein present accretion data collected on the Twitchell
Island 2 ha West Pond Wetland described in Miller et
al. (2008) and Deverel et al. (2014). This wetland created
in 1997 sustained long-term average accretion rates ranging
from 2.35 to 3.6 cm yr−1 for 20 years (Fig. 3).

Figure 4 illustrates trajectory reversal due to wetlands cre-
ation on peat soils. During 4.5 years prior to wetland con-
struction, inelastic subsidence measured at an extensometer
was about 1 cm yr−1 in a corn field on Twitchell Island (De-
verel et al., 2016a). A 322 ha subsidence-mitigation wetland

Figure 4. Subsidence and the wetland trajectory reversal in land
accretion.

was created in 2014 included the location of an extensometer.
Subsequent accretion measurements using the sedimentation
erosion table at the extensometer location indicated accretion
of 13 cm from May 2014 to February 2018 averaging about
3 cm yr−1.

3.3 Present-day consequences and risks, and benefits
of changing the current trajectory

3.3.1 Levees and California’s water supply

Under business as-usual practices, the Delta region is unsus-
tainable because of threats to levee integrity (URS Corpora-
tion and Jack R. Benjamin & Associates, Inc., 2009). Levees
can be reinforced and augmented to reduce risk, but all risk
cannot be eliminated (Arcadis, 2016). Levees fail in multiple
ways from external and internal processes; destabilizing iner-
tial loading, sliding along a preferred failure plane, slumping
or spreading, seepage, erosion, and overtopping during ex-
treme high-water events (Moss and Eller, 2007).

Delta stressing events include floods, earthquakes, ani-
mal burrowing, and wind waves, which correspond to failure
modes of under- and through seepage, overtopping, seismic
deformation, liquefaction and erosion. The consequences of
levee failure include loss of agricultural production, water
supply disruption, habitat loss and species alteration, water
quality degradation, infrastructural destruction and disrup-
tion, and loss of life. A primary concern is the failure of lev-
ees surrounding large deeply subsided islands in the southern
and western Delta which can result in salinity intrusion. Mit-
igating subsidence is essential for limiting salinity intrusion
since its magnitude is directly related to the depth of subsi-
dence. Therefore, subsidence mitigation and stability of these
levees are key elements in ensuring the stability of Califor-
nia’s water supply for a large portion of 27 million people
and millions of ha of irrigated agriculture. Since 1950, there
have been 87 Delta levee failures and island floods.
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Subsidence contributed to levee failures by lowering island
surfaces and thus creating increased height differences be-
tween island surfaces and adjacent surface-water levels, and
augmented hydraulic forces against levees which contributed
to levee internal failures. Seepage under levees which is ex-
acerbated by subsidence can erode levee foundation materi-
als and slowly degrade levee stability over time. The under-
seepage susceptibility adjacent to Delta project levees is high
to very high (URS Corporation and Lettis Fugro–William &
Associates, 2011; Kleinfelder and Tetratech, 2011; URS Cor-
poration and Jack R. Benjamin & Associates, Inc., 2008a).
As the overlying peat soil disappears, upward hydraulic gra-
dients increase and exit gradients in drainage ditches reach
critical values which can lead to levee foundation erosion.

Deverel et al. (2014) described trajectory reversing po-
tential of wetlands; exit gradients increasing towards criti-
cal values were projected to reverse with the implementa-
tion of wetlands. Groundwater flow modelling presented in
Deverel et al. (2017c) demonstrated substantial reduction in
seepage onto islands with widespread conversion to wetlands
and rice. Moreover, levee static stability analysis presented in
Deverel et al. (2016b) demonstrated the potential reduction in
levee failure rates with wetlands and rice cultivation.

3.3.2 Effects on water quality, arability and economy

Ongoing subsidence contributes detrimentally to water qual-
ity in Delta channel waters. Ongoing system operation results
in relatively high costs for municipal water treatment because
of the presence of dissolved organic carbon (DOC) (Chen et
al., 2010), contributed partially by the oxidation of the peat
soils. Dissolved organic carbon concentrations in Delta ex-
port waters consistently exceed the State’s water-quality ob-
jective. Formation of disinfection by-products resultant from
high DOC concentrations has required utilities to increase
treatment costs. As subsidence ensues, island drainage ex-
port loads of dissolved organic carbon and methyl mercury
to Delta channels also increase (Deverel et al., 2007; Heim
et al., 2009). Drainage costs will increase because of larger
pumping lifts. Volumes below sea level on Delta islands will
continue to increase with decreasing land-surface elevations
and sea level rise.

When levees fail and islands flood, saline water can be
drawn into the Delta, jeopardizing water supply and water
quality for agriculture. State-wide costs as a result of levee
failure include agricultural losses, urban and agricultural wa-
ter user losses from water supply disruption, and the lost
use of major infrastructure. Multiple publications describe
consequences of Delta levee failure. URS Corporation and
Jack R. Benjamin & Associates, Inc. (2008b) estimated the
state-wide costs for water supply reduction and infrastruc-
tural damage to range from tens of millions of dollars to mul-
tiple billions of dollars, for one to multiple flooded islands
due to extreme hydrologic events.

The Delta Risk Management Strategy project estimated
that a water supply disruption of approximately 3 to
4 months, such as could be required to repair a large levee
breach in the summer months, could cost approximately
USD 225 million (in 2018 USD) (URS Corporation and Jack
R. Benjamin & Associates, Inc., 2008b). The cost of a two to
three-year supply interruption resultant from multiple levee
breaches may cost USD 48 billion or more (in 2018 USD)
(Howitt, 2007).

The Delta Risk Management Strategy Project consid-
ered potential impacts to California’s economy from vari-
ous levee failure scenarios with estimates up to and exceed-
ing USD 100 billion with multiple and simultaneous levee
failures. The Department of Water Resources spent almost
USD 1 billion since the mide-1970s on levee maintenance
and improvement.

Documented increased wet and non-farmable and
marginally farmable land resulting from subsidence and
consequent seepage from the 1980s to 2012 (Deverel et al.,
2015) brings into question long-term sustainability of the
status quo. Seepage rates onto islands have increased and
are predicted to increase in the future (Deverel et al., 2015,
2017c). Wet, nonfarmable, and marginally farmable areas
affects the future of farming and property values.

3.4 Moving towards a more sustainable future

Despite substantial evidence for the increasing risks to the
State’s economy and water supply, the unsustainability of the
status quo, and evidence for the benefits of alternative land
uses, there has been limited progress in converting to land
uses that can reduce, stop, and reverse subsidence. Economic
incentives are needed for agricultural producers to convert
to more sustainable land uses. Potential mechanisms include
income from rice cultivation, economic use of wetlands, the
California low carbon fuel standard, and the carbon offset
market.

3.4.1 Rice cultivation

Deverel et al. (2016b) provided evidence for the subsidence-
stopping benefit of rice cultivation on Delta peat soils. De-
verel et al. (2017b) presented a vision of a mosaic of
subsidence-mitigating land uses that includes rice and wet-
lands which can provide reasonable agricultural income and
a substantial GHG-reduction benefit. Wetlands also can pro-
vide a water quality benefit by serving as a filtration system
for agricultural drainage waters. The primary impediment to
large-scale rice cultivation and wetlands is the investment in
infrastructure and machinery.

3.4.2 Carbon offsets

The protocol for restoration of California Deltaic wetlands
(Deverel et al., 2017a) has facilitated the verification and
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may lead to trading of carbon-offset credits for restored wet-
lands on State-owned Delta islands. Approximately 690 ha of
wetlands have been registered and in 2018 yielded a verified
GHG emissions reduction of about 18 127 MT CO2 eq. yr−1

which can yield income generally commensurate with cur-
rent agricultural lease values on State-owned islands. How-
ever, greater income is required to convince private landown-
ers to enrol in the carbon market. The required 40-year com-
mitment can also be an impediment. Transition from the vol-
untary to the California carbon offset compliance market is
expected to result in higher prices per MT CO2 eq. (approx-
imately USD 15) and prices are projected to rise to over
USD 30 per MT CO2 eq. within 10 years which will likely
increase land-owner participation.

3.4.3 Experimenting with paludiculture

Research in the Delta region thus far has focused on the in-
creased use of managed, permanently flooded wetlands and
rice production. The next steps in this process will be the ex-
perimental use of perennial wetland species for commercial
biomass production (paludiculture). These efforts will draw
on expertise and experience locally and elsewhere to initiate
a Delta pilot project. California’s low carbon fuel standard
may provide greater incentives for landowners than the land-
based carbon-offset market.

3.4.4 Levee benefits of alternate land uses

Carbon-sequestration wetlands can potentially reduce the fu-
ture levee maintenance and failure costs. Specifically, recent
analyses demonstrated that annual levee seepage and slope
stability failure risks will increase 17 % in 50 years with no
change to Delta land uses. Using geotechnical analysis, it
was determined that wetlands could reduce the risks of levee
failure by 50 % by 2070.

3.5 Summary and conclusions

We herein provided evidence for the unsustainability of the
status quo in the Sacramento-San Joaquin Delta, and the dif-
ficulties in finding solutions. Almost USD 1 billion have been
spent on levee maintenance and improvements since the mid-
1970s and it is projected that up to USD 4 billion will be
required for future Delta levee improvements to meet local
requirements. Substantial additional funding will be required
to compensate for climate changes and these improvements
will not directly address the under seepage problem. Subsi-
dence has been the primary motivating force leading to the
need for levee improvements. Continued subsidence perpe-
trates a cycle of deepening of drainage ditches which exposes
additional organic soil for oxidation, which in turn creates
the need for deepening drainage ditches for maintenance of
an aerated crop root zone. Rewetting of the peat soil breaks
the subsidence-drainage ditch deepening cycle.

While progress has been made in the research and im-
plementation of alternate rewetted landscapes, widespread
adoption has heretofore not occurred. Wetlands accrete the
land surface, reduce seepage onto islands, reduce probabil-
ity of levee failure and can provide substantial GHG benefit.
We envision an island mosaic of rice and wetlands (includ-
ing paludiculture) that can, based on our research, lead to
substantial reduction of subsidence and GHG emissions and
maintain overall economic sustainability. The voluntary and
California compliance carbon markets and harvesting of wet-
land biomass can likely provide income for incentivization of
the creation of wetlands.

Data availability. Data is stored at figshare (https:
//figshare.com/articles/Copy_of_Summary_Twitchell_Sherman_
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Abstract. Taiwan is an oceanic nation with an area of approximately 36 000 km2. The Central Mountain Range
was formed by the Eurasian and Philippine plates and stretches along the entire island from north to south, along
the entire island, thus forming a natural line of demarcation for rivers on the eastern and western sides of the
island. Pingtung Plain is formed by Quaternary alluvial fan material from the three main rivers. The aquifers
comprise very coarse permeable sands and gravels under phreatic conditions in the north and less permeable
sands under confined or even artesian conditions in the southern part of Pingtung Plain. The natural groundwater
source is mainly from direct rainfall percolation and infiltration from the three main rivers, with their catchments
lying partly outside the plain. The uncontrolled development of groundwater resources has led to undesirable
effects, especially in the south, where aquaculture is concentrated. These effects are land subsidence, saline
water intrusion, and lowering of water tables. It is thus one of the important key strategies in the solution of
land subsidence, water resource development and flood control for sustainable development named Benefited
Water Reuse from Storm Water in Pingtung, Taiwan. A serious of studies for this issue has been carried out. The
feasibility study phase of the Artificial Recharge of Groundwater Project (ARGP) for Pingtung, Taiwan, was
then implemented in 1997 using a MODFLOW simulation and an optimal model. Through the managed aquifer
recharge model, the aquifer storage increases and the inundation scale decreases with land subsidence of the
coastal area, as aimed at by the purpose of the controlled groundwater level. Infiltration mechanism simulation
of artificial groundwater recharge, with the TOUGH2 model, was used to simulate the high infiltration behaviour
in sequence in 2010. Both publications have been confirmed and approved by the Central Government and
then approved by the environmental impact assessment. The ARGP was then implemented in May 2018 and
operated for one wet season for the first phase with 50 ha and a total of 300 ha from May to October 2018.
The sedimentation over the top of the recharge basin forms the clogging mechanism which has been analysed.
The operation experience can further provide the mechanism process for research reference. The project, once
implemented, can improve and mitigate land subsidence as well as formulate water banks for adapting and
managing aquifer recharge.
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1 Introduction

A series of studies for solving the land subsidence of coastal
Taiwan and increasing water demand for multi-purpose is-
sues has been carried out in Pingtung, southern Taiwan. The
feasibility study phase of the Artificial Recharge of Ground-
water Project (ARGP) for Pingtung, Taiwan, was then imple-
mented in 1997 using a MODFLOW simulation and an opti-
mal model. Through the managed aquifer recharge model,
the aquifer storage increases and the inundation scale de-
creases at land subsidence of the coastal area as aimed at by
the purpose of the controlled groundwater level. Infiltration
mechanism simulation of artificial groundwater recharge,
with the TOUGH2 model, was used to simulate the high in-
filtration behaviour in sequence in 2010. Both publications
have been confirmed and approved by the Central Govern-
ment and then approved by the environmental impact assess-
ment. The ARGP was then implemented in May 2018 and
operated for one wet season for the first phase with 50 ha of
a total of 300 ha from May to October 2018. The sedimen-
tation over the top of the recharge basin forms the clogging
mechanism which has been analysed. The operation experi-
ence can further provide the mechanism process for research
reference and improved suggestions. Figure 1 shows the lo-
cation of the project area and hydrological profile of ARGP
(NPUST, 2016).

This project is divided into two phases. The first phase
of the project was completed in May 2018. The second
phase of the project will continue after initial actual on-
site operational testing and future operations and facility im-
provements. The project is aimed at land subsidence con-
trol, soil and water conservation, integrated use of surface
water and groundwater resources, flood control and disaster
mitigation. The planned recharge volume is 150 MM3 yr−1,
which is based on the recharge rate of 10 m d−1 (Pingtung
County Government, 2010). The first phase of the project
has completed the water intake project, water conveyance
project, regulation pond project, and solid sedimentation
pond project.

2 The Artificial Recharge of Groundwater Project

2.1 Engineering planning

The Linbian River is located in the southern part of Ping-
tung, Taiwan. The catchment of the basin area is 343.97 km2,
the river is 42.19 km in length, and the average slope is ca.
1 : 15. The average annual rainfall of the basin is 3330 mm.
The average annual runoff is 854 MM3. The ARGP (Ping-
tung County Government, 2008) is located in the proximity
of the alluvial fan in the Linbian River in southeastern Tai-
wan (Fig. 2). The schematic section of the hydrogeological
conceptual model is shown in Fig. 3.

In terms of the planning of CTCI (2003), the ARGP car-
ried out field test results in 2001, the recharge rate was 17 to

22 m d−1, and 10 m d−1 was taken as the design basis from
the water intake. The scale of water intake and water deliv-
ery channel is set to 116 cms−1 (cubic meters per second,
and the recharge basin size is calculated to be ca. 100 ha. It
was calculated from the daily river discharge record of the
Linbian River in the past 50 years. On average, ca. 150 MM3

of river water per year can be used to recharge aquifer in the
plain. Since the coastal area of the plain is the main subsi-
dence area of Taiwan, it is expected to have the function of
preventing seawater intrusion and mitigating the subsidence
of the coastal area.

2.2 The plan summary

According to Bouwer (1999)’s proposal, the ARGP is to start
small and simple, be learn as you go, and expand as needed.
The overall plan for the ARGP was implemented in two
phases. The first phase of the project was completed in 2018,
while the second phase of the project will be based on the
site operation test and effectiveness evaluation and will then
adjust its design parameters and scale to be implemented in
sequence.

2.2.1 Phase 1 project plan

The current project includes the water intake, water con-
veyance channel, regulation pond, first sedimentation pond,
second sedimentation pond and recharge basin of the project
area (Fig. 4). The water intake system adopts the lateral curve
method. The reduction of the high turbidity of the water
source into the recharge basin area was achieved by tak-
ing the surface water designed as 348 cms−1; the managed
groundwater source can be taken as ca. 116 cms−1 by model
simulation. The results are shown in Figs. 5 and 6.

2.2.2 The second phase of the project

According to the plan in 2003, the sedimentation pond size
needs to be 50 ha; it is thus necessary to set up an 18 ha
sedimentation pond in the second phase. The sedimentation
pond has a planned depth of 15 m with a storage capacity of
6.75 MM3, which is mainly to precipitate suspended parti-
cles of less than 0.3 mm to avoid siltation from the recharge
basin. With the high concentration of sand-bearing river wa-
ter introduced during the flood season, the concentrates on
the sedimentation pond can settle down. On the one hand,
the sedimentation can be accelerated because at the bottom
of the pond a clay cake layer formed. The recharge rate will
be decreased by physical clogging. In the second phase, a
100 ha recharge basin will be set up in a total area of 250 ha
to ensure that the amount of infiltration in the aquifer reaches
150 MM3 yr−1.
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Figure 1. Location of the study area and hydrological profile in the study area (NPUST, 2016).

Figure 2. Location map of the Artificial Recharge of Groundwater Project implemented in Pingtung, Taiwan (Pingtung County Government,
2008).
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Figure 3. Schematic section of the hydrogeological conceptual model (Ting, 1997).

3 Preliminary operation and benefit assessment

In order to understand the regular operation of the ground-
water, recharge facilities have already been set up for oper-
ational use and for special monitoring needs. The prelimi-
nary operational tests were conducted from July to October
2016. However, most of the monitoring systems have been
installed. The tests at this stage have been carried out for
measurements of river discharge and the regulation pond,
sand content of river water, and groundwater tables of the
affected area.

The test has been fulfilled in the periods from 25 July
to 21 October 2016. The evaluation results showed that the
recharge rate of ca. 1 to 5 m d−1 of the regulation pond is es-
timated for which the gradually cumulated sedimentation in
the pond runs for ca. 400 h with a sedimentation volume of
ca. 16.8 MM3.

4 Conclusions

The project is positioned as studies of the land subsidence
of coastal Taiwan and increasing water demand for multi-
purpose needs. It is expected that the ARGP will have the
following expected benefits after preliminary operation.

4.1 Groundwater resource development benefits

According to the planning phase report on the MODFLOW
model simulation study, the water source after the managed
aquifer recharge can be used for the mitigation of the subsi-
dence in the coastal area of the distal alluvial fan to enhance
the groundwater level. In addition, using the Hill method to
analyse the water resource allocation for multiple use, it can
provide a water source of ca.160 000 m3 d−1 for public water
use for all seasons as well.
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Figure 4. Engineering works of the Artificial Recharge of Groundwater Project (Pingtung County Government, 2010). (a) Engineering works
map of the Artificial Recharge of Groundwater Project (Pingtung County Government, 2010). (b) Intake works and ground sill of the Artificial
Recharge of Groundwater Project (Pingtung County Government, 2010). (c) Intake works of the Artificial Recharge of Groundwater Project
(Pingtung County Government, 2010). (d) Water conveyance channel of the Artificial Recharge of Groundwater Project (Pingtung County
Government, 2010). (e) Sedimentation basin (pond) of the Artificial Recharge of Groundwater Project (Pingtung County Government, 2010).
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Figure 5. Artificial groundwater recharge using the TOUGH2 model. (a) Infiltration mechanism simulation of artificial groundwater recharge
using the TOUGH2 model. (b) Infiltration mechanism simulation of artificial groundwater recharge using the TOUGH2 model.

Figure 6. Artificial groundwater recharge using the MODFLOW model (CTCI, 2003).
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4.2 Benefits of land subsidence

The formation of land subsidence has a non-recoverable
mechanism, and it is impossible to recover it by the ground-
water level increased from the ARGP, even with the influ-
ence of the groundwater recharge basin. The land subsidence
of the stratum is mainly controlled by the groundwater level,
and the groundwater level is no longer lower than the pre-
compacting water level; the subsidence of the stratum will
thus not continue to deteriorate.

4.3 Flood diversion and flood reduction benefits

The ARGP has the function of flood diversion in the upper
stream of the Linbian River and reduces flood disasters in
the middle and lower streams of the Linbian River during the
flood period from May to October. According to the analysis,
the peak discharge of the 100-year frequency near the water
intake is 1248 cms−1, and the design of the water intake of
the project is 116 cms−1, which has the effect of diverting
part of the instantaneous discharge from the river flood.

Data availability. The following source contains data use permis-
sion from the authors and the Pingtung County Government: https:
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Abstract. Land subsidence in areas with weak soils affects a large part of the Netherlands and causes many
problems. To solve them diverse and specialized knowledge of possible measures to prevent, mitigate or reverse
land subsidence is needed. This knowledge is fragmented over many agencies, companies and individuals. Here
we show how data and knowledge are related and we stress the importance of implicit knowledge for knowledge
transfer on land subsidence. It is demonstrated that land subsidence in the Netherlands is a “wicked problem”.
This makes its solution cumbersome. However, we show that self-learning digital environments can help consid-
erably in knowledge acquisition, storage and retrieval. We give an inventory of research questions that have still
to be answered to make an digital environment really effective for a wicked problem like land subsidence.

1 Introduction

In the Netherlands, significant land subsidence takes place in
areas with “weak soils” (peat and clay soils) (Fig. 1). The
need to tackle the problem is big.

Several public authorities in the Netherlands on state,
provincial and municipality level have taken initiatives to
improve knowledge and knowledge dissemination on land
subsidence, for example by: the establishment of the Plat-
form Slappe Bodem (weak soils platform), a collaboration
of twenty municipalities and six water boards (in 2015); the
launch of the National Knowledge Program on Land Subsi-
dence by several public authorities (in 2016), which started
many so-called “knowledge expeditions” in 2018 and 2019;
the inclusion of land subsidence in the Inter-administrative
Program (in February 2018) and in the Delta Program on
Spatial Adaptation (in September 2018) by the national gov-
ernment; and, finally, the deal on the Green Heart Region
between the government and several public authorities (in
November 2018). These initiatives show that dealing with
land subsidence is socially and administratively urgent for
the Netherlands.

Knowledge and experience with regard to land subsidence
is widely available in the Netherlands, at public authorities,
knowledge institutions and engineering firms. They are avail-
able in the form of reports, digital tools and the knowledge
and experience of experts. However, recording and dissemi-
nation are not performed in a structured manner (Twynstra
Gudde, 2018; Witteveen+Bos, 2016). Existing knowledge
and experience is often fragmentarily available, which makes
them difficult to disclose to all potentially interested parties.
This makes it difficult to apply adequate solutions for land
subsidence problems (Twynstra Gudde, 2018). This situation
is experienced in the Netherlands as problematic for pro-
fessional practice. In addition, new knowledge is developed
rapidly and new experiences are gained continuously. This
problem gave rise to research on how this problematic dis-
closure of knowledge on land subsidence in the Netherlands
could be tackled. Furthermore, public authorities asked how
a digital platform or tool could facilitate such knowledge dis-
closure.

This article describes the first results of this research and
defines resulting new research questions. The research was
carried out in the period 2017–2018 based on three com-
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Figure 1. Estimation of land subsidence in the Netherlands 2016–
2050 (Klimaateffectatlas, 2017).

ponents: (1) extensive desk research on theoretical interna-
tional literature and practical publications in the Netherlands,
(2) three bachelor student projects, and (3) five working ses-
sions with professionals in the field of land subsidence in the
Netherlands.

This article first describes the theoretical basis of knowl-
edge and knowledge disclosure on land subsidence. Subse-
quently it describes the situation in professional practice in
the Netherlands and analyses this situation. Finally conclu-
sions are drawn and suggestions for further research identi-
fied.

2 Knowledge disclosure on land subsidence

2.1 Land subsidence

Land subsidence in peat and clay soils occurs in six of the
twelve provinces of the Netherlands. The expected subsi-
dence until 2050 varies from a few centimeters to two meters.
This subsidence is the result of centuries of interventions in
the soil and water system (Van den Born et al., 2016; Erkens
et al., 2015; Seijger and Verheijen, 2015). Land subsidence
due to natural causes (tectonic earth movements, sedimenta-
tion and compression) is often limited to a few millimeters
per year. Land subsidence due to human causes (compres-
sion, drainage and oxidation) can amount to decimeters per
year (Erkens et al., 2015).

Land subsidence has five possible consequences (Erkens
et al., 2015; Pieterse et al., 2015): (1) increased flood risks,
(2) damage to buildings, foundations and infrastructure,
(3) pressure on land use, including the possible disappear-
ance of the peat meadow landscape, (4) increased CO2 emis-
sions, influencing climate change, and (5) increasingly com-
plex water management.

The Netherlands Environmental Assessment Agency cal-
culated that land subsidence will cost society 22 billion euros
until 2050 (Van den Born et al., 2016).

Effective governance of land subsidence in the Nether-
lands is difficult (van Buuren et al., 2017; Erkens et al., 2015;
van Hardeveld et al., 2014; Seijger and Verheijen, 2015;
Witteveen+Bos, 2016): (1) Subsidence is a creeping process,
and therefore difficult to see; (2) The soil structure is hetero-
geneous and uncertain. As a result, there is uncertainty about
the effectiveness of measures; (3) Local spatial differences
require customization and differentiation; (4) The costs and
benefits are skewed: government agencies pay for a signifi-
cant part of the costs, while citizens and entrepreneurs enjoy
the benefits. (5) The responsibilities are fragmented and the
issues transcend administrative and organizational bound-
aries. The state, provinces, municipalities, water boards and
utility companies have to work together, often with different
perspectives on the issue. (6) Residents and entrepreneurs are
responsible for tackling problems for their homes and land.
They have, however, a limited awareness of the consequences
of land subsidence and their responsibility therein. (7) The
role of land subsidence in local assessment processes: in gen-
eral, soil conditions are considered to be a technical problem
that requires a technical solution.

Land subsidence can, therefore, be seen as a “wicked prob-
lem” (Erkens et al., 2015; Rittel and Webber, 1973). A prob-
lem is wicked, if (1) it is intertwined with various related
problems and knowledge fields, if (2) many different stake-
holders with their own interests are involved, with different
– often conflicting – perceptions and insights, and if (3) the
problem has major consequences. This means that a detailed
elaboration and application of measures is not sufficient.
Dealing with land subsidence requires a learning, interactive
approach, aimed at a coherent action perspective in which
the complexity of land subsidence is given a place and par-
ties work together to be effective (Grin et al., 2010; Levin et
al., 2012; Metze and Turnhout, 2015).

2.2 Data, information and knowledge

To disclose knowledge requires a distinction between data,
information and knowledge (Baumard, 1999; Nonaka and
Takeuchi, 1995; Weggeman, 2000). Data is data that has not
yet been given meaning. Information is data that has been
given meaning and that is recorded in documents, informa-
tion systems and/or networks. This is called explicit knowl-
edge. It remains in an organization when all people are gone.
Implicit knowledge (also known as experiential knowledge
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or tacit knowledge) is knowledge that a person has acquired
through the combination of explicit knowledge and experi-
ence. This knowledge is not explicitly available in a docu-
ment. Implicit knowledge is no longer present in an orga-
nization when people have left. Weggeman (2000) uses the
relation K = f (I,E,S,A). Knowledge (K) is a function of
Information (I ), Experience (E), Skills (S) and Attitude (A).
Information therefore only becomes knowledge when it is
enriched with experience, skills and attitude. Implicit knowl-
edge plays a (still) large(r) role within a “wicked problem”
context; experience and learning are even more important.
This means that unlocking knowledge on land subsidence –
and a digital environment that supports this – must be about
unlocking explicit knowledge as well as unlocking implicit
knowledge.

2.3 Disclosing explicit knowledge

Finding, disclosing and using explicit knowledge on land
subsidence, using a digital environment, has to take account
of four points: availability, uncertainty, accessibility and reli-
ability of knowledge (Cash et al., 2003; Koppenjan and Klijn,
2004; Lavis et al., 2003). These four points are explained
here: (1) Availability: is the knowledge you need already
present? (2) Uncertainties: which uncertainties are there? Not
only with regard to knowledge, but also with regard to un-
derlying assumptions/different calculation methods/models.
(3) Accessibility: is there any knowledge at all about a spe-
cific theme? Is it accessible/available? And if so, how much
energy (transaction costs) must be invested in acquiring this
knowledge? (4) Usefulness of knowledge: knowledge must
be relevant, credible and legitimate for this purpose.

2.4 Disclosing implicit knowledge

Implicit knowledge is crucial for interpreting a wicked prob-
lem and finding an appropriate solution (Baumard, 1999;
de Bruijn, 2008; Koppenjan and Klijn, 2004; Nonaka and
Takeuchi, 1995; Weggeman, 2000). Implicit knowledge re-
quires personal mechanisms and interaction to be shared
(Carrillo et al., 2006). These mechanisms often translate into
consultation moments, workshops, training courses, mentor-
ing, etc. (Argote and Ingram, 2000; Goh, 2002). Experimen-
tal instruments such as semi-structured interviews, stories
and films are used to record implicit knowledge.

2.5 Use of digital environments

Digital environments can be used to improve knowledge
transfer (Twynstra Gudde, 2018). Digital environments are
(mostly) concerned with explicit knowledge, which is pre-
served, stored and shared via databases, intranet and digital
platforms. In recent decades there has been a strong develop-
ment in these facilities (Schindler, 2002). As they develop, it
becomes increasingly easier, faster, more effective and more

efficient to communicate and share knowledge, both inside
and between organizations (Schindler, 2002). In addition,
more people have easy access to knowledge.

To include implicit knowledge in a digital environment, the
experimental instruments, mentioned in the previous section,
are suitable, provided that the recordings are made search-
able.

In recent decades, there has been a rise in self-learning
digital systems (machine learning). These systems enable
efficient searching and management of large – and ever-
increasing – amounts of knowledge, fragmented across many
sources (Diakopoulos, 2014; Domingos, 2015; Hosmer et al.,
2013; Quinlan, 2014; Singh et al., 2019; Stanley, 2017; Wit-
ten et al., 2016).

Self-learning systems collect very many results and rec-
ognize patterns in them, whose parameters are used to make
predictions for new situations. Using self-learing systems, in-
telligence can be built into the digital environment (Domin-
gos, 2015; Käfer and Harth, 2018; Stanley, 2017; Witten et
al., 2016): (1) Intelligence to find the right terms and con-
cepts in reports and texts and store them via “linked data”
(data stored on the internet in a standardized way and pro-
vided with a unique URL). (2) Intelligence to perform calcu-
lations and monitoring, for example of expected land subsi-
dence.

3 Analysis

Based on the previous sections, one can distinguish four es-
sential issues concerning disclosure of knowledge on land
subsidence:

1. Governance of land subsidence is difficult, involving
different stakeholders, issues and levels, in which stake-
holders have different perceptions. There is no such
thing as “one” or “best” solution.

2. Land subsidence is a wicked problem, and thus asks for
a learning approach.

3. Knowledge consists of data, information (explicit
knowledge) and implicit knowledge. All these aspects
have to be addressed. Especially implicit knowledge
asks for face-to-face interaction to enable disclosure.

4. Digital environments, capable of self-learning, are cru-
cial to support an effective disclosure of knowledge, but
always in coherence with face-to-face learning.

These four issues have to be tackled before one can arrive
at a successful digital platform for knowledge disclosure of
land subsidence. This has several consequences. A support-
ing digital environment must focus on unlocking both ex-
plicit knowledge and implicit knowledge. To this end, the
digital environment must take account of the availability,
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uncertainties, accessibility and reliability of explicit knowl-
edge. The digital environment must function within a learn-
ing network of parties that support each other and must work
together to cope with land subsidence. From the perspec-
tive of knowledge impact between organizations, it can be
concluded that knowledge arises in and works through net-
works of organizations and around practical cases, where ev-
eryone uses and produces knowledge. This means that it is
not only important to have support from a digital network,
when searching for and finding the right knowledge, but also
to easily record available knowledge in the digital network.
In addition, knowledge transfer depends on the presence of a
knowledge infrastructure (ICT), the time pressure, the orga-
nizational culture, the working method of the management
and the way in which the parties involved work together.
The process of knowledge transfer depends on the personal
motives and the mutual relationship between the knowledge
transferors. Furthermore, the uptake and use of knowledge
in an organization depends on the incentive to acquire new
knowledge, the absorption capacity of the organization, the
organizational structure and the availability of knowledge
reservoirs. Finally, a digital environment that supports the
dissemination of knowledge for land subsidence must itself
also be learning, so that it can increasingly and effectively
respond to the user’s question and interpretation of this ques-
tion in the context of the wicked land subsidence problem.
In addition, efficient searching for, and management of, the
large – and ever increasing – amount of knowledge, frag-
mented across many sources, also requires a smart and self-
learning digital environment. Such a system uses insights in
the field of machine learning and self-learning algorithms.
These requirements for access to knowledge and the use of
a digital environment, in particular with regard to the role in
the learning network and the interpretation of the question in
the context of a wicked problem, mean that the digital envi-
ronment goes beyond what is called a knowledge system or
expert system in current literature.

4 Conclusions

Question: How can the problematic disclosure of knowledge
on land subsidence in the Netherlands be tackled, and how
can a digital platform facilitate such knowledge disclosure?

We conclude that: (1) the current knowledge needs of pro-
fessionals and the current knowledge disclosure process are
not clear, (2) there is not yet an adequate digital environment
that supports this knowledge disclosure, (3) such a digital en-
vironment must support a network of parties, aimed both at
unlocking and recording knowledge, (4) such a digital en-
vironment must support the search process for implicit and
explicit knowledge, and (5) such a supportive digital envi-
ronment must be self-learning. This leads to the following
research question and underlying sub questions:

1. What is the knowledge requirement of professionals re-
garding land subsidence?

2. How does the current knowledge dissemination process
take place (seeking and recording knowledge) regarding
land subsidence within the relevant network of parties?

3. How can this knowledge disclosure process be im-
proved?

4. How can a digital environment strengthen this knowl-
edge disclosure process?

5. How can such a digital environment look like?

We will address these questions in future research.
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