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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-
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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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Data availability. The processed data used in this work is propri-
etary of the government of Catalonia through the Institut Cartogràfic
I Geologic de Catalunya (ICGC). In particular cases some of this
data can be made available by ICGC under request. Queries may
be addressed to ICGC mailbox https://www.icgc.cat/en/The-ICGC/
Contact/Contact-mailbox (last access: 19 February 2020). The DIn-
SAR data used is property of the European Space Agency (ESA)
which is publicly available through the ESA data portals for
each earth observation mission in the following links (last access:
19 February 2020):

– ERS:
https://earth.esa.int/web/guest/-/
sar-single-look-complex-image-product-1368

– Envisat:
https://earth.esa.int/web/guest/-/
asar-image-mode-single-look-complex-1616

– Sentinel-1:
https://sentinel.esa.int/web/sentinel/missions/sentinel-1/
data-products.
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