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Abstract. Land subsidence is a major threat for the livability of deltas worldwide. Mitigation of the negative
impacts of subsidence, like increasing flooding risk, requires an assessment of the potential of the deltas’ subsur-
faces for subsidence. This enables the prediction of current and future subsidence and optimization of sustainable
management strategies. In this paper we present a method to determine the amount of compaction within dif-
ferent Holocene deltaic peat sequences based on a case study from the Rhine-Meuse delta, the Netherlands,
showing the potential of these sequences for subsidence due to peat compaction.

1 Introduction

Land subsidence is a major threat to hundreds of millions
of people living in deltas worldwide. It leads to increasing
flooding risk, damage to buildings and infrastructure, intru-
sion of salt water, and hence, has a negative impact on the liv-
ability in deltas. Natural subsidence rates, caused by tecton-
ics, isostasy, sediment compaction and oxidation of organic
material are generally in the order of mmyr—! (van Asse-
len etal., 2011). Human-induced subsidence rates, due to ex-
traction of groundwater, oil and gas, drainage for land recla-
mation, and loading by for example roads and buildings are
commonly an order of magnitude higher (cmyr—1; e.g. van
Asselen, 2011; Erban et al., 2014). Consequently, in many
populated deltas the contribution of subsidence to relative
sea-level rise is much larger than eustatic (absolute) global
sea-level rise, which is in the order of mmyr~1 (Church et
al., 2013).

The potential of delta sequences for both natural and
human-induced subsidence due to compaction and oxidation
of peat, and hence subsidence magnitude and rate, is highly
variable in time and space, mainly depending on the compo-
sition of the subsurface. Subsurface composition and char-
acteristics are determined by the palaecogeographical devel-
opment (i.e. the spatial and temporal distribution of deposi-
tional environments and hence deposits), post-depositional
processes of erosion (i.e. preservation) and loading, and
physical, geochemical and biological processes, including

compaction and soil formation. Based on the 3-D distribution
of specific sequences within a delta and their physical prop-
erties, the potential for subsidence due to peat compaction of
these sequences at the spatial scale of an entire delta can be
determined.

To mitigate the negative impacts of human-induced subsi-
dence it is essential to know the potential of the subsurface
for compaction and oxidation. This enables the prediction of
current and future subsidence under different delta manage-
ment strategies and to develop and optimize sustainable man-
agement strategies. In this paper we present a method to de-
termine the amount of peat compaction for typical Holocene
distal deltaic organo-clastic sequences based on a case study
from the Rhine-Meuse delta, the Netherlands, showing the
potential of these sequences for subsidence due to peat com-
paction.

2 Subsidence potential due to peat compaction

Holocene delta sequences are usually very heterogeneous,
and composed of alternating layers consisting of mixtures
of sand, silt, clay and peat. The main factors influencing the
potential for subsidence due to peat compaction are (1) the
thickness of organic, mainly peat and clay, layers in the sub-
surface, (2) the organic matter content of these layers, and
(3) the effective stress, which is a function of the weight of
the overburden and pore water pressures (van Asselen et al.,
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2010). In addition, the Holocene sedimentation and ground-
water table history is extremely important, because this de-
termines if organic layers have experienced past compaction
and/or oxidation, and hence their present geotechnical prop-
erties. Lowering of the phreatic groundwater level, for e.g.
agricultural purposes, leads to a drop in hydrostatic pres-
sure, causing diminishing pore water pressures and conse-
quently an increase in effective stress (= total weight — pore
water pressure; Terzaghi, 1943) and compaction of the peat
sequence. At the depth interval between the former, higher,
and new, lower, groundwater level, oxidation of organic ma-
terial occurs. This leads to a decrease in volume and collapse
of the original soil structure that existed before groundwa-
ter level was lowered. Both compaction and oxidation con-
tribute to total subsidence. Sequences that are composed of
thick high-organic peat layers, especially in the upper meters
of the sequence have the highest potential for compaction
and oxidation and hence subsidence. Compaction rates will
be much lower if a peat layer has already experienced com-
paction by loading. Rates of compaction due to loading are
highest within decades to a few centuries after loading (van
Asselen et al., 2011).

3 Study area: Rhine-Meuse delta, the Netherlands
The Rhine-Meuse delta is located in the Netherlands, in

the tectonically subsiding Southern North Sea Basin. The
estimated Holocene-averaged basin subsidence rate is 0.1-
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0.3mmyr—! (Cohen, 2005). The Holocene delta was jointly
formed by the rivers Rhine and Meuse. The delta apex is lo-
cated near the Dutch-German border (East). The Rhine and
Meuse debouch into the North Sea (West) (Fig. 1). The dis-
tance between the modern delta apex and the Rhine-Meuse
river mouth is ca. 150 km. The Holocene sequence is approx-
imately 2 m thick near the delta apex and just over 20 m at the
present river mouth and coastal barrier. The upstream part of
the delta is confined by higher topography of sandy Pleis-
tocene deposits (ice-pushed pre-Saalian glacial sandy Rhine
and Meuse deposits) and relatively narrow; 15-25km wide.
Downstream the delta widens to 60 km and grades laterally
into tidal-estuary and lagoonal coastal plain environments.
The southern and central-northern part of the delta are bor-
dered by higher topography formed by Late Glacial cover
sand deposits. Between 1100 and 1300 AD all Rhine and
Meuse distributaries in the delta were embanked, stopping
flood basins from receiving sediments (van de Ven, 2003).
Flooding and channel-migration activity has since remained
restricted to the embanked flood plains.

The Holocene subsurface of the delta, fed with sedi-
ment by the mixed-load rivers Rhine and Meuse, is noto-
riously heterogeneous. Channel-belt sand bodies dissect ar-
eas of overbank deposits (dominantly clayey, but holding
sand and silt too). Multiple generations of channel belts
avulsed adding further complexity (Stouthamer and Berend-
sen, 2000). Downstream in the delta, the overbank clastics al-
ternate with peat layers (Fig. 2). The distal Holocene coastal,
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Figure 2. Schematic representation of the lithological subsurface composition of the distal (western) part of the Holocene Rhine-Meuse delta.
The vertical lines (A—H) indicate different sequences with a varying potential for subsidence due to compaction and oxidation depending on

the subsurface composition and characteristics.

tidal, estuarine and fluvial deposits are onlapping the Pleis-
tocene cover sand deposits in the North and the South and
braided river deposits in the central part of the delta (Fig. 1).

4 Methods: determining the potential for
compaction

The Holocene sequence composition of the Rhine-Meuse
delta is well-known from previous studies (e.g. Berend-
sen and Stouthamer, 2000; Stouthamer, 2001; Cohen,
2003; Gouw and Erkens, 2007; Gouw, 2008; Bos, 2010;
Stouthamer et al., 2011). These studies allow to distinguish
key clastic-organic sequences (Fig. 2), which have different
potentials for subsidence due to peat compaction.

The degree of peat compaction has been determined at
different locations in the organo-clastic central part of the
Rhine-Meuse delta (van Asselen, 2011; Van Asselen, un-
published work; here we present three sequences A-C in
Figs. 1 and 3), by comparing the dry bulk density of com-
pacted and uncompacted peat of similar organic-matter con-
tent (Bird et al., 2004; van Asselen et al., 2009; van Asse-
len, 2011). The dry bulk density and organic-matter content
of compacted peat in a delta sequence are measured from
sediment cores at 5-cm intervals usingalcm x 1cm x 5¢cm
sampler. The cores are extracted with a 100 cm x 6 cm wide
gouge auger, and subsequently cut in half lengthways us-
ing a thin stretched wire, to sample of the inner least dis-
turbed part. The dry bulk density of each 5¢cm?® peat sam-
ple has been determined by drying it at 105°C and weigh-
ing it on an electronic scale with an accuracy of 0.001g
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(dry bulk density = weight / 5cm?). The organic-matter con-
tent has been determined by loss-on-ignition (LOI = ((dried
weight — ashed weight) / dried weight) x 100 %; cf. Heiri et
al., 2001). The dried peat samples were heated at 550°C
for 4h and subsequently weighted to determine the ashed
weight.

Uncompacted peat samples were obtained from the

Biebrza National Park (Poland) and the Rhine-Meuse delta
(van Asselen, 2011). The Biebrza National Park is a wetland
that has experienced minimal human disturbance, where sim-
ilar peat types occur as in the Holocene Rhine-Meuse delta.
The fresh, uncompacted peat has been sampled using a spe-
cial device that was designed for this purpose (van Asselen
and Roosendaal, 2009). The dry bulk density and LOI of un-
compacted peat samples were determined following the same
procedure as for compacted 5cm?3 samples. Based on these
data an equation for calculating the dry bulk density of un-
compacted peat of any LOI has been constructed:
Ldry, uncompacted = d — Ce_(b/LOI)’ 1)
in which a, b and c are fitted parameters (van Asselen, 2011).
The calculated dry bulk density was subsequently used to cal-
culate the decompacted thickness of each 5cm?3 compacted
peat sample:

Ldry, com
hdecomp = DO 5. (2
Ldry, uncomp
The percentage of compaction is  expressed
as the ratio between the volume reduction
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Figure 3. Lithological composition, LOI and amount of compaction of cores OR-I (sequence B), OR-11 (sequence A), and CB-I (sequence C)
(after van Asselen, 2011). These sequences are representative for the sequences A, B and C in Fig. 2.

(Ured = (1 x 1 x hdecomp) - (1 x 1 x 5)) and the cal-
culated decompacted volume of a 5cm?® peat sample
(Udecomp =1x1x hdecomp):

. VUred
compaction = —-

x 100%. 3)

Udecomp

5 Results: compaction of sequences A-C

Sequence B is located close to the river (Fig. 2) and is char-
acterized by approximately 3 m of natural levee deposits on
top of a 2-m-thick peat layer between 3-5m below the sur-
face that is situated on the incompressible Late-Pleistocene
sand substrate (Fig. 3). Sequence A and C are located at fur-
ther distance from the river (Fig. 2). Sequence A is char-
acterized by a 60 cm thick layer of flood basin deposits on
a 4.5m thick peat layer on the Late-Pleistocene sand sub-
strate (Fig. 3). Sequence C comprises alternating layers of
peat and fluvial deposits; 50 cm of flood basin deposits at the
top, 30 cm flood basin deposits at 2.20-2.40 m depth and 1 m
of crevasse-splay deposits at 3.20-4.20 m depth.

Fluctuating LOI-values within the sequences can be ex-
plained by the varying clastic content; deposits with a high
clastic content show low LOI-values (e.g. flood basin de-
posits, clayey peat intervals), deposits with a low clastic
content show high LOI-values (e.g. peat). For sequences B
and C, in which peat layers are considerably compacted, the
amount of peat compaction is positively related to LOI (van
Asselen, 2011). For example, this is observed in the com-
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pacted peat layer in sequence B, where lower compaction
values are observed in the low-organic top of the peat layer.

Relatively high peat compaction values occur at the top
of the peat layer in sequence A at 120-80cm depth and at
the top of the upper peat layer in sequence C at 120-70cm
depth (Fig. 3). This can be explained by artificial lowering of
the phreatic groundwater level in this agricultural area, which
causes compaction and oxidation that both lead to an increase
in the dry bulk density in the zone above and just below
groundwater level (see Sect. 2). In sequence B the peat layer
is situated too deep for groundwater level lowering to have
any effect. Furthermore, high values occur beneath the nat-
ural levee and crevasse-splay deposits in sequence B and C
respectively, due to the overburden weight. Also, at the base
of sequence A the amount of compaction increases, which
may be attributed to palaeo-groundwater level fluctuations,
(auto)compaction and/or fluctuations in the hydrostatic pres-
sure (Fig. 3).

6 Discussion: assessing the potential of Holocene
deltaic sequences for subsidence due to
compaction

The calculated compaction values for the sequences A-C in-
dicate the potential for future subsidence due to compaction
for comparable delta settings. For example, strongly com-
pacted peat beneath thick natural levee deposits (Fig. 2, se-
quence B) is less vulnerable for future subsidence due to
compaction than an uncompacted thick peat sequence with-
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Table 1. Relative potential of key sequences for peat compaction,
based on lithological composition. For the lithological built-up of
the sequences see Fig. 2.

Sequence  Compaction potential
G High

A

F

E

C

D

H

B Low

out clastic overburden (Fig. 2, sequence G). Based on the
lithological sequence composition and its properties, the rel-
ative potential for future subsidence due to peat compaction
can be estimated (Table 1). In addition, the depth of the
groundwater level can affect peat compaction: a drop in the
pore water pressure following groundwater level lowering
may induce additional compaction, and oxidation, of the peat
sequence (van Asselen et al. 2009, 2010). This should be
taken into account in assessing the compaction potential at
locations where the groundwater table has been significantly
lowered.

In summary, assessing the relative potentials for peat com-
paction of Holocene deltaic sequences requires determin-
ing the (1) lithological composition of the sequence, (2) the
geotechnical properties of the different lithologies, which is
predominantly a function of organic-matter and clastic con-
tent, and post-depositional processes of loading, and physi-
cal, geochemical and biological processes, determining the
present degree of compaction and geotechnical properties,
and (3) the effective stress, which is a function of the weight
of the overburden and pore water pressure that is influenced
by respectively the built-up of the sequence and its properties
and fluctuations in groundwater level or the absence thereof.
Based on this information, the future potential for additional
subsidence due to peat compaction can be estimated.

7 Conclusion

The potential for subsidence due to peat compaction of
Holocene deltas is mainly determined by the 3-D distribution
of different lithologies, and associated geotechnical prop-
erties, in the subsurface. In this study the amount of com-
paction within 3 sequences that are representative for distal
deltaic settings is determined to assess the potential of com-
parable sequences in other deltas. In all sequences A—C the
peat layers are compacted. Relatively high compaction val-
ues occur in peat layers within approximately 120 cm be-
low surface, which are subjected to compaction and oxi-
dation following groundwater level lowering. Furthermore,
high amounts of compaction occur in peat layers beneath nat-
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ural levee and crevasse-splay deposits, and at the base of the
Holocene sequences, due to the weight of the overburden. In
compacted peat layers, high-organic peat generally compacts
more than low-organic peat.
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