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peat layers below their reference groundwater levels at the time of peat formation. This quantifies the part of subsidence
that is due to compression processes and allows specification of the current state of peat compression in a map. **C-dating
of peat layers found intercalated in the Holocene sequence were used in the reconstruction. This dataset was combined
with results from a recent coastal-deltaic plain wide three-dimensional (3D) interpolation of reference palaeo-
groundwater levels, at which the intercalated peats are thought to have formed before they were buried, compressed, and
vertically displaced. Empiric relations between reconstructed displacement and the thickness of overburden were
determined and deployed in a national 3D geological subsurface model to establish a subsidence map with continuous
cover of the coastal plain. The resulting maps show compressed peat layers under urbanized areas with 1 to 8 m of
natural and anthropogenic overburden have subsided 1 to 5 m below the original level of formation. In the agricultural
area of the coastal plain, where overburden is merely decimetres thick, consisting of fluvial flood- and sea-ingression
deposits, peat generally experienced less than 1 m subsidence. The reference-level reconstruction method is deployable
over large coastal plain areas to reconstruct subsidence caused by postdepositional vertical displacement of intercalated
peat layers. It could therefore serve as an alternative approach for methods based on soil mechanics, which require input

often not available for coastal plains on regional scales.

ADDITIONAL INDEX WORDS: Peat compression, Holocene, coastal subsidence.

INTRODUCTION

Many populated Holocene coastal plains and deltas are
subsiding, resulting in increased flood risks, saltwater intru-
sion, and damaged infrastructures (Higgins, 2016; Syvitski et
al., 2009). In the case of peat-rich coastal-deltaic plains, this is
predominantly caused by the process of compression and
oxidation that both affect shallow subsurface Holocene peat
layers (Gambolati et al., 2006) (Figure 1). Compression is the
densification of peat induced by increasing vertical effective
stress (Den Haan, 1994). This results from groundwater level
lowering (now notably in agricultural areas), from overburden
(now notably in urban regions), and from time-dependent creep
processes that occur regardless of changes in vertical effective
stress (Den Haan, 1994). Peat oxidation comprises the
decomposition of organic matter by aeration and prevails
during periods of low groundwater levels (Hooijer et al., 2012;
Wosten, Ismail, and Van Wijk, 1997). Compression of clayey
coastal-deltaic deposits causes additional subsidence, albeit
modestly compared with the peat contributions (Koster,
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Erkens, and Zwanenburg, 2016). Consequently, compression
causes Holocene peat layers to be found vertically displaced
below their initial level of formation. Studies from the peat-rich
Mississippi delta (Tornqvist et al., 2008), Sacramento—San
Joaquin delta (Drexler, De Fontain, and Deverel, 2009), Rhine—
Meuse delta (Van Asselen, 2011), Fraser delta (Mazzotti et al.,
2009), and the Venice lagoon (Gambolati et al., 2006) exemplify
this form of land subsidence.

In the peat-rich Holocene coastal plain of the Netherlands
(ca. 17,000 kmz), large areas (ca. 50%) are situated below sea
level due to subsidence by peat compression and oxidation
(Figure 2A). The subsidence is to a large extent human induced
and commenced around AD 1000, when coastal wetlands were
extensively drained for agricultural purposes (Borger, 1992).
As a consequence, considerable areas of reclaimed peatlands
were flooded by sea ingressions during the past 1000 years
(Pierik et al., 2017; Vos, 2015). Additional overburden was
deposited on the coastal wetland peat by the ingressions,
inducing further compression and vertical lowering of the peat.
Inhabitants reacted to these floods by artificially raising the
land surface with sediments and household waste (Koster,
2016), thereby locally compressing and vertically displacing the
peat even more (Kluiving et al., 2016). Peat mining indepen-
dently has caused surface lowering, mainly in areas that
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Figure 1. Examples of peat-rich coastal-deltaic plains subjected to various degrees of anthropogenic use and associated subsidence. From left to right:
Cumberland marshes, Canada; a pristine inland delta that does not experience human-induced subsidence. Mississippi delta, United States; a delta that is partly
subsiding due to anthropogenic processes since the 20th century. Holland coastal plain, the Netherlands; a coastal plain under complete anthropogenic control
that is experiencing severe subsidence for many centuries (photos courtesy of S. van Asselen, J. Wark, and Rijksdienst voor het Cultureel Erfgoed). (Color for this

figure is available in the online version of this paper.)

escaped ingressions and river flooding (Borger, 1992). As a
result of this history, the levels at which peat beds are now
encountered hold a record of vertical displacement that show a
heterogeneous pattern of superposed natural preconditions,
reclamation styles, ingression cover, and artificially raised
surfaces (Pierik et al., 2017; Van Asselen, Stouthamer, and Van
Asch, 2009).

Although peat-related subsidence has long been recognized
in the Netherlands (Huizinga, 1940; Schothorst, 1977), the
rates at which subsidence is proceeding, spatial variability
herein, and its influence on modern land use have only recently
been addressed (Stouthamer and Van Asselen, 2015; Van den
Born et al., 2016). Reconstructing and mapping past peat-

related subsidence is an important step to assess and manage
present day and future subsidence across the urbanized coastal
plain. This provides causal insight between the spatial
variations in peat occurrences and thickness of overburden.
Furthermore, it is essential to create awareness among
stakeholders and policy makers regarding the threat of land
subsidence that at some point may stop being manageable
using present land practices (Van den Born et al., 2016).

This study explores at the coastal plain scale how recon-
structions of vertical displacement of peat beds from large C
datasets is useful in subsidence research, with a focus on the
compression-caused component. The aims of this study are
twofold. First, the potential of a “C-dating based regression
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Figure 2. (A) Surface elevation of the Holocene coastal-deltaic plain in the Netherlands relative to mean sea level (MSL) and *C-dating sample locations. (B)
Accumulated thickness of peat in the Holocene sequence of the coastal-deltaic plain extracted from the 3D geological subsurface model GeoTOP (TNO-GSN,
2016). The rectangle represents the final focus area of the subsidence map. (Color for this figure is available in the online version of this paper.)
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method developed for quantifying peat compression on local
scales was investigated, to reconstruct and quantify subsidence
by peat compression on a regional scale. A large set of 1*C-dated
intercalated peat layers was collected from the heavily
urbanized coastal plain of Holland, the Netherlands (ca.
12,400 km?) (Figure 2B). Second, a map of this area showing
the amount of subsidence that Holocene peat experienced by
compression was produced.

Previous Work

At the local scale of single sites, reconstructions of compres-
sion-induced subsidence have been developed and deployed in
Holocene relative sea-level rise research (Brain, 2016; Brain et
al., 2012; Massey et al., 2006), and similarly in studies relating
natural overburden to compressibility of buried peat beds (Van
Asselen, 2011). Methodologically, such studies determine at a
high vertical resolution current physical properties of cored
peat layers and use that as input for soil-mechanics models
focusing on primary and secondary compression. Reconstruct-
ing subsidence on a large spatial scale using this approach,
however, is not straightforward, since it requires input of
physical peat properties, timing of compression, stress histo-
ries, and duration of successive compression stages. These are
spatially variable and often unknown. Consequently, soil
mechanics is at present impractical to apply on large spatial
scales. Erkens, Van der Meulen, and Middelkoop (2016)
exemplified these challenges, as they used a spatiotemporal
constant for peat organic matter dry density to reconstruct
compression coastal peat experienced in the Netherlands
during the past 1000 years, because variations herein could
not be determined.

Sea-level reconstruction uses *C-dated coastal peat beds
as proxy data for former lagoon and estuarine sea levels,
provided that their sample level can be converted to an
original level. To do so for intercalated peat beds, the sea-
level reconstruction community developed empirical ap-
proaches to quantify subsidence by compression of peat beds
based on *C-dating (Bloom, 1964; Edwards, 2006; Horton et
al., 2013; Horton and Shennan, 2009; Long, Waller, and
Stupples, 2006; Meckel, Ten Brink, and Williams, 2007,
Roberts, Bailey, and Kuecher, 1994; Shennan et al., 2000;
Tornqvist et al., 2008; Van Asselen, 2011).

One approach empirically explores regression-fit functions
with coefficients calibrated on the vertical differences
between (1) reconstructed relative water level position at
the time of peat formation (1*C-dated age), and (2) the present
elevation level of the peat (z position of *C-dated sample).
This offset is equal to the amount of subsidence experienced
by the peat bed that is due to the compression of the peat
layer itself and that of underlying compressible deposits. The
function fits typically describe the amount of subsidence as
depending on (1) thickness of the younger overburden, which
is responsible for the compression of the intercalated peat
layer and underlying deposits, and (2) depth to the incom-
pressible substrate, defining the vertical interval of the
compressible Holocene deposits underlying the sampled peat
layer. Edwards (2006) and Shennan et al. (2000) and provide
linear regression relations between the compression-induced
subsidence (termed by them ‘sediment consolidation’ or

‘compaction’) and ‘thickness of overburden’ and ‘depth to
substrate’, and successfully applied them in Holocene sea-
level reconstructions for the U.K. Such linear relations have
also been found for other coastal-deltaic sequences that
embed intercalated peat layers (Horton et al., 2013; Horton
and Shennan, 2009; Térnqvist et al., 2008).

The challenge of the present study was to obtain regression-
fit functions for a large heterogeneous dataset of 1*C-dated peat
layers collected from an entire coastal plain. The Holland
coastal plain case is suitable for this, because reference levels
for this area have previously been reconstructed in three-
dimensional (3D) interpolation (see below) (Cohen, 2005;
Koster, Stafleu, and Cohen, 2016).

METHODS

Compression-induced subsidence of intercalated peat layers
and underlying compressible substrate is reconstructed as the
vertical difference between their initial and current position.
To quantify past subsidence at a regional scale, the initial
position (or reference level) and current level of 140-dated peat
beds are required. Both should be of even coverage and quality
across the coastal-deltaic plain. In this section, a rationale is
provided elaborating on varying initial and current levels of
peat layers in the study area. Next, the dataset is presented
supplying the reference level across the study area by
interpolation of a basal peat **C dataset (summarizing Koster,
Stafleu, and Cohen, 2016). After that the dataset of vertically
displaced peat beds is presented, i.e. 1*C-dates from interca-
lated peat layers. The section is completed by giving back-
ground information on a voxel-based 3D geological subsurface
model of the study area, which was used as input regarding
overburden and depth at the locations of the intercalated peat
14C dataset and as the geomodelling framework for producing a
subsidence map.

The schematic cross section of the Holland coastal plain
(Figure 3) illustrates the various positions from where basal
peat and intercalated peats have been sampled and their
indication for water level positions at the time of peat formation
and postdepositional displacements (compression) and removal
(oxidation, mining). Furthermore, it shows the reference levels
for coastal-deltaic peat formation of known age as stacked blue
lines (reconstructed isochrons) that are known at each location
where an intercalated peat bed still exists (i.e. has not oxidized
or been mined) and has been radiocarbon dated. This delivers
the vertical difference and quantifies the part of subsidence
that is due to the compression of the peat layers itself and that
of underlying Holocene deposits (c¢f. Shennan et al., 2000).

The Holland coastal plain is experiencing differential
subsidence of tectonic and glacial isostatic origin (Kiden,
Denys, and Johnston, 2002; Kooi et al., 1998). Consequently,
intercalated peat layers subsided relative to a present day
reference level, regardless of compression. In the reference
levels, lateral elevation gradients were implemented to correct
for subsidence by tectonics and isostasy (Cohen, 2005; Koster,
Stafleu, and Cohen, 2016). Consequently, the vertical differ-
ence between the initial and present elevation of intercalated
peat layers is solely caused by compression of the peat beds or
the underlying Holocene deposits.

Journal of Coastal Research, Vol. 34, No. 5, 2018



1038 Koster et al.

seaward landward
overburden
embankment
CO, emissions £
& "
T e I:_’—: ppppp
e — i
- | e— RNy
peat (i)Elation CO, emissions | —— fluvial
_____________ - 10 clastics —
: | : 4 \
¢ S -Thiirdan e back-barrier = :O
peat | xcavated
o urbanareas i cravalecpeat _§ ! \l/ channel
o 6 _______________ 4 o belt Q

coastal
clastics

central delta

peat | /

© "C-dating subsided intercalated peat — GWL-interpolations
- present phreatic GWL

® "C-dating GWL-interpolation

J, calculated subsidence

Figure 3. Schematic overview of the peat-rich coastal-deltaic sequence of the Netherlands subjected to differential subsidence as a result of peat compression,
oxidation, and mining. Present day water levels are kept artificially below natural positions. Subsidence by peat compression is quantified by measuring the
vertical distance between a reference level to which the peat initially formed and the depth where it was sampled. (Color for this figure is available in the online

version of this paper.)

Reference Levels

A previously developed 3D interpolation of palaeo-ground-
water levels (GWLs; Cohen, 2005; Koster, Stafleu, and Cohen,
2016) was used to determine the reference levels. The
interpolation yields GWLs for the coastal plain of Holland for
the period between 10,800 and 1000 calibrated years before
present (cal BP) and is based on 384 *C-dating of basal peat (x,
y, 2z, and age known). Basal peat originates from swamps in
fluvial and coastal floodbasins that onlapped a seaward sloping
Pleistocene surface (sloping between ca. 7 and —25 m relative to
mean sea level). The 3D interpolation of the reference levels (z)
was conducted on a grid in the x, y, age domain (resolution:
1000 X 1000 m X 200 y; with age in vertical direction). This
interpolation method classifies as 3D block kriging with an
external drift (Cohen, 2005), meaning that it was conducted in
two steps. First, a regionalized trend function (i.e. the external
drift) that describes spatiotemporal trends in Holocene
groundwater level rise was fit (optimized for the basal peat

14C data), and then a block-kriging interpolation procedure was
carried out on the residuals to amend the trend function
prediction of past water level elevations with subregional
deviations (present in the data, but not captured with the trend
function).

The input basal peat samples consist of Alnus, Phragmites,
Carex peat, and undefined peat. These different peat types
form in various ranges of water depths, and, consequently,
their vertical position provides an indication of the elevation of
the reference levels. Each peat type has a maximum water
depth in which vegetation can develop (cf. Bos, Busschers, and
Hoek, 2012; Den Held, Schmitz, and Van Wirdum, 1992): Alnus
peat in fluvial floodbasins *+0.1 m, Phragmites peat in both
fluvial and tidal floodbasins —1 m, and Carex peat in fluvial
floodbasins —0.3 m. These maximum water depths were
incorporated in the 3D interpolation as vertical uncertainties
between the level of peat formation and coeval groundwater
levels (Gpeat)- They were attributed to each basal peat sample

Journal of Coastal Research, Vol. 34, No. 5, 2018
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and incorporated in the statistical interpolation procedure as
variances of measurement errors.

The interpolation includes a spatiotemporally quantified
uncertainty (cgwr,) that has a minimum of 0.13 m in data-
rich areas and a maximum of 1.19 m in data-poor areas.
During the interpolation the errors were processed as

follows: Gyert.aifr = «/(Ggeaﬁﬂéwﬁ, and the interpolation

produced Holocene GWLs with vertical errors that range
between ca. 0.4 m (Alnus peat data-rich areas), to ca. 2 m
(undefined peat in data-poor areas).

A known deficiency of the GWL interpolation method is
deficient because it lacks tidally raised regional levels that are
otherwise known to have existed around tidal inlets (Koster,
Stafleu, and Cohen, 2016). Peatlands fringing tidal inlets often
form around groundwater levels at an elevation grading to
mean high water, i.e. in the Netherlands close to a metre above
contemporary mean sea level (Van der Spek, 1994, Vis et al.,
2015). Peat formation along the rims of larger lagoons and in
wide fluvial-tidal floodbasins, however, occurs at a few
decimetres lower, closer to contemporary sea level (Van de
Plassche, 1995). The basal peat dataset used in the 3D
interpolation contains index points from the latter setting
only. Because the dimensions and morphology of tidal inlet
systems have changed over time, the tidal amplitudes
experienced in different inland sections of these systems have
varied as well. Including a reconstruction of tidal ranges
requires additional datasets and method development, which
are not within the scope of this study. The GWL reference levels
thus underestimate regional GWLs in certain seaward parts of
the coastal plain around active funnelling tidal inlets (Koster,
Stafleu, and Cohen, 2016).

Vertically Displaced Intercalated Peat Layers

Five hundred thirteen (513) *C-dating samples of interca-
lated peat layers was deployed for the subsidence regression
analysis (see Figure 2A for the sample’s spatial distribution and
Supplementary Material for the dataset). The samples were
taken from cored boreholes, and their elevation determined
during sampling was regarded as the current vertical position.
The samples were calibrated to calendar years BP (software,
OxCal 4.2, Bronk Ramsey, 2009; reference curve, IntCall3,
Reimer et al., 2013). The GWL interpolation was used to look up
the initial level of intercalated peat formation. This yielded a
reconstructed initial elevation and associated error (Gyert gifr)
per intercalated peat sample. Subsidence by compression was
subsequently quantified as the difference between the initial
and current position of the intercalated peat layers.

Regression Analysis and Subsidence Mapping

To assess the dependency of peat layer subsidence to
overburden thickness and depth to substrate, linear regression
analysis was used. Hereto, overburden thickness and depth to
substrate were determined from the GeoTOP 3D geological
subsurface voxel model (Stafleu et al., 2011; Geological Survey
of The Netherlands (TNO-GSN)). GeoTOP has a resolution of
100 X 100 X 0.5 m, and each voxel is attributed with
lithostratigraphic unit and lithology. It was used to specify
the thickness of overburden and depth to substrate of each *4C-
dated intercalated peat layer. The thickness of overburden in

the study area varies from less than 1 m for surficial peat layers
to over 22 m for the top of basal peat layers. Depth to substrate
ranged from several centimetres for the top of basal peat layers
to over 20 m for coast-nearby surficial peat layers.

Voxels assigned as Holocene peat were extracted from
GeoTOP to serve as input cells for the subsidence mapping.
For the mapping, the vertical position of these cells relative to
their position within the Holocene sequence was used as input
for the obtained regression functions. This yielded compres-
sion-induced subsidence values, which were attributed to the
selected Holocene peat cells.

Vertical effective stress (c’) is put forward here as an
alternative for using overburden thickness in the regression
analysis. It is widely acknowledged that the amount of
primary compression a peat layer experienced is related to
the vertical effective stress exerted by its overburden (Den
Haan, 1994; Mesri and Ajlouni, 2007). During the dynamic
build-up history of coastal-deltaic areas, groundwater levels
and thickness of overburden, as well as the composition of
overburden, continuously changes. Consequently, vertical
effective stress exerted on intercalated Holocene peat beds
changed as well. This complex interplay of stress changes
influenced primary compression rates, the offset between
reversible and irreversible compression, and creep rates.
Therefore, the use of present day vertical effective stress can
be regarded as a step forward to implement more variation in
overburden in addition to its thickness. For more detailed
analysis on the influence of vertical effective stress on past
compression, maps indicating past physical peat properties
and changes in stress regimes are necessary, but they are
currently nonexistent.

Present day vertical effective stress exerted on each sampled
intercalated peat layer was calculated as the difference
between total stress (o) and hydrostatic pressure (p) prevailing
at the sampling depth: ¢’ = 6 — p. Kruiver et al. (2017)
determined averaged lithology specific total stress values for
Holocene coastal deposits in the Netherlands: peat 11 kPa, clay
14 kPa, sandy clay 16 kPa, sand 20 kPa, and anthropogenic
brought-up soil 18 kPa. These values have been implemented
in GeoTOP and were used to quantify total stress at each
sampled level. Hydrostatic pressure is 0 kPa at the phreatic
groundwater level and increases downward with 10 kPa per
metre. The openly available two-dimensional grid of current
phreatic groundwater levels in the Netherlands was used (250
X 250 m) (NHI, 2016) to quantify hydrostatic pressure at each
sampled level. Subsequently, the total stress and hydrostatic
pressure values were used to calculate vertical effective stress
exerted on the sampled intercalated peat layers.

RESULTS

The full intercalated peat dataset, after pairing with a
reference level, shows vertical displacements of the peat layers
range from —3.1 to 8.1 m (Figure 4). A calculation outcome of
positive values (77%) implies that the peat layer has post-
depositionally subsided, whereas negative values (23%) indi-
cate a mismatch owing to underestimation of the reference
levels. The negative values especially comprise peat beds
formed between 6000 and 3000 cal BP, situated in the NW part
of the coastal plain (Figure 5). These samples derive from peat

Journal of Coastal Research, Vol. 34, No. 5, 2018
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present depth to substrate that predict peat compression. The vertical error bars represent the GWL uncertainty (cgwr,). (Color for this figure is available in the

online version of this paper.)

layers formed fringing tidal inlets and basins (De Mulder and
Bosch, 1982) in the part of the study area for which it was
known that the 3D GWL interpolation was missing tidal effects
(Koster, Stafleu, and Cohen, 2016).

Figure 6 shows a subset of the intercalated peat beds
formed between 6350 and 5350 BP (5850 cal BP *+ 500 y) and
4000 and 3000 BP (3500 cal BP = 500 y), projected on
palaeogeographic maps of the Netherlands (Vos, 2015). The
blue data points represent intercalated peat layers that are
situated below their reference level, and those in red
represent layers above that level. A pattern emerges,
showing that the majority of the samples that are positioned
above their reference level are distributed around open tidal
basins (left panel) and along silting up tidal inlets (right
panel). The mean distances above coeval reference levels are

0.43 * 0.43 m for the open tidal basin situation and 0.63 =
0.73 m for the silting up tidal inlet. This vertical distance is
lower than the ca. 1 m offset between mean sea level and
mean high water that prevailed during the last 6000 years
(Van der Spek, 1994). Therefore, the shallow buried samples
are considered to have experienced postdepositional subsi-
dence of ca. 0.5 m. In further analysis, samples deriving from
peat layers fringing tidal inlets were discarded based on the
palaeogeographic maps of Vos (2015) (Figure 6).

In the fluvial dominated part of the delta, far fewer peat
samples are identified as positioned above contemporary
reference levels. The few that are might well be from confined
floodbasins, where groundwater level can rise locally at times
of developing river avulsion (Van Asselen, Cohen, and Stout-
hamer, 2017).
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Figure 5. (Left) Black dots represent the elevation of the reference levels for each *C-dated intercalated peat sample obtained from a 3D GWL interpolation
(Koster, Stafleu, and Cohen, 2016). Blue circles are intercalated peat (this study) encountered below the reference level, red circles above. (Right) Spatial
distribution of sample depths presently below and above the reference level. The shaded area indicates the lateral extent of the 3D GWL interpolation. (Color for

this figure is available in the online version of this paper.)
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Regression Relations on Constrained Data Subsets
The large scatter resulting from using the vertical-displace-
ment dataset in raw form—with the tidally affected areas and
the underestimation of the reference-level heights—also echoes
in the linear regression analysis. It yields no correlation with
overburden thickness (r? = 0.08) and depth to substrate (r? =
0.01) (Figure 4). Standard deviations of the residuals between
measured and predicted subsidence are 1.3 m for overburden
and 1.4 m for depth to substrate. In view of mapping
subsidence, the regression relation was improved by constrain-
ing the dataset to only **C-dating deriving from peat formed
between 5000 and 1000 cal BP on top of clastic coastal deposits
(seaward side Figure 3). This subset of peat (N =127 M(C_dated

peat layers) has vast spatial coverage (ca. 5000 km?; Figure 2B)
and occupies relatively shallow positions (Figure 3). A further
reason to focus on the shallow back-barrier peat is that its
contribution to subsidence is regarded as the highest within the
Holocene coastal plain (Erkens, Van der Meulen, and Mid-
delkoop, 2016).

Linear regression analysis on the back-barrier peat subset
yielded stronger correlation with overburden thickness (r? =
0.54; p = 8E—23), whereas substantial scatter remained in the
regression vs. depth to substrate %2 =0.01) (Figure 7). In the
back-barrier area, subsidence of peat beds relates to overbur-
den thickness (both in metres) as: subsidence = 0.46 X
overburden + 0.53.
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Figure 7. Subsidence scatter plots as in Figure 3, for present overburden and present depth to substrate, but for a subset of peat samples younger than 5000
years. Trend lines of Edwards (2006); Horton and Shennan (2009): H (Humber estuary), F (Fenlands), L (Lincolnshire); Horton et al. (2013) are displayed in the

left panel. (Color for this figure is available in the online version of this paper.)
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Figure 8. Scatter plot of subsidence of a peat bed within the Holocene
sequence vs. vertical effective stress exerted on the sampled peat beds, and
regression relations describing the subsidence. (Color for this figure is
available in the online version of this paper.)

The poor correlation between vertical displacement and
depth to substrate indicates that subsidence of the peat beds
was not due to compression of the Holocene tidal deposits that
underlie the back-barrier peats. In turn, this implies that
compression of the back-barrier peat layer itself explains the
subsidence. This can be attributed to the composition of these
tidal deposits, where sandy and silty clays dominate. Clastic
sediments have a relatively low compressibility (e.g., Mesri and
Ajlouni, 2007), and therefore the tidal basin sediments will
require several metres of overburden to obtain observable
compression. That compression behaviour stands in strong
contrast to the compressibility of the back-barrier peats. In the
peat layers, compression already manifests at decimetres of
overburden and lowering of hydrostatic pressure. This is
exemplified by Koster, Erkens, and Zwanenburg (2016); they
found compression of the Holland coastal plain peat by a 6 m
thick earthen embankment reduced ca. 90% of its thickness,
while it only reduced ca. 10% of the thickness of the underlying
clayish tidal basin deposits. Since only a few samples of the
Holland coastal plain derive from peat with an overburden
exceeding 6 m, it is stated that the overburden at the sample
locations was insufficient to compress the tidal basin deposits.
This is supported by the relatively uniform depth (4.4 + 1.2m
mean sea level over ca. 5000 km?) of the bottom of the back-
barrier peat layer as modelled in GeoTOP. However, the low
compressibility of the tidal basin deposits sustained the
relation between peat overburden and subsidence, since
compression of the tidal basin deposits would have overprinted
the linear relation between overburden and subsidence.

In Figure 8, the relation between the subsidence of the *C-
dated back-barrier peat samples and the vertical effective stress
resulting from overburden is shown (r? = 0.57; p = 9E—25). The
incorporation of the heterogeneity of overburden shows little
improvement of the correlation. According to vertical effective
stress—strain diagrams of soft soil compression, strong relations
exist between increasing vertical effective stress and thickness
reduction of peat (Den Haan, 1994). This small increase of the
correlation is explained by the little variation in density that
exists within the different types of overburden material;

furthermore, the still moderate correlation likely results from
the uncertainties in the true depth of the reference levels.

Mapping the Current State of Peat Compression

The linear relation between the thickness of overburden
and subsidence of the Holland coastal plain peat (Figure 7,
for location see Figure 2B) was deployed to map the
subsidence (Figure 9A). The results show that peat layers
situated below thick natural and anthropogenic overburden
experienced most subsidence by compression. This is partic-
ularly the case in the raised centres of the cities of
Amsterdam, Rotterdam, and Gouda. Here, shallow peat
was first overlain by flood deposits from fluvial and coastal
origin, and subsequently by anthropogenic brought-up soil,
which is between 1 to 8 m in thickness, and responsible for
subsidence ranging from 1 to 5 m. At the inland boundaries of
this peat layer the overburden is at most several decimetres
thick, and consequently the peat generally has experienced
less than 1 m of subsidence. This is also the situation in the
agricultural areas north of Amsterdam and near the former
Rhine estuary, where peat occurs near the present surface. In
the agricultural areas east of Rotterdam, where peat locally
is overlain by 1 to 5 m thick fluvial overbank deposits, peat
experienced 1 to 3 m of subsidence.

DISCUSSION

This study revealed that reconstructing postdepositional
vertical displacements of #C-dated peat samples relative to
reference levels is possible at a regional scale. However, at a
regional scale, the method relies heavily on the accuracy of the
reference level and on the validity of the linear regression
between thickness of overburden and peat compression, which in
this case was only true for a specific data subset. The linear
regression approach simplifies the processes that caused
compression and suffers from considerable uncertainty in the
determination of index points. This may become problematic for
application at national scale with original data collected in
various projects and with different objectives, when compared
with its application to a single tidal system where the researcher
can more fully control sampling quality. Nevertheless, the
results for sites that are at a greater distance from tidal systems
show a robust overview of past subsidence. When compared with
estimates based on soil-mechanical methods that may suffer
from fundamental problems in specifying input parameters for
peat behaviour and initial conditions in such heterogeneous
areas, the application of **C-dating as a new method for mapping
past peat compression is considered justifiable.

Previously Developed Subsidence Map

A recent reconstruction of peat subsidence in the Holland
coastal plain by Erkens, Van der Meulen, and Middelkoop
(2016) was established by estimating subsidence from the
vertical offset between the current land surface and a
reconstructed AD 1000 surface. The contribution of peat
compression to this subsidence was quantified using increases
in dry organic matter bulk densities relative to pristine
uncompressed peat (cf. Van Asselen, 2011). Their results show
that ca. 28% of the subsidence is due to peat compression. In
Figure 9B, spatial differences between their reconstructed
subsidence by peat compression and the reconstructed subsi-
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Figure 9. (A) Map depicting subsidence the back-barrier peat experienced by compression (GeoTOP; TNO-GSN, 2016). (B) Map showing the difference in
reconstructed subsidence by compression of the back-barrier peat by Erkens, Van der Meulen, and Middelkoop (2016) and this study. (Color for this figure is

available in the online version of this paper.)

dence of this study are shown. On average, subsidence by peat
compression quantified by Erkens, Van der Meulen, and
Middelkoop (2016) is 0.74 m less than subsidence quantified
here. This accounts for areas with more than 2 m overburden in
particular, such as cities and areas where peat is overlain by
overbank deposits. In contrast, their reconstructed subsidence
exceeds ours in areas where peat is overlain by less than 2 m
overburden, primarily in agricultural areas. These differences
primarily arise because Erkens, Van der Meulen, and Mid-
delkoop (2016) assumed less than 1.5 m overburden over the
entire area, while this study comprises large areas with more
than 1.5 m overburden. Consequently, in areas with less than 2
m overburden, i.e. areas with conditions comparable to those in
Erkens, Van der Meulen, and Middelkoop (2016), their
estimates were within 18 cm of the results presented here.

Reconstructed Peat Compression at Other Coastal-
Deltaic Sites

It is widely acknowledged that spatial variation exists in
peat compression by overburden, due to spatial differential
physical peat properties (Den Haan, 1994; Mesri and Ajlouni,
2007). Variation in physical peat properties is attributable to
differences in environmental conditions during and after peat
formation. For instance, Den Haan (1994) determined that
peat containing sediments and small wood particles is less

compressible than highly organic fibrous peat. Furthermore,
Den Haan and Kruse (2007) showed that differences exist in
time-dependent creep rates, which causes spatial differential
reduction in peat compressibility as well. With the reference-
level approach, spatial differences in peat compression
between different coastal-deltaic sites are also revealed. The
presented regression function: subsidence = 0.46 X overburden
+ 0.53 (Figure 7) has a slope of 0.46, stating that 1 m of
overburden causes 0.46 m of vertical displacement by peat
compression. In Figure 7, regression functions deriving from
other studies focusing on reconstructing peat compression
with #C-dating are shown. The slopes of functions developed
for several sites at the coastal zone of the U.K. have an average
of 0.40 (Edwards, 2006; Horton and Shennan, 2009 [with a
positive intercept only]). A maximum slope of 0.84 was
obtained by Edwards (2006) (Loughor Estuary), whereas a
minimum of 0.11 was found by Horton and Shennan (2009)
(Lincolnshire). Horton et al. (2013) obtained a slope 0.30 for a
site at the coast of New Jersey, United States. This emphasizes
the need for local to regional calibration of the regression
function, when applying this method in other areas.
Furthermore, the regression function has an intercept of 0.53,
indicating that 0.53 m of subsidence occurred regardless of
overburden. Intercepts of multiple decimetres were also obtained
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by Edwards (2006) (0.6 m) and Horton and Shennan (2009) (site
Lincolnshire 0.7 m; site Humber estuary 0.9 m). According to
Tornqvist et al. (2008), this positive intercept is due to
compression of underlying Holocene deposits. However, for the
Netherlands this could also be due to the reduction of hydrostatic
pressure by groundwater level lowering during reclamation or
time-dependent creep processes prevailing since the onset of peat
formation. Koster, Erkens, and Zwanenburg (2016) determined
by using widely acknowledged soil-mechanic concepts that creep
reduced the thickness of peat embedded in the Holland coastal
plain by ca. 20% in 4000 years, that is, between onset of peat
formation and the reclamation of the wetlands.

The map presented in this study indicates that subsidence by
compression of the back-barrier peat during the past 1000
years primarily ranges between ca. 0.5 to 5 m. This is caused by
overburden with a spatially varying thickness between ca. 0
and 10 m. Tornqvist et al. (2008) quantified ca. 1 to 5 m
subsidence by compression of a peat layer over a ca. 5 km long
profile in the Mississippi delta. The overburden consisted of ca.
2 to 11 m of natural levee deposits that began to form ca. 1500
years ago. Long, Waller, and Stupples (2006) determined ca. 3
m of peat compression due to the presence of 4.8 m of
overburden consisting of tidal deposits in Romney Marsh
(U.K.). These tidal deposits caused subsidence of the peat from
ca. 1200 years ago onward. This indicates that the presented
subsidence map is in good agreement with these previously
made observations in other settings.

CONCLUSIONS

This paper presents an approach to map regional scale
vertical displacement of Holocene peat layers below their
reference groundwater levels in the Holland coastal plain of the
Netherlands using quantifications of subsidence induced by
compression of 4C-dated peat layers. The quantification was
conducted by determining the vertical interval between the
current and initial level of intercalated peat layers. The initial
level was determined using a 3D interpolation of Holocene
GWL for the entire coastal area. With regression analysis, the
amount of peat compression was related to overburden. By
implementing this relation in the 3D GeoTOP geological model,
a map was obtained showing the subsidence a back-barrier
peat layer experienced by compression.

The urbanized areas in the coastal plain experienced 1 to 5 m
of peat compression in response to loading by flood deposits and
anthropogenic brought-up soil. In the agricultural areas, peat
compression generally resulted in less than 1 m of subsidence,
with local maxima of 3 m. Maxima values were obtained in
particular in areas overlain by deposits from river flooding and
sea ingressions. In agricultural areas without overburden,
subsidence has been ca. 0.5 m owing to reducing hydrostatic
pressure during peat reclamation.

Gaining a better insight and understanding at the regional
scale of the amounts and spatial variation of past subsidence due
to peat compression is essential to managing present and future
subsidence. This relates to differences in (1) land use, i.e.
urbanized areas vs. agricultural lands, and (2) past coastal and
fluvial dynamics, specifically flooded areas with natural over-
burden covering the peat vs. areas with peat at the present
surface.
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