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ABSTRACT

We present an interpolation model that describes Holocene groundwater level rise and the creation

of accommodation space in 3D in the Rhine-Meuse delta – the Netherlands. The model area

(ca. 12 400 km2) covers two palaeovalleys of Late Pleistocene age (each 30 km wide) and the overly-

ing Holocene deposits of the Rhine-Meuse delta, the Holland coastal plain, and the Zuiderzee for-

mer lagoon. Water table rise is modelled from 10 800 to 1000 cal. BP, making use of age-depth

relations based on 384 basal peat index points, and producing output in the form of stacked palaeo

groundwater surfaces, groundwater age-depth curves, and voxel sets. These products allow to

resolve (i) regional change and variations of inland water table slopes, (ii) spatial differences in the

timing and pacing of transgression, and (iii) analysis of interplay of coastal, fluvial and subsidence

controls on the provision of accommodation space. The interpolation model is a multi-parameter

trend function, to which a 3D-kriging procedure of the residuals is added. This split design deploys

a generic approach for modelling provision of accommodation space in deltas and coastal lowlands,

aiming to work both in areas of intermediate data availability and in the most data-rich environ-

ments. Major provision of accommodation space occurred from 8500 cal BP onwards, but a different

evolution occurred in each of the two palaeovalleys. In the northern valley, creation of accommoda-

tion space began to stall at 7500 cal BP, while in the southern valley provision of new accommoda-

tion space in considerable quantities continued longer. The latter is due to the floodplain gradient

that was maintained by the Rhine, which distinguishes the fluvial deltaic environment from the rest

of the back-barrier coastal plain. The interpolation results allow advanced mapping and investigation

of apparent spatial differences in Holocene aggradation in larger coastal sedimentary systems. Fur-

thermore, they provide a means to generate first-order age information with centennial precision for

3D geological subsurface models of Holocene deltas and valley fills. As such, the interpolation is of

use in studies into past and present land subsidence and into low land sedimentation.

INTRODUCTION

The deceleration of postglacial sea-level rise is heavily

reflected in the accommodation and aggradation history

of Holocene deltas and coastal lowlands worldwide (Stan-

ley & Warne, 1994; Hori & Saito, 2007), despite great dif-

ferences in values of tectonic and glacio-isostatic

background subsidence and quantities of water and sedi-

ment delivery. The rise of sea level induced simultaneous

rise of the coastal groundwater levels (GWL) over tens of

kilometres inland, affecting rivers and lagoon systems.

Reconstructing the rates and spatial variations of this base

level rise is essential for understanding the built-up of

these Holocene sequences, as that process governed the

accumulation of major sedimentary bodies and the age-

depth relations (time lines) within. Being able to assign

ages to coastal plain deposits is key to understanding

coastal-deltaic architectures and the provision of accom-

modation space during their built-up.

In northwestern Europe, coastal plain GWL rise over

Holocene time scales is commonly reconstructed by using
14C dated basal peat (Jelgersma, 1979; Denys & Baeteman,

1995; Zong & Tooley, 1996; Vella & Provansal, 2000;

Streif, 2004; Gehrels et al., 2006; Behre, 2007; Cromb�e
et al., 2015). In the Netherlands, marker peat beds are

encountered at the very base of Holocene coastal and del-

taic sequences that onlap an assumedly incompressible
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Pleistocene substrate. The basal peat beds developed

when a rising groundwater table made the paleosol at the

top of this substrate submerge, a process driven by Early

and Middle Holocene sea-level rise. The notion of an

incompressible substrate makes the very bottom of the

basal peat a suitable time-depth marker for a past water

table, supporting the use of series of dated basal peat sam-

ples for reconstruction of rise of coastal GWL (Jelgersma,

1961; Cohen, 2005; Vis et al., 2015).
In the Netherlands, 14C dating of basal peat for GWL

reconstruction was first applied in the 1950s (Bennema,

1954; Van Straaten, 1954). During subsequent decades a

series of regional GWL reconstruction studies have been

performed, often in association with relative sea-level rise

research aims (e.g. Jelgersma, 1961, 1979; Van de Plass-

che, 1982; Van Dijk et al., 1991; Gotj�e, 1993; Kiden,

1995; T€ornqvist et al., 1998; Makaske et al., 2003;

Berendsen et al., 2007a; Hijma & Cohen, 2010; Van de

Plassche et al., 2010). These reconstructive studies docu-
mented GWL rise and thereby the provision of accommo-

dation space, but focused on creating single reference

curves of GWL and sea-level rise, by using data from as

small as possible areas, in what is essentially a one-dimen-

sional approach.

Regional variability in hydrological regimes responsible

for basal peat growth (Van de Plassche, 1982), morphol-

ogy of underlying deposits (Jelgersma, 1961), and differ-

ential vertical movement of the substrate between regions

(Kiden et al., 2002), were the main reason to establish

GWL-rise reconstructions at local scale only. To assess

river gradient effects on deltaic groundwater tables, two-

dimensional comparative analysis of the local GWL

reconstructions was introduced by Van Dijk et al. (1991)
and T€ornqvist et al. (1998). They plotted index-points on

a longitudinal transect of tens of kilometres long and cor-

related the data points by manually drawing groundwater

table gradient lines between them. This method illus-

trated the persistent spatial-temporal trends (and defor-

mations therein), but quantifying these was sensitive to

choices of a longitudinal projection axis to plot the data

points on and compare along. These limitations were

overcome by Cohen (2005), who developed a 3D-method

to interpolate Holocene GWL rise across the entire

Rhine-Meuse delta. The first analyses used some 300
14C-dated basal peat index points (extracted from a data-

base maintained at Utrecht University: Berendsen &

Stouthamer, 2001; updated: Cohen et al., 2012). The

interpolation was initially designed as part of a project

focused on differential subsidence as recorded in relation

to deltaic accommodation (Cohen, 2003, 2005; Cohen

et al., 2005). Hereto, it predicted water table depths with

ages, documenting the creation of accommodation space

in 3D through time due to combined water table rise and

substrate subsidence. Since then, it has found application

in further Rhine delta studies needing temporal quantifi-

cation of accommodated volumes and predictions of con-

solidation-free age-depth positions in flood basin

sequences (e.g. Gouw & Erkens, 2007; Hoffmann et al.,

2007; Stouthamer et al., 2011; Van Asselen, 2011; Bos

et al., 2012). A limitation of the 2005 setup, however, was

that by its design the interpolation method was restricted

to a coastal-deltaic plain study area that is centred over

the axis of a single palaeovalley. The application of the

method over a larger coastal plain with larger area

requires further conceptual development to overcome

that limitation.

Palaeovalleys are common phenomena in the substrate

of deltas and coastal plains (e.g. Yangtze: Wang et al.,
2013; Tokyo Kanto Plain: Tanabe et al., 2015; Missis-

sippi: Blum et al., 2008; Mekong: Hanebuth et al., 2012).
Buried palaeovalleys are topographically complex, as a

result of different sizes and lifespans of valley forming riv-

ers and receiving basins. Also, where elongated coastal

plains are fed by chains of smaller rivers (e.g. Northern

Adriatic Sea: Fontana et al., 2008; Southern Italy Meta-

ponto plain; Tropeano et al., 2013; Waddensea coast: Vos

& Knol, 2015), accommodated thickness greatly varies as

the coastal plain traverses multiple palaeovalley axis. This

underpins the need for an interpolative accommodation

modelling method, to be able to deal with complex spatial

diversity in accommodated thickness and isostatic subsi-

dence as a factor, which are the main issues addressed in

the redesign of the Netherlands’ coastal plain GWL rise

3D interpolation model. In this article, we add the Hol-

land coastal plain and the Zuiderzee former lagoon to that

of the Rhine-Meuse delta coastal plain, enlarging the area

by a factor of three, and include a northern and a southern

palaeovalley in the substrate (Fig. 1). Both valleys were

formed by Last Glacial precursors of the river Rhine.

The number of basal peat index-points from the

Netherlands has continued to grow in the past decade, in

particular owing to Middle Holocene sea-level rise studies

(Hijma & Cohen, 2010; Van de Plassche et al., 2010), land
subsidence studies (Van Asselen, 2011) and archaeological

studies (Makaske et al., 2003; Vos et al., 2015a), allowing
the extension of the model and adapting the method.

In this article, we present a generic 3D-interpolation

model for GWL rise and creation of accommodation

space in complex coastal and deltaic plains, renewing ear-

lier work in the Netherlands, and making use of updated

input data (14C-dated basal peat GWL index-points) and

software environments for 3D geomodelling (see below).

In our new adapted approach we consider (i) the spatial

expansion of the interpolation area (to include a second

buried palaeovalley), (ii) establishment/definition of

lower and upper bounding surfaces (for resp. 10 800 and

1000 years ago) for the expanded model area, (iii) an

update of data coverage for the extended model area, (iv)

modification of the original interpolation methodology to

deal with the new spatial extent and data distributions,

and (v) comparison of the 3D GWL interpolation with

sedimentary surfaces of existing 3D geological subsurface

models. This resulted in a high-resolution 3D interpola-

tion of coastal-lagoonal and deltaic GWL for the Holo-

cene (excluding the period of human interferences in the

youngest 1000 years), for an area of approximately
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150 9 160 km at an resolution of 1000 9 1000 m (x,y)
and an age-depth resolution of 200 year (t) and 0.5 m (z).
The GWL interpolations allow to adding age information

to the cells of the 3D geological mapping products, help-

ing to advance research into sediment budgets, palaeogeo-

graphical reconstructions and landscape-archaeological

developments of Holocene coastal-deltaic depositional

environments.

Geological setting

The Netherlands is situated near the southern margin of

the North Sea basin, which owes it present pattern of sub-

sidence to youngest tectonic reorganizations in the Early

Miocene (Zagwijn, 1989; Van Balen et al., 2005). Super-
imposed vertical movements forced by glacio-isostatic

adjustment (GIA) are also in effect (Lambeck et al.,
1990), owing to Pleistocene glaciation of nearby Scandi-

navia and Northern Britain. Peripheral forebulge GIA

across the Netherlands induces a north-northeastward tilt

in overall land subsidence since ca. 20 ka and throughout

the Holocene (Cohen et al., 2002; Kiden et al., 2002;

Vink et al., 2007). The study area is positioned on the

southern flank of the collapsing forebulge at that time.

The forebulge crest of the last glaciation – and hence the

zone of maximum Holocene GIA-driven subsidence –
runs north of the study area (stretching from the central

North Sea/Dogger Bank, via northern Germany towards

central Poland; Steffen & Wu, 2011). As a consequence of

GIA, the absolute vertical position of basal peat deviates

from its initial position during formation, and since GIA

extends far beyond the southern boundary of the study

area (Lambeck, 1997; Lambeck & Purcell, 2005), all basal

peat in the study area has experienced considerable post-

sedimentary vertical displacement. No exact breakdown

of total relative base level rise into components of GIA

subsidence (forebulge collapse), background tectonic sub-

sidence, and eustatic sea-level rise (i.e. increased ocean

volume) is available, but it would be spatially and tempo-

rally variable within the study area.

The southern of the two east-west orientated Late

Pleistocene river valleys that traversed the study area

(Fig. 1) is that of the Rhine system in the youngest

60 000 years (activated within MIS-3; Busschers et al.,
2007). It owes its buried morphological expression to

Lateglacial and Early Holocene developments mainly

(Hijma & Cohen, 2011). In the centre of the valley, the

active width of channel belts contracted into a narrow

zone in response to climatic amelioration from MIS 2 to

MIS 1, and inland dune complexes started to develop

locally on the floodplain that formed the valley floor

(Hijma et al., 2009; Vos et al., 2015a). The palaeovalley

in the north marks the precursor Late Pleistocene palaeo-

valley (active in MIS 4-3), in use by the Rhine up to

Fig. 1. Digital elevation model of the

top of Pleistocene substrate extracted

from GeoTOP. It represents its configu-

ration during the onset of the Holocene.
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ca. 40 000 years ago and thereafter used by the consider-

ably smaller rivers Vecht and Eem, coinciding with some

aeolian activity (e.g. Peeters et al., 2015, 2016). Both val-

leys extend offshore and merge with the Thames in the

Southern North Sea, to continue southwestward (e.g.

Hijma et al., 2012).
The valleys are topographically separated by an ice-

marginal ridge complex from the penultimate glaciation

(Busschers et al., 2008). During the Last Glacial Maxi-

mum and the Late Pleniglacial (MIS 2), the flanks of both

valleys and their interfluve where blanketed with aeolian

sands. The elevation of the top of the Pleistocene deposits

of the northern valley ranges between �1 m and �22 m

relative to present mean sea-level (MSL). The southern

valley slopes between approximately 5 m and �22 m rela-

tive to MSL. The coastal plain (in part a deltaic plain)

covers the southern valley to approximately 150 km inland

of the modern coast line. The northern valley is covered

by some 120 km of inland coastal plain extent (Fig. 1).

The Holocene prism that buried the palaeovalley floors

and interfluves consists of tidal deposits and coastal barri-

ers that developed under control of middle Holocene

decreasing relative sea-level rise (e.g. Beets & Van der

Spek, 2000), and which are intercalated with coastal peats.

In the last 6000 years, once relative sea-level rise had

decreased and the North Sea had reached roughly its pre-

sent depth, the palaeo-tidal ranges have been stable (Van

der Molen & De Swart, 2001). These mesotidal condi-

tions had established during the last millennia of trans-

gression, between 8500 and 6500 year (Hijma & Cohen,

2010). In the southern valley, the coastal deposits interfin-

ger with estuarine and fluvial clastics and organics (e.g.

Van der Woude, 1984; Berendsen & Stouthamer, 2001;

Hijma et al., 2009; Bos et al., 2012). The many interca-

lated peat beds in the various environments of the com-

plex coastal plain are used as the source deposits for the

input data in the study (14C-dated basal peat index

points), and their distribution echoes in the coverage and

(un)even spread of that data.

MATERIALSANDMETHODS

3Dmodellingenvironment

The Netherlands is regarded as one of the most inten-

sively geologically mapped areas of the world. A recent

achievement of TNO-Geological Survey of the Nether-

lands (TNO-GSN) is the construction of a high-resolu-

tion 3D model of the upper 30–50 m of the subsurface of

the onshore part of the Netherlands, known as GeoTOP

(Stafleu et al., 2011, 2012; Van der Meulen et al., 2013;
Maljers et al., 2015; www.dinoloket.nl/en). GeoTOP is a

3D geological voxel model. Its primary input data are

extractions from DINO, the national Dutch subsurface

database operated by TNO-GSN (Van der Meulen et al.,
2013). At the moment of the construction of GeoTOP,

this database contained about 425 000 digitized borehole

descriptions. In the Rhine-Meuse delta part of the study

area, these input data are supplemented by some 125 000

additional shallow borehole descriptions of Utrecht

University (Berendsen et al., 2007b). Various further dig-
ital geological mapping products serve the model proce-

dures of the primary data in the construction process.

GeoTOP has a resolution of 100 9 100 9 0.5 m and

each voxel is attributed with lithostratigraphical and litho-

logical class information (including grain-size classes for

sand) and the probability of occurrence for each of the

lithological classes (Stafleu et al., 2011, 2012).
The software infrastructure for this 3D modelling set

up makes use of Isatis� geostatistical software (www.geo-

variances.com) and Python-scripted workflows. That

setup motivated to implement the modified method for

interpolating Holocene GWL rise in this same software

infrastructure. This means that besides lithological data

(strata from borehole descriptions) also age information

(GWL index-points) becomes utilized in the 3D mod-

elling set-up. Performing both the modelling of sedimen-

tary surfaces and that of former groundwater tables in the

same environment is essential for cross-verification of

both type of modelling results. The combined use of Geo-

TOP and GWL interpolation would enable the compar-

ison of predicted elevations of past groundwater tables,

with encountered depths of sedimentary surfaces of the

same age (within radiocarbon-dating and mapping-

systematic accuracy). Having the GWL interpolation run-

ning within the software environment is a preparatory

step to the introduction of ‘age’ as a future attribute for

Holocene coastal and deltaic plain GeoTOP-voxels.

Interpolationmethodological design

The core of the 3D GWL interpolation is to fill an x, y, t
grid with attribute depth (z), i.e. the depth of a GWL at a

certain location in time. The steps of the interpolation are

schematically represented in Fig. 2a–c. For each combi-

nation of x, y, t the attribute z is calculated in two steps,

(i) a trend function prediction calibrated to the set of

observations, supplemented by (ii) 3D-kriging of residu-

als to optimize the interpolation locally (as in Cohen,

2005). The result can be queried for a given age (t) to pro-
duce maps (x, y 2D grids) that display elevation of a past

groundwater surface (stacked surfaces output method).

One can also query the output for a given location (x, y) to
produce a t, z grid that shows GWL rise (local age-depth

curve output method). As an additional step in our work-

flow, we converted the z-attributed x, y, t model to an x,
y, z grid, in which each cell is attributed an age (t) (voxel
resampling output method). The latter serves the cross-

verification of GWL output with GeoTOP geomodelling

output.

In the vertical direction, the interpolation is bounded

by a lower and an upper surface representing GWL for

the beginning and the end of the considered period

(10 800–1000 cal. BP). These bounding surfaces function

as envelopes around the cloud of Holocene GWL index-

points data that are the main input for the interpolation.
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The lower bounding surface represents the earliest Holo-

cene groundwater lowstand at the end of glacial-intergla-

cial climatic amelioration (see also: Hoek & Bohncke,

2002; Cohen, 2005). The upper bounding surface is the

Late Holocene groundwater highstand, just prior to major

deltaic wetland landscape modification of the Middle

Ages, well-known from historical sources for the region

(Borger, 1992; De Bont, 2015). Both bounding surfaces

were constructed independently from the spatial distribu-

tion of the index points, and are based on geological map-

ping and palaeohydrological insights for the respective

time periods.

Indicativemeaningof peat index-points

The index-points derive from peat formed in floodbasins

where the water levels were controlled by the North Sea,

by the rivers Rhine and Meuse, by local hydrological

regimes (seepage, brooks), and in transitional zones of

control interplay. Peat formed in semi-annually inun-

dated floodbasins of rivers, grows towards and preserves

below the water levels that are maintained throughout an

average year, and that tend to coincide with average water

levels in the rivers themselves (Van Dijk et al., 1991;
Kiden, 1995; Cohen, 2005). In contrast, the peat formed

under hydrological regimes of semi-diurnal tidal waters,

grades to the high-tide water level in the part of the tidal

system to which the peatland drains. This is because the

tidal inter-flood episodes last much shorter (6 h) than

typical fluvial inter-flood periods (6–10 months), enabling

the peat hydrological system to hold more of its rainfall-

and flooding received volumes of water. High tide water

levels, however, vary considerably along larger tidal inlet

systems. In places near the coast they may be amplified

relative to open sea tides, whereas in more inland upper

estuarine and fluvial-tidal reaches they tend to dampen

and be river-gradient co-affected (Van Veen, 1950; Van

der Spek et al., 2001). The groundwater signal captured
by spreads of basal peat points (as interpolated in our

study) thus represents a mean superregional GWL, irre-

spective of the responsible hydrological regime. Knowl-

edge of the different GWL control regimes aids

interpretation and discussion of the interpolation results.

Where it has its lowest point, it will represent areas with

dampened tide and water levels just above contemporary

mean sea-level (Van de Plassche, 1995), whereas in other

places – due to tidal and fluvial gradients in average water

level – a level decimeters to metres higher (Cohen, 2005;

Vis et al., 2015). A time-series of superregional GWL

surfaces serves as a series of upper bounds, defining

growth of accommodation space over time for a given

area.

Datapreparation

The following section briefly lists the preparation steps

of the input data for the 3D interpolation, visualized

in Fig. 2a. The earlier used 14C index point dataset

(Cohen, 2005) consisted of 330 GWL index points

which all derive from the southern palaeovalley and its

shoulders. We removed some of the originally included

index-points, where these were more indirect GWL

indicators from other sources than actual basal peat

(i.e. top-soil humic clay, charcoal-dates from archaeo-

logical contexts) and some basal peat points with

reviewed indicative meanings (e.g. Berendsen et al.,
2007a; Van de Plassche et al., 2010). In total 76 previ-

ously used index-points were excluded form the origi-

nal dataset.

A literature study was conducted to collect and add 14C

dates and associated GWL index points newly acquired in

the southern palaeovalley since 2002 when the GWL

dataset was last compiled, andfrom the northern half of

the study area, outside the study area of earlier work. A

total of 130 additional index points were added, summing

the final dataset to a total of 384, of which 95 are located

in the northern and 289 in the southern valley. Full over-

view of the index point dataset, including metadata and

errors, is provided in the Appendix S1. The radiocarbon

ages of all GWL index points were (re)calibrated to calen-

dar years BP using OxCal 4.2 (Bronk Ramsey, 2009) and

the IntCal13 calibration curve (Reimer et al., 2013).
The index-point dataset bears a difference in density of

observations between the southern and the northern val-

ley. It results from contrasting past research attention and

data gathering intensities between the Rhine-Meuse delta

(including heavily build-over Rotterdam and its harbour)

and the coastal plain of North Holland and the former

Zuiderzee lagoon.

The second inputs constraining the interpolation are

the upper and lower enveloping surfaces. Their extent

and elevation defines the horizontal and vertical dimen-

sions of the groundwater interpolation model (Fig. 3a, b).

The Appendix S1 provides the argumentation concerning

the construction of the digital elevation models (DEMs)

for the lower- and upper bounding surfaces, based on

Top-of-Pleistocene geological mapping and historical

(medieval) information on natural groundwater situation

in the delta plain, prior to large scale human land reclama-

tion. The lower bounding GWL surface that was used is

based on geological mapping of the top of the palaeoval-

leys and coversand interfluves, and is displayed in Fig. 3a.

We assign it an age of 10 800 cal yr (Rammelbeek Phase,

e.g. Bos et al., 2007).
The upper bounding surface is displayed in Fig. 3b.

For this bounding surface, the difference with the earlier

work is the age assigned to the upper bound surface.

Cohen (2005) considered the highstand surface ‘ground-

water as it would be at present in absence of man’. In this

study, the groundwater surface at 1000 cal BP is pre-

ferred to use as the upper bound. The motivation for this

is that in the Netherlands the 10th century AD marks the

onset of large-scale hydrological management of the delta

and coastal plain, with constructed embankments, drai-

nage systems and other waterworks holding water levels

at artificially lower positions, nowadays in places up to
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6 m below MSL (e.g. Borger, 1992). Therefore, the inter-

polation restricts itself to the period of natural GWL rise

and considers 1000 cal BP the final situation.

Dataprocessing

The data processing steps visualized in Fig. 2b. Within

the vertical space between the bounding surfaces, the age-

depth relations were interpolated using the observational

GWL index point data. The interpolation procedure con-

sists of three steps: (i) a trend function was designed (gra-

phic depiction in Fig. 4a–f; equations 1–5 below), that

spatially describes the on age-depth relations and is cali-

brated by least-square regression on the normalized eleva-

tion (Fig. 4a) of the index points (observation locations;

Fig. 4e), (ii) this trend function was applied to the x, y, t
grid, which yields a GWL position between the lower and

upper bounding surface for each prediction location

(Fig. 4b–d), and (iii) a kriging interpolation was applied

on the obtained residuals (observed minus predicted ele-

vation) to the trend function to optimize the interpolation

regionally. At any cell in the grid, this then predicts

GWL rise through time, from which the timing of local

drowning, rate of GWL rise and age of accommodation

space can be extracted.

The trend function design captures the spatial relations

between depth and age of basal peat and expands on a pre-

cursor equation in Cohen (2005). This is derived from (i)

the dip of the palaeovalley and thickening of transgression

in coastal direction (parameter q(x,y) in the exponent of

Eqn. 1), and (ii) the dip of the palaeovalley floor in the

direction of maximum subsidence (parameter c(x,y) as a

co-efficient in Eqn. 1, regionalized using Eqn. 4). From

Quaternary geological mapping and Holocene sea-level

studies (references in introduction), it is known that these

dips are in westward and north-northeastward directions,

respectively.

To prepare the index points for trend fitting, their

vertical position was expressed as a relative position

Zn(x,y) between the lowstand and highstand bounding

surfaces (set to 0 and 1, respectively), and their age as

a relative age p(t) between 1000 and 10 800 years ago

(set to1 and 0, respectively). In this t- and z-normal-

ized form, data point series for point-locations collapse

to a sigmoid-shaped distribution (the typical shape of

sea-level curves for the region, with a prelude of

slower GWL in advance of transgression) and, hence,

the function design (Eqn. 1) used a logistic sigmoid

[1=ð1� e�aXb
)] as the dominant term. This sigmoidal

shape is a reflection of how relative sea-level rise

Fig. 3. (a) Lowstand regional groundwater table surface zA0(x,y), at 10 800 cal BP. (b) highstand regional groundwater table surface

zA1(x,y), at 1000 cal BP.

Fig. 2. Schematic representation of the workflow. (a) First, 14C dated basal peat index points were collected and stored in a database

and the bounding surfaces were computed – all as input to the interpolation. (b) Next, the dataset was numerically prepared for execu-

tion of the trend function + kriging 3D interpolation, outputting coastal groundwater levels (GWL)-elevations z to an x, y, t grid. (c)
Post-processing steps prepare the 3D output for visualization in various forms: as flying carpets, as age-depth curves, as resampled

voxel sets (original output resampled to an x, y, z grid; with each cell assigned GWL age A(t)).
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affected relative GWL rise, and it includes combined

contributions from regional land subsidence and global

ocean volume increase (eustasy).

Over the Holocene, index points got vertically dis-

placed due to ongoing subsidence, at increasing rates in

north-northeastern direction within the study area, and in
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greater amounts for older basal peats. To capture that ver-

tical temporal effect, the trend function includes an addi-

tional linear term and a trade-off parameter c to weigh

this term vs. the logistic sigmoid one (1 � c). A second

order trend surface c (Eqn. 4) specifies the trade-off

between the linear and sigmoidal terms. The combination

of the logistic sigmoid + the linear term sums to explain

the full observed GWL between lower and upper bound-

ing envelopes. This trend function design describes steep-

ened GWL gradients in the direction opposite to the

subsidence dip (Fig. 4c) and an earlier onset and initially
faster provision of accommodation space for locations

with greatest total accommodation (Fig. 4d).

Towards the southwest the linear term is weighted

stronger (c = 0.25) than towards the northeast (c = 0.17;

Fig. 4f). As a result, the sigmoid term produces more-

steeply rising GWL with increasing thickness of the

Holocene wedge, meaning faster inundation. Herein the

GWL-index point regression-derived regionalization of

this parameter reproduces Holocene differential subsi-

dence patterns produced by geophysical glacio-isostasy

(e.g. Vink et al., 2007).

Execution

The set of equations used are:

Znðx;y;tÞ ¼ ð1� cðx;yÞÞ � 1� e�a�qðx;yÞ�pðtÞb
� �

þ ðcðx;yÞ � pðtÞÞ
ð1Þ

PðtÞ ¼ A0 � AðtÞ
� �
A0 � A1ð Þ ð2Þ

qðx;yÞ ¼
Dðx;yÞ
Dmax

� �
ð3Þ

cðx;yÞ ¼ c0 þ c1xt þ c2yt þ c3xt
2 þ c4xt � yt þ c5yt

2 ð4Þ

Zðx;yÞ;t ¼ZA0ðx;yÞ þ Znðx;y;tÞ � Dðx;yÞ
withDðx;yÞ ¼ ZA1ðx;yÞ � ZA0ðx;yÞ

ð5Þ

The symbols used are:

Zn(x,y,t): normalized depth (0 at lowstand; 1 at high-

stand); c(x,y): second order trend surface on transformed

coordinates xt, yt, with fitted parameters c0 to c5
(Table S2); a, b: fitted parameters (Table S2); q(x,y): ratio
of thickness; D(x,y): thickness of the coastal prism at a

specific location; Dmax: largest thickness of the coastal

prism, 23.5 m; p(t): normalized age (0 at A0 GWL low-

stand; 1 at A1 GWL highstand; ZA0(x,y): depth of GWL

lowstand lower bound (=10 800 yr cal BP; t = �10 800);

ZA1(x,y): depth of GWL highstand upper bound (=1000 yr

cal BP; t = �1000); A0: age of GWL lowstand lower

bound (=10 800 yr cal BP; t = �10 800);A1: age of GWL

highstand upper bound (=1000 yr cal BP; t = �1000);

A(t): age of instance that is interpolated for (A(t) = �t).
The 3D grid holding the interpolation result was con-

structed and attributed in the Isatis� geostatistical soft-

ware. Two 2D masks with an x, y resolution of

1000 9 1000 m covering the spatial extent of the study

area, were attributed with values �1000 and �10 800

respectively to obtain upper and lower bound age grids.
The vertical space between the grids, expressed in age,

was filled with cells with a vertical resolution of 200 years.

This produced an x, y, t base grid. Subsequently, as a

preparation step, 3D grids with the values of the q(x,y), p(t)
and c variables were computed using Eqns. 2–4, over the
spatial extent of the x, y, t base grid. Then, the calculation
of Zn(x,y,t) was conducted following Eqn. 1 and using the

prepared grids. Then, a last calculation converted the

normalized depth to absolute depth z (Eqn. 5), making

use of grids storing the lower and upper bound elevation
(zA0(x,y) resp. zA1(x,y)), and the vertical thickness grid D(x,

y) calculated from it.

To 3D kriging interpolation on the residuals to incor-

porate local deviations to the trend in the model was per-

formed in Isatis� as well (kriging with external drift)

(Fig. 5). The errors regarding water depth – peat type

relation (see Appendix S1), where incorporated as vari-

ances of measurement errors. After the kriging procedure,

the residuals were added to the x, y, t trend grid, resulting
in a 3D grid depiction regional GWL rise corrected for

local deviations to the trend (Eqn. 6).

Fig. 4. (a) Plot of normalized depth (Z) vs. age of index points cal BP. The distribution is sigmoid shaped. 4B Plot of coastal ground-

water levels (GWL) curves according to our trend function, for eight locations (shown in panel f). Normalization of the data makes

each line commence at the origin, which represents the GWL at lowstand, when over most of the palaeovalleys and interfluves it sat

below the top of the Pleistocene substrate. In areas where the total Holocene thickness is large (e.g. curves a and b), the curves rise

early and steep and the 50%mark is passed around 7 ka. Where total thickness is less (e.g. curves e and f), the curves are less steep

and the 50%mark is surpassed centuries to millennia later. (c) Plots of the trend function for the same locations (panel f), but now with

equal thickness (set to 13.5 m, a representative area-averaged value). In the equations, this keeps q(x,y) constant and thus indicates the
sensitivity to the parameterization of c(x,y) (linear background subsidence). (d) Plots of trend function for one central location (d in
panel f), now with varied Holocene thickness. This keeps c(x,y) constant and varies q(x,y) and illustrates the sensitivity of the sigmoidal

term (non-linear part of base-level rise). (e) Locations of the basal peat index points, and the in red, the locations of the curves pre-

sented in Fig. 8. (f) Spatial distribution of factor c(x,y), resulting from second order polynomial parameter calibration for Eqn. 4, and
representing the trade-off between the linear and non-linear (sigmoidal) parts in the full trend function (Eqn. 1). The least-square

regression-derived distribution for this factor mimics patterns of glacio-isostatic adjustment (GIA) (Steffen &Wu, 2011) and back-

ground tectonic isostatic subsidence (Kooi et al., 1998) from geophysical modelling studies covering the study area.
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ZKT ¼ ZT þ ZK ð6Þ
zKT: prediction trend with kriged residuals; zT: trend

prediction (Eqns. 1–5, grid input in Fig. 4); zK: kriging
prediction, based on 3D variogram model (observations in

Fig. 5).

Post-processing

The post-processing steps of the 3D x, y, t grid output

(Fig. 6) are shown in Fig. 2c. Three types of post-pro-

cessed data products were created: (i) stacked 2D sur-

faces, either attributed with depth or with age, (ii) GWL

rise age-depth curves depicting GWL changes for speci-

fied x, y location, and (iii) a resampled 3D x, y, z voxel

grid holding age as the attribute, and therefore compatible

with geological voxel models (i.e. GeoTOP).

For a cross-verification procedure of the GWL inter-

polation with GeoTOP, voxel model output from the

latter was queried to prepare two evaluations. The first

evaluation concerned comparison of GWL depths, with

the depths of top fluvial sands for generations Rhine-

Meuse delta channel belts (Berendsen & Stouthamer,

2001; Berendsen et al., 2007b). These channel belts are

well-mapped (ca. 250 000 corings), primarily composed

of sand, and a relation exists between average elevation

of top of the fluvial sand (top bars in the river bed),

average water levels in the river (varying through the

year), and the average GWL in the flood basins

between the channel belts (e.g. Makaske, 1998; Cohen,

Fig. 5. Descriptive statistical information regarding the kriging part of the interpolation. (a and b) show the normal-distributed histograms

of the residuals, respectively, forZn (minimized as part of the trend function regression calibration) and converted to absolute depths z (that
the kriging interpolation uses). (c, d and e) display the semi-variograms in the x, y and t axial directions of the 3D interpolation.
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2005: Fig. 1; Stouthamer et al., 2011). Within Geo-

TOP output, channel belts are divided as five genera-

tions (Stafleu et al., 2009, 2012). The evaluation

compares the elevation differences of generations 8000–
6800 cal BP, 6800–2500 cal BP and 2500–1000 cal BP.

The second evaluation considers the drowning of the

top of the Pleistocene substrate. The GeoTOP mod-

elling of the top of the Pleistocene substrate (grid

depicted in Fig. 1), was used in this evaluation. For

the channel belts the output was classified into three

classes: (i) younger ages, (ii) similar ages and (iii) older

ages, than currently assigned within GeoTOP.

RESULTS

The GWL interpolation output documents the growth of

accommodation space, defined as the increment of the

water filled volume in which back-barrier sediments and

peat can form potentially. Hereto we calculated accommo-

dation space and regarded it as the volume between each

consecutive 2D GWL surfaces elevated above the Pleis-

tocene substrate, with a 200 year time interval between

each GWL surface. An alternative way of looking at

accommodation is to consider actual accommodation,

defined by growth increment of volumetric storage of sed-

iments (rather than water). Our interpolation output pro-

vides information regarding the evolution of

accommodation space per 200 years, and includes both

periods where area-averaged provision of fresh accommo-

dation space will have exceeded (i.e. transgression,

drowning) and where it will have been less than the actu-

ally accommodated volume (i.e. progradation, filling).

Identifying whether actual accommodation of that created

space occurred, whether it occurred simultaneously to its

provision (where peat growth and sedimentation could

keep up with GWL rise) or whether it was a catch-up pro-

cess (Middle Holocene drowned areas that take centuries

to millennia to fill in), is not part of the interpolation

result. Because of the spatio-temporally diverse patterns

of peat growth and tidal and fluvial sedimentation within

the study area (e.g. Hijma & Cohen, 2011; Bos et al.,
2012; Vos, 2015), there is no one-on-one relation between

the production of accommodation space (our method

result) and actual accommodation (requiring integration

with 3D geological mapping results). Our basal-peat input

data set and also our cross-validation procedures make

use of selected periods and subareas, where actual accom-

modation is considered to have caught up with accommo-

dation space (based on the local geological understanding

of setting and facies).

The overall GWL history is described as comprising of

two stages, with a first stage of transgressive development

with strong similarity between the two valleys, and a suc-

cessive stage with strong differences between the valleys.

These reconstructed GWL patterns are captured in

Fig. 7a–j, which shows GWL stacked surfaces for a selec-

tion of time slices, and in Fig. 8a–d, which shows GWL-

curves for a selection of sites.

At the very beginning of the considered time period,

the area was still in groundwater lowstand, and over most

of the area, the groundwater tables were below the top of

the Pleistocene substrate (Figs 7a and 8a–d). Around

9400 cal BP, inundation of the westernmost (lowest-ele-

vated) reaches of the valleys began (Figs 7b and 8a, b).

During subsequent centuries GWL rise accelerated

(Fig. 8a, d), owing to the rapid relative sea-level change

between 9000 and 8000 cal BP (Vink et al., 2007) and

catalysed by stepped accelerated sea-level rise events

(Hijma & Cohen, 2010). In both palaeovalleys, this

resulted in the eastward extension of the drowning area

(Fig. 7c–e) and coincided in both valleys with the onset of
clastic tidal deposition overlying the basal peat (Jelgersma,

1961; Hijma & Cohen, 20110).

Around 6000 cal BP, when relative sea-level and regio-

nal GWL rise were decelerating (Van de Plassche, 1982;

Van de Plassche et al., 2010) (Fig. 8a–d), the lateral

extent of the modern coastal plain was more or less estab-

lished (Fig. 7h). Around this time, the beach barrier com-

plex was formed and subsequent progradation of this

Fig. 6. Visualization of the x, y, t grid. The vertical axis represents time, the cell colouring shows depth. In the vertical plane, the

deep, early drowned palaeovalleys are visible by the light blue colouring at the base of the grid. Depth is seen to change greatly and

rapidly in the lower part of the grid (10 000 to 5000 cal BP;�20 to�4 m) and not to change much in the upper part (�4 to 0 m, with

exception of the Rhine delta affected parts).
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Fig. 7. (a–j) Selection of stacked surfaces at different moments in time (in yrs cal BP). The yellowish grid represents the top of the

Pleistocene substrate, while the blue grid indicates areas that are inundated at a specific moment time.
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complex set on (Beets & Van der Spek, 2000). This did

not lead to a return to more similar drowning histories of

the two valleys, however, due to the influence of aggrada-

tion by the Rhine-Meuse system in the southern valley

(Van Dijk et al., 1991; T€ornqvist et al., 1998). The river-
gradient effect in GWL is reflected in Fig. 7h–j by an ele-
vated gently sloping water surface in the southern valley

(darker blue colours). In the northern valley, the absence

of the effect is represented by hardly sloping GWL sur-

faces at elevations just above MSL (lighter blue colours).

Figure 8c shows the river-gradient effect in an age-depth

plot of GWL rise for an inland position, which is a few

metres above that in the river mouth position (Fig. 8a),

where the rise of GWL approximated that of MSL (Van

de Plassche, 1982). Around 5000 cal BP (Fig. 7i–j), when
the beach barrier system saw most of its initial tidal inlet

system to have been sanded up and inlets closed off, a vast

deltaic back-barrier wetland developed, gradually aggrad-

ing under influence of background subsidence (De Mul-

der & Bosch, 1982; Hijma et al., 2009).
In Fig. 9, the creation of accommodation space is

summarized as line graphs, to reflect similarities and

deviations in the drowning of the two palaeovalleys.

During the earliest stages – up to ca. 8500 cal BP, the

creation of accommodation space is slow and hardly

deviates between the two valleys. After 8500 cal BP,

during the critical episode of Holocene sea-level rise

that made the ‘inland’ part of the North Sea Basin to

be the Netherlands, the respective valley drowning and

accommodation histories clearly depart. In both valleys

the period is characterized by a rapid increase in

accommodation space, but more so in the northern val-

ley than in the southern one. Creation of accommoda-

tion space in the northern valley stalled around 7500

cal BP, while the southern valley continued to experi-

ence an increase, eventually peaking around 6500 cal

BP. These turning points broadly coincided with stag-

nation of global sea-level rise, i.e. reaching modern val-

ues in far-field settings (Peltier & Fairbanks, 2006) and

marked deceleration in near-field regional sea-level rise

in our study area (Kiden et al., 2002; Vink et al., 2007;
Fig. 9), and the sequence-stratigraphic equivalent

switch from transgressive retreating to highstand pro-

grading in delta systems (Stanley & Warne, 1994;

Hijma & Cohen, 2011). Provision of accommodation

space from that moment onwards gradually decreased,

but in the southern valley the decrease occured later

and was more gradual than in the north, owing to the

‘river gradient’ in the groundwater table maintained in

the delta plain. In valley axial direction, that gradient

measures approximately 10 cm km�1 (Van Dijk et al.,
1991). Similar to how the backwater effect lifts water

tables in upstream direction in deltaic branching net-

works (Kleinhans et al., 2013), the river gradient in

groundwater levels enabled base-level controlled aggra-

dation above MSL over a distance well in-land – espe-

cially in the central deltaic area upstream of the inland

tidal limits (Cohen, 2005).

The departure in inundation and creation of accommo-

dation space between the two transgressed valleys are

Fig. 8. (a–d) Selection of coastal groundwater levels (GWL) curves at four locations within the area. The error bands represent krig-

ing variances, which are the product of the variograms models and errors regarding peat type – water depth, which were implemented

as variances of measurement errors during interpolation. The Pleistocene substrate is indicated in orange. The red dots mark the tim-

ing of onset in aggradation. See Appendix S1 for explanation. The locations of the curves are indicated in red, in Fig. 4e.
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attributed to three direct causes. Firstly, the ranges and

slopes of the Pleistocene substrate of both valleys differ

significantly in eastern direction. Both have their lowest

point around �23.5 m and a slope of ca. 0.23 m km�1.

Nonetheless, the highest point of the northern valley is

equal to marine highstand, thus �0.3 m, and that of the

southern valley is at +7 m. This difference enabled sea-

level dominated groundwater to reach far more land

inward in the northern valley than in the southern one,

subsequently leading to earlier inundation of the mid-

eastern to eastern parts of the northern valley. Secondly,

the northern valley during the Holocene experienced

higher rates of GIA-caused subsidence (Vink et al.,
2007), resulting in the creation of additional accommoda-

tion space in this valley relative to that in the south.

Thirdly, the groundwater regime in the southern valleys

was river dominated, inducing a gentle slope (or river gra-

dient) elevating inland GWL above contemporary sea-

level. By lack of constant feed of fresh water by a big river,

river gradient effects are virtually absent in the northern

valley. Effects from local river and groundwater outflow

from the Pleistocene uplands surrounding the northern

palaeovalley were much more modest and restricted to the

very edges of the system, than the rivier gradient induced

by the Rhine system. Especially when relative sea-level

rise had slowed down, i.e. post 7000 cal BP, this southern

valley-axial gradient was responsible for creating addi-

tional accommodation space: growing a deltaic wedge that

overfilled the southern valley only.

Cross-verificationusing the GeoTOP 3D
geologicalmodel

Sedimentary levels of coastal-deltaic architectural ele-

ments are determined by GWL prevailing during their

formation. The results of a comparative evaluation of

GWL age-depth relations with GeoTOP-modelled tops

of channel belts are shown in Fig. 10a–c. The ages

assigned to the x, y, z coordinates of the top-of- sand for

an oldest Middle Holocene series of channel belts

(Fig. 10a) are normally distributed with a mean of

7050 cal BP and a standard deviation of 500 years. This

GWL-interpolation predicting age is in agreement with

the geologically mapped age for these channel belts that

functioned since 8000 cal BP and were abandoned prior to

6800 cal BP (Berendsen & Stouthamer, 2001; Gouw &

Erkens, 2007; Hijma et al., 2009). The channel belt sand
bodies of this oldest generation of deltaic branches, unlike

younger counter parts, are in direct contact with the val-

ley substrate, which allows neglecting post-depositional

lowering of the tops of the channel belt deposits. The

results along the valley axis, convincingly demonstrate

that the river-induced gradient in floodbasin groundwater

levels (Van Dijk et al., 1991; Vis et al., 2015), indeed
resembles the gradient of the open-channel backwater

effect and its fossilization in top-of-channel belts (e.g.

Blum & T€ornqvist, 2000).
When the same comparative analysis is performed

using younger GWL-interpolations and channel belt

generations (i.e., those formed between 6800 and

2500 years BP), more differentiated patterns and dis-

similarity between GWL-predicted and geological age

occur. Especially in the downstream parts of the south-

ern valley, the channel belt tops of given age are

encountered at a greater depth than the interpolation

derived GWL for the same age (Fig. 10b; area

depicted as ‘older’). This is a pattern that is expected

where the top-of-sand of the channel belts today are

affected by consolidation of basal Holocene strata, caus-

ing post-depositional lowering elevation of overlying

channel sand (e.g., Long et al., 2006; T€ornqvist et al.,
2008; Van Asselen, 2011), or in the very downstream

distributary reaches of the lower delta where the river

loses sand and gradient lines of the top-of-sand no

longer indicate former water levels (e.g. Bos &

Stouthamer, 2011). The GWL-interpolation and

Fig. 9. Summary of the creation of accommodation space in the two palaeovalleys. Accommodation space was computed for every

200 years, for the period 10 800–1000 cal BP. Transgressive basal peat growth, the maturation of the barrier complex, and the subse-

quent formation of vast extended wetlands is also indicated. The relative mean sea-level curve for the western part of the Netherlands

(Berendsen et al., 2007a; Hijma & Cohen, 2010; Van de Plassche et al., 2010), is depicted to emphasize the relation between sea-level

rise and the creation of accommodation space.
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geological age at top-of-sand depths are in more agree-

ment in the upper delta and along the delta rims where

post-depositional subsidence was insignificant (e.g.

Makaske, 1998; Stouthamer et al., 2011).
Figure 11 shows the pattern in the timing of inunda-

tion of the Pleistocene substrate over the modelled area,

i.e. when GWL had first risen to an elevation higher than

the top of the substrate (compare Fig. 8: intersection of

GWL rise with Top-of-Pleistocene at given locations). It

shows an up-valley trend in which age decreases and

marks out buried interfluve areas besides showing much

local detail (such as structures of inland dune ridges in the

southern valley). A remarkable newly identified feature in

Fig. 11 is the relative early inundation of a great part of

the major interfluve between the two palaeovalleys. This

traces back to the strong local deviations of the data-

points from this area (too shallow, too old peats) from the

regional trend. This could be due strong groundwa-

terseepage in this relatively elevated area with a complex

Pleistocene substrate that connects to the aquifer systems

of central Netherlands’ ice-pushed ridges. Such an exam-

ple shows that the incorporation of local GWL index

points is essential to capture large spatiotemporal pat-

terns.

DISCUSSION

The interpolationmodel

For an area of approximately 150 9 160 km, the data-

driven interpolation summarizes and reproduces fluvial,

deltaic and transgressive GWL change over a period

spanning about 10 000 years. This large spatial and

temporal coverage inevitable requires making conces-

sions on the sensitivity of the interpolation method.

GWL rise varies due to regional and local controlling

factors, which requires adequate methods for GWL

reconstruction. Using the trend function approach, the

focus is on those factors that operate on superregional

scale, meaning that they affect vast areas over consider-

ably long time intervals. Splitting the trend function

into a linear and a logistic sigmoid part (Eqn. 1) and

varying the ratio of these spatially (Eqn. 4) breaks down

the description of total GWL rise into a temporally

uniform component of differential subsidence across the

modelled area and the time-variant components of sea-

level rise and GIA. Because of this choice of trend

function design, one could replace the values of the

coefficients that were regression-fitted in this study with

Fig. 10. The results of comparison of coastal groundwater levels (GWL) age-depth interpolations with GeoTOP channel belt age-

depth. (a) For the oldest generation (8000–6000 years ago). (b) For a next younger generation (6000–2500 years ago). (c) For a

younger generation (2500–1000 years ago). (d) Peat distribution of the same area. ‘Younger’ means: interpolated GWL age is younger

than top of channel at same depth. ‘Similar’ means: ages are the same within dating accuracy [200 years]; ‘older’ means: interpolated

GWL age is older than top of channel sand at same depth. Cross-verification of the four panels identifies this to be caused by consoli-

dation of basal Holocene strata and affect younger generations of channel belts only.
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alternative derived from global sea-level and/or long-

term tectonic geophysical spatiotemporal model output.

This offers a way to apply the trend function also in

Holocene coastal wedges around the world for which

direct GWL data are scarce and one has to fall back on

conceptual exploration of global insights in land move-

ment and sea-level rise, to assess provision of accommo-

dation space in space and time. The interpolation

method is only generic, however, in its covering of

superregional controlling factors. Further local controls

on GWL, are captured in the kriging part of the

method. That is a third component, which by its design

is sensitive to the availability and spatial distribution of

direct data points, that is local data.

Modeluncertainties

The spatial distribution of index-points is quite uneven

over the study area (Fig. 4). About three-quarters of the

index points were obtained in the southern valley and the

rest from the north. In large areas in the northern valley,

especially concentrated around its centre, index points are

sparse and GWL are almost solely based on the trend

function. This unequal distribution can only be overcome

by denser sampling. The variances obtained after the

kriging procedure will contribute to a selection strategy

for optimal sampling.

In addition to the spatial distribution, also the temporal

distribution of the index points could be improved. The

dataset is dominated by samples ranging from 8000 to

3000 cal BP. Basal peat primarily developed during this

period; therefore denser sampling will not overcome the

sparse temporal distribution of basal peat. Instead, alter-

natives for basal peat dating that respect GWL could be

incorporated, such as dendrochronological dating of bog

oaks encountered in peat surfaces. The relative position of

the base of a stem of known trees could act as a proper

species-dependent indicator for a palaeowater level (e.g.

Van der Woude, 1981). Recently, a large database com-

posing ages and coordinates of wood excavated in the

Fig. 11. The drowning of the Pleis-

tocene substrate shows a clear west – east
trend, with isolated outliers caused by

local depressions and local positive topo-

graphic features. Five metre interval iso-

lines depict the morphology of the

Pleistocene substrate. The circles indi-

cate the localities of pre-9000 cal BP

drowning of the area. In the two palaeo-

valleys this is driven by sea-level rise, at

the interfluve this is caused by seepage

deriving from higher Pleistocene

grounds.
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Netherlands obtained by dendrochronological dating has

been made public (Jansma et al., 2012). A study on this

database for trees e.g. drowned during the youngest stages

of GWL rise in areas of clastic sedimentation instead of

actual basal peat growth could potentially densify the

temporal distribution (e.g. Langridge et al., 2012).
The GWL curves extracted at a selection of locations,

two in the Holland coastal plain of both valleys, one in the

former Zuiderzee lagoon area and one in the fluvial domi-

nated part of the delta summarize this difference in spa-

tiotemporal distribution of the index points (Fig. 8a–d).
The standard deviation of curve sampled in the Holland

coastal plain of southern valley, has minimum values of

40 cm around 8000 to 6000 cal BP (Fig. 8a). In contrast,

the sampled curve from the northern Holland coastal

plain has for that same time interval standard deviation

minimum values of over 1.10 m (Fig. 8b). Fig. 8c, d

illustrate that also in the former Zuiderzee lagoon and the

fluvial dominated part of the delta, the larger standard

deviations occur for the period prior to 8000 cal BP and

post 3000 cal BP.

Indexpoints and hydrological control
regimes

In our reconstructions a conservative approach to inclu-

sion of types of data-points was taken, with some types of

peat dates that in more local GWL rise studies have been

included, now excluded. More types of GWL indicative

data-points could be considered to be included, which

would then capture further local-scale GWL variation.

Two examples of particular coastal plain hydrological

regimes and peat-forming environments that are known

to have prevailed in the study area, but had data points

excluded, are the coastal-barrier beach ridge complex

(Beets & Van der Spek, 2000) and back-barrier plain

raised peat bogs (Pons, 1992). According to Jelgersma

et al. (1970), around 1000 AD, the water level in the cen-

tre of the kilometers-wide beach ridge complex was

almost up to 4 m above present day MSL. This local

GWL elevation affected the groundwater level on the

inland side of the barrier complex, as this is indicated by

the presence of mesotrophic peat developed under influ-

ence of seepage fringing the beach ridge complex (Pons &

Van Oosten, 1974; Pons, 1992). In the Late Holocene,

when the barrier complex had matured (Beets & Van der

Spek, 2000), vast peat lands developed in the back-barrier

area (see also Fig. 9). From approximately 3500 years ago

(De Mulder & Bosch, 1982; Gotj�e, 1993), paludification
in these peat lands locally began to exceed regional GWL.

This means that the deltaic wetland in places transformed

into oligotrophic raised bogs. These bogs were separated

by mesotrophic peat brooks draining them (Pons, 1992).

The GWL in these bog-draining brooks would grade to

the regional GWLs as they are currently 3D interpolated.

The local GWL in the centre of the oligotrophic domes

would have been some metres (estimated ca. 2–4 m; e.g.

Vos et al., 2015b) above the upper bounding surface that

the interpolation presently uses. Direct data on the GWL

in the peat domes, however, is scarce because the bogs

have disappeared during the last millennium due to exca-

vation for fuel and drainage for agricultural purposes.

Very few superficial oligotrophic peats have survived

reclamation and the bogs that did are found in consider-

ably consolidated-vertically displaced position (Pons &

Van Oosten, 1974). To incorporate the local hydrological

factors in the trend function would require additional

terms describing the GWL in developing barrier complex

and back-barrier peat bogs coastal plain, from a certain

moment onwards, and for specific (disappeared-) geomor-

phological features that only existed at certain locations.

This would have required a tailor-made approach, and

most certainly would not have contributed to a generic

transgression driven GWL rise modelling methodology.

The age-depth information of the index points reflects

prevailing GWL situations governing growth of peat.

Given the sample thickness for the 14C-dating (centime-

tres), the GWL index points represent long-term (20–
100 year) averaged water surfaces. The trend function

part of the interpolation, calibrated to the index-point

data, predicts long-term change of GWL, and its parame-

ters are designed to account for spatially variant effects of

substrate topography (through parameter q(x,y)), and sub-

sidence (through parameter c(x,y)). In its present form, the

trend function does not explicitly deal with coastal evolu-

tionary change, such as the development of larger tidal

systems from unfilled to filled situations (e.g. Dalrymple

et al., 1992) and related elevation change of GWL in

near-coastal peaty environments (e.g. Van der Spek,

1994). GWL effects of tidal evolution are in play at regio-

nal scale during transgressive stage (Fig. 9), when palaeo-

valleys quickly drowned, whereas a sedimentary fill and

the coastal barrier system took some millennia to mature

(e.g. Hijma & Cohen, 2010, 2011). That time period is

well-covered by index-points (e.g. Van de Plassche, 1995;

Van de Plassche et al., 2010) and in the calibration of the

trend function the mean effect of this is included. The

kriging-part then further optimizes the interpolation, in

regions where index-point data provides. In other words,

the trend function dealt implicitly with para-transgressive

tidal modulation of provision of accommodation space,

and can also do that when applied to other study areas.

At more local scale, tidal effects on GWL are also in

play during the highstand stage (Pons, 1992; Van der

Spek, 1994; Vos & Knol, 2015; Vos et al., 2015b), when
behind a matured barrier system older tidal inlets silted

up and new ones formed owing to storm surge ingres-

sions. These effects are not included in the interpolation

design, input and output, neither explicitly nor implicitly.

To include highstand localized tidal modification effects,

one could (i) collect additional GWL index-point and use

these in the kriging part of the interpolation, or (ii) add a

module to the trend-function part that prescribes posi-

tion, size and age of tidal inlets. The latter would require

considerable additional input (tidal inlet mapping library)

and it will need the index-point data to calibrate the
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module’s parameters. Figure 12 illustrates by comparing

the current interpolation output with mapping and non-

basal peat index-point data (40 14C-datings on peats over-

lying the Bergen tidal-inlet system in the northwest of the

study area; compiled by De Mulder & Bosch, 1982;

Table S3) that data-wise it would in fact be feasible to do

so for cases in the Netherlands. Indeed, the present out-

put in areas proximal to highstand former tidal inlets for

part of the time underestimates the coastal GWL by

ca. 0.50–1.00 m (and some decimeters more if extra sub-

sidence of the non-basal index-points is accounted for

too). At greater distance from the former inlet, the extra

index-points are close to the trend function predicted

GWL elevations.

Modelapplications

The assimilation of the workflow proposed by Cohen

(2005) with the high resolution geological subsurface

model GeoTOP into a 3D Holocene GWL model, fur-

ther improves this toolset for use in Holocene geological-

geomorphological studies of the Rhine-Meuse delta and

Holland coastal plain. An important application is that

the GWL interpolation result allows to incorporate abso-

lute age estimates in the otherwise lithological oriented

3D Holocene geological mapping products (notably:

GeoTOP), as demonstrated in Figs 10–12. Modelling

past water-surfaces and modelling dated sedimentary

surfaces is conceptually fundamentally different, but the

wealth of lithological and chronological data and system

understanding reached for Holocene coastal plains,

enables to connect both. Results regarding the drowning

of the Pleistocene substrate could be of much importance

for archaeologist interested in Neolithic and Mesolithic

sites, since it provides insight regarding the need for

abandonment of early habitants of certain areas (e.g.

Louwe Kooijmans, 1974; Van der Woude, 1981, 1984;

Vos et al., 2015a). Insights in the spatial variations of

drowned landscape chronologies could contribute to a

range of archaeological research interests, from prospec-

tion of potential archaeological sites to understanding

drivers of past societal developments (Smith et al., 2011;
Sturt et al., 2013; Cohen et al., 2014). This goes for early
and middle Holocene transgressive times affecting hun-

ter-gatherers and making their ecosystems shift, and con-

tinues in later times when farming communities used the

coastal plains. The latter could experience socio-eco-

nomic downfall as groundwater levels rise and crop yield

diminishes. Prospection of deeply buried surfaces for

archaeology is expensive and time consuming (Bates

et al., 2007), but insights in GWL history can help to

predict taphonomic conditions of buried surfaces and

help identify archeological site sweet spots (Vos et al.,
2015a). Vice-versa, archaeology could attribute to the

geological aspects of GWL changes, as information

regarding occupation histories of areas provide minimum

drowning ages, i.e. an area was not inundated when occu-

pied (e.g. Louwe Kooijmans, 1974; Van Dijk et al.,
1991). This especially accounts for areas that are sparse

in dated basal peat, but have a high concentration of

archaeological finds. In our study area, however, the great

amount of dated basal peat made it unnecessary to

incorporate dated archaeological finds to calibrate the

trend function.

Furthermore, the deviations in GWL and sedimentary

ages found for the younger generations of channel belts in

the peaty lower deltaic areas (Fig. 10b, c) show the poten-

tial of combined use of GWL reconstruction and geomod-

elling lies beyond absolute dating, and might contribute

to understanding differential subsidence within deltaic

and coastal settings and delta architecture in general. Dis-

crepancy between modelled water levels and top of the

channel belts is partly attributed to post-depositional con-

solidation of underlying organic-rich deposits by the

overburden of the channel belts. Land subsidence by peat

consolidation is a problem many low lying and heavily

Fig. 12. A 3D fence diagram of a part of

the Holocene sequence extracted from

GeoTOP, with an embedded tidal inlet

active from 5000 to 3500 cal BP, and a

2D coastal groundwater level (GWL) of

the mean age of the systems life span (see

Fig. 1 for location). Non-basal peat 14C-

datings would plot below the GWL cor-

responding to the time-interval of inlet

activity, due to post-depositional lower-

ing, however, the datings proximal to the

inlet system plot higher than the model

GWL. This discrepancy is most likely

due to locally elevated GWL under influ-

ence of tidal movements during the exis-

tence of the inlet system (Van der Spek,

1994).
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urbanized areas in the world are subjected to. Disentan-

gling subsidence contributions that are naturally occur-

ring in these settings from those induced by human

activity, is a prime objective of many land subsidence

studies (e.g. Tosi et al., 2013). Studying the internal

deformations caused by natural peat consolidation within

Holocene sequences may support understanding the dri-

vers of subsidence within deltas, and thereby tightening

the quantification of anthropogenic contributions, neces-

sary to intervene in the process of land subsidence.

The generic approach to the trend-function design

allows its application for sedimentary and/or groundwa-

ter-hydrological studies in other deltas and coastal low-

lands as well. If for example this methodology would be

applied in the deltas of the Piave river (northern Italy)

and Mississippi river (USA), two intensively examined

deltas with abundant basal peat, the lower bounding sur-

face would be the lowest reach of oxidized pedological

features in the underlying substrate (carbonate concre-

tions in the Piave delta, Carton et al., 2009; and depth of

aeration in the Mississippi delta, T€ornqvist et al., 2004),
lowstand-age were to be derived from peat accumulated

in the deepest depressions in the substrate, and the upper

bounding surface would be represented by present day

elevation data (DEMs; whether corrected post-embank-

ment sedimentation or surface lowering). Despite differ-

ent densities of basal peat index-points and GIA dips in

different directions – the function design would be the

same, since all coastal deltas are the product of sea-level

driven GWL rise and overly a substrate with valleys slop-

ing towards the earliest inundated areas.

Furthermore, the trend function will also allow 3D

GWL modelling beyond the boundaries of individual del-

taic or coastal systems and nation states. For instance, the

entire Holocene North Sea coastal zone ranging from Bel-

gium to Denmark, including the deltas and estuaries of

the different systems it comprises, can be captured by a

recalibrated trend function. Then it can be tested how

much the parameters change when compared to the val-

ues derived for the Netherlands sector alone (Table S2).

Commonalities of this zone with our study area, i.e. the

adjacent position of the area to the collapse of the periph-

eral forebulge of the Fennoscandia ice-sheet and a sea-

ward sloping Pleistocene substrate, supports this

statement. Additionally, it regards an area where many

sea-level and GWL studies have been conducted, guaran-

tying a high density of basal peat index points. Such a

scale model could be deployed to support the understand-

ing of supra-regional differences in configuration, archi-

tecture and lithological composition, and contribute to

international geological big-data digital subsurface map-

ping projects.

CONCLUSIONS

A new 3D interpolation model for base-level rise in

Holocene coastal and delta plains is presented, developed

for the Netherlands. The interpolation considers former

groundwater levels (GWL) in these plains as they have

risen from a lowstand (just below the Pleistocene sub-

strate) to a highstand situation (natural equivalent of

modern situation) to define that accommodation. It makes

use of basal peat dates as index-points to interpolate

GWL surface undulations and GWL rise. This way of

spatially mapping GWL and coastal plain base-levels,

where data provides, in principle includes all regional fac-

tors contributing to creation of accommodation space: (i)

that due to relative sea-level rise (eustasy + variable subsi-

dence throughout the coastal plain), (ii) that due to river

inflow (river gradient of inland parts of coastal plain), and

(iii) that due to tidal conditions (proximal to tidal inlets).

Where data is absent and the interpolation relies on its

trend function part only, it covers the first and second

factor.

The model covers the greater part of the Netherlands’

coastal plain and contains major systems such as the rivers

Rhine and Meuse, former marine areas and peatlands. It

displays groundwater level rise between 10 800 and 1000

cal BP and shows in high-resolution (1000 9 1000 9

200 year or 1000 9 1000 9 0.5 m) the drowning of two

adjoining Late Pleistocene valleys – both affected by mar-

ine inundation, one with a major river delta forming. A

main improvement comprised the upgrading of the trend

function to deal with spatial differences in ratio of linear

vs. sigmoidal terms, which was demanded by the exten-

sion of the interpolation to include a second palaeovalley,

and the function design is more generic than before. The

output now allows comparing the pacing of transgression

and creation of accommodation of these two systems.

The 3D GWL interpolation shows strong deviations in

inundation of the two examined valleys through time, due

to differences in Pleistocene-inherited valley slope and

the position of the Rhine delta in the Holocene. The tim-

ing of maximum provision of accommodation space dif-

fers for the two valleys. In the northern valley it peaks at

ca. 7500 cal BP. In the southern valley, incremental

growth of accommodation space increases until 6500 cal

BP. Thereafter, provision slows down but remains higher

than the northern valley. This is due to the river gradient

effect sustained by the Rhine-Meuse system.

The project was executed in the software infrastructure

set up for the GeoTOP voxel model (the Netherlands’

high-resolution geological model for the shallow subsur-

face; developed at TNO-GSN; Van der Meulen et al.,
2013), and builds upon decades of data-collection by

radiocarbon-dating basal peat samples and dedicated

database efforts hereto (at Utrecht University; Berendsen

& Stouthamer, 2001; Cohen et al., 2012). Combined with

GeoTOP, GWL 3D modelling offers a very powerful tool

that enables to explicitly populate the voxel sets that make

up 3D geological subsurface models with age-attributes,

yielding a 4D geological mapping product.

The generic nature of the presented methodology,

and especially the designed trend function, creates a

major opportunity for international application of the
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3D GWL accommodation model. Especially when 3D

insight in age and depth of GWL is combined with

the lithological mapping of Holocene coastal-deltaic

wedges and their buried pre-transgression substrates,

that enables new types of data-driven geological and/

or archaeological study at full delta and coastal plain

scale.
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