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This paper describes the sedimentary architecture, chronostratigraphy and palaeogeography of the late
Middle and Late Pleistocene (Marine Isotope Stage/MIS 6-2) incised Rhine-valley fill in the central
Netherlands based on six geological transects, luminescence dating, biostratigraphical data and a 3D
geological model. The incised-valley fill consists of a ca. 50 m thick and 10—20 km wide sand-dominated
succession and includes a well-developed sequence dating from the Last Interglacial: known as the
Eemian in northwest Europe.

The lower part of the valley fill contains coarse-grained fluvio-glacial and fluvial Rhine sediments that
were deposited under Late Saalian (MIS 6) cold-climatic periglacial conditions and during the transition
into the warm Eemian interglacial (MIS 5e-d). This unit is overlain by fine-grained fresh-water flood-
basin deposits, which are transgressed by a fine-grained estuarine unit that formed during marine
high-stand. This ca. 10 m thick sequence reflects gradual drowning of the Eemian interglacial fluvial
Rhine system and transformation into an estuary due to relative sea-level rise. The chronological data
suggests a delay in timing of regional Eemian interglacial transgression and sea-level high-stand of
several thousand years, when compared to eustatic sea-level. As a result of this glacio-isostatic controlled
delay, formation of the interglacial lower deltaic system took only place for a relative short period of
time: progradation was therefore limited. During the cooler Weichselian Early Glacial period (MIS 5d-a)
deposition of deltaic sediments continued and extensive westward progradation of the Rhine system
occurred.

Major parts of the Eemian and Weichselian Early Glacial deposits were eroded and buried as a result of
sea-level lowering and climate cooling during the early Middle Weichselian (MIS 4-3). Near complete
sedimentary preservation occurred along the margins of the incised valley allowing the detailed
reconstruction presented here.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

make up an important part of the geological record and are formed
in complex sedimentary environments where marine, estuarine

River deltas and estuaries are world-wide occurring environ- and fluvial depositional processes alternate both in space and time.
ments where rivers connect to seas and oceans. Their deposits The resulting strong heterogeneous nature of these deposits is
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critical in determining for example physical characteristics (i.e. net-
to-gross ratio, permeability and porosity) in hydrocarbon reservoirs
(e.g. Martinius et al., 2005; Thrana et al., 2014), shallow subsurface
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particular need for high-resolution records, for systems that have
been subjected to changes in external forcings, to better under-
stand lower-deltaic sediment records, their preservation over
longer timescales and to facilitate their interpretation for various
fields of application. Quaternary sequences are suitable candidates
for such investigations, as they are still within the practical range of
high-density data collection and dating (Blum and Tornqvist,
2000). The Middle and Late Pleistocene southern North Sea Basin
record of the Rhine-Meuse system is an example of a record where
these prerequisites are met (e.g. Tornqvist et al., 2000, 2003;
Wallinga et al., 2004; Busschers et al., 2005, 2007, 2008; Hijma
et al., 2012; Peeters et al., 2015).

This record consists of several tens of metres of mostly sandy
deposits that were supplied to the basin under cold periglacial
conditions (Cohen et al., 2014). Parts of this Rhine-Meuse record
contain an embedded sequence of Last Interglacial sediments that
were formed under near-coastal conditions (Busschers et al., 2007).
Large amounts of digitally available borehole information and se-
ries of geological maps (Van der Meulen et al., 2013; TNO-GSN,
2014) and more recently also 3D geological models (Stafleu et al.,
2011; Gunnink et al., 2013) now allow study of these sediments
at an unprecedented high level of detail. In addition, Rhine sedi-
ments have proven to be suitable for luminescence-dating
(Wallinga et al., 2004; Busschers et al., 2007) and the well-
defined pollen-based regional biostratigraphical framework
(Zagwijn, 1961, 1996; Van Leeuwen et al., 2000) enables construc-
tion of a high-resolution chronostratigraphical framework. The
combination of high data-density and chronological control allows
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linking of the sedimentary development of the Rhine-Meuse sys-
tem, and in particular the developments of the Last Interglacial
part, to records of climate change, sea-level change and glacio-
isostasy.

Deposition of the late Middle and Late Pleistocene Rhine sed-
iments occurred in two local depocentres referred to as the Cen-
tral Depocentre and the Southern Depocentre (Fig. 1) (Busschers
et al., 2007; Peeters et al., 2015). Both the on- and offshore parts
of the Southern Depocentre were previously studied in detail
(Busschers et al., 2007; Hijma et al., 2012). In this area, however,
only basal fragments of the Last Interglacial Meuse sequence have
been preserved due to strong truncation by the Meuse itself and
later also by the Rhine during the Weichselian, preventing a
detailed reconstruction of its sedimentary evolution during the
Last Interglacial. In the Central Depocentre, however, a 5—10 m
thick unit of Last Interglacial sediments occurs embedded within
Late Saalian and Weichselian Pleniglacial age coarse-grained
fluvial sands (e.g. Wiggers, 1955; Westerhoff et al., 1987). Here,
the Last Interglacial sequence is regarded part of an incised-valley
fill (cf. Blum, 1993; Zaitlin et al., 1994; Blum et al., 2013), consisting
of several stacked and laterally occurring units of fine-grained
fluvial and estuarine flood basin and shallow-marine deposits
(Peeters et al., 2015). Previous work primarily focused on the
shallow-marine infill of the inherited sub-glacially scoured basins
(e.g. Cleveringa et al., 2000; De Gans et al., 2000; Van Leeuwen
et al., 2000) and the upstream fluvial dominated part of the
sequence in the IJssel basin (e.g. Busschers et al., 2007, 2008). The
sedimentary architecture of the lower delta plain of the Rhine -
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Fig. 1. A) The present Rhine drainage basin and its tectonic setting (cf. Ziegler, 1994). Upper Rhine Graben: URG; Lower Rhine Graben: LRG; Roer Valley Graben: RVR; Central
Graben: CG. B) Late Pleistocene Rhine and Eemian interglacial marine and estuarine deposits in relation to its inherited Saalian glacio-topography in the central Netherlands. After

Peeters et al. (2015), with map data from Gunnink et al. (2013).
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including the Last Interglacial estuary - still remains to be studied
in detail (Peeters et al., 2015).

In this paper, a high-resolution analysis of the sedimentary ar-
chitecture and valley-fill succession of the late Middle and Late
Pleistocene Rhine-system in the central Netherlands is presented,
with emphasis on the Last Interglacial (or ‘Eemian interglacial’, cf.
northwest European chronostratigraphy; Fig. 2) lower Rhine sys-
tem in the Central Depocentre. This research builds upon thou-
sands of digitally archived borehole descriptions and 5 newly
drilled up to 50 m deep continuous sediment cores. For the sedi-
ments from these cores, grain-size and sedimentary structures
were determined and main depositional units and their bounding
surfaces identified. Using these data, six valley-wide geological
transects and a series of palaeogeographic maps were constructed.
Using 84 newly obtained luminescence-dates and bio-
stratigraphical information (pollen and diatoms) the record was
placed in a high-resolution chronostratigraphical framework. The
reconstructed changes in sediment characteristics, bounding sur-
faces, preservation and changes in sedimentary-unit geometry of
the Late Pleistocene Rhine system are related to initial conditions
and to forcing factors such as climate, sea-level change and glacio-
isostatic crustal movements.

2. Regional geological setting

The Netherlands and adjacent continental shelf are positioned
at the southern margin of the tectonically subsiding Cenozoic North
Sea basin (Ziegler, 1994; Van Balen et al., 2005). The overall thick-
ness of the Cenozoic basin fill is ca. 3500 m (Anell et al., 2012). The
Quaternary part of this record is up to 900 m thick and consists
mainly of fluvial, marine and estuarine sediments (e.g. Zagwijn,
1974, 1989; Caston, 1979). The Central Graben and Roer-Valley-
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Fig. 2. Northwest European chronostratigraphical subdivision of the late Middle and
Late Pleistocene (after Peeters et al., 2015 based on Van Huissteden and Kasse, 2001
and Busschers et al., 2007, 2008), with correlations to the marine isotope record
(Bassinot et al., 1994) and the Greenland oxygen isotope record (solid-line) from
NGRIP-members (2004), supplemented for the Eemian interglacial with data (dashed-
line) from NEEM-members (2013). The composite eustatic sea-level curve (dark grey
line) and associated confidence interval (light grey area) is from Waelbroeck et al.
(2002). *Recently, new insights from Sier et al. (2015) placed the onset of the
Eemian in northwestern Europe at ca. 121 ka, thereby post-dating the MIS 6/5e tran-
sition by ca. 10 kyr.

Rift (Fig. 1A) are the main Cenozoic depocentres and form the
northern part of the tectonic Rhine Rift System. This system is
structurally linked with the Lower and Upper Rhine Graben in
Germany (Fig. 1A). These grabens acted as important depocentres,
culminating in a Pleistocene Rhine sequence of up to 500 m thick in
the central part of the Roer-Valley-Rift (e.g. Zagwijn, 1989;
Westerhoff et al., 2008).

Late Pleistocene fluvial deposition was largely controlled by the
position of inherited Saalian (Marine Isotope Stage/MIS 6: Fig. 2)
glacial morphology, which basically formed two depocentres,
separated by a complex of ice-pushed ridges. The Central Depo-
centre is situated within the area of former ice-cover while the
Southern Depocentre is positioned south of it (Fig. 1B). Long-term
preservation of Late Pleistocene deposits in both depocentres has
been controlled by tectonic subsidence. Subsidence rates range
from ca. 0.2 m/ka in the downstream parts, to near zero in the
upstream parts (Kooi et al., 1998), which are close to the North Sea
basin hinge line.

The study area comprises the Central Depocentre, where in the
northern part the Rhine occupied an east-west orientated incised
river-valley (incised Rhine-valley: Fig. 1B) during and after melting
of the Late Saalian ice-sheet. The sedimentary record of the Central
Depocentre partly reflects the infill of this incised-valley and shows
a stacked sequence consisting of three main units (each comprising
several subunits) with a total thickness of ca. 35 m and a width of
ca. 9 km in the upstream (eastern) part, to a total thickness of ca.
55 m and a width of ca. 22 km in the downstream (western) part.
The lower Late Saalian to early Eemian units and the upper
Weichselian units primarily consist of coarse-grained channel belt
deposits. Sandwiched in between is a 5—10 m thick unit that is
dominated by fine-grained fluvial and estuarine sediments of
Eemian interglacial age (MIS 5e: Fig. 2) (Wiggers, 1955; Peeters
et al,, 2015). Upstream of the incised valley, the Eemian intergla-
cial fluvial sequence extends into the IJssel basin (Fig. 1B)
(Busschers et al., 2007). In the southern part of the Central Depo-
centre, outside the incised Rhine-valley, Eemian interglacial
shallow-marine deposits are found in the sub-glacially scoured
basins. These glacial basins reach depths of over 100 m below
present-day sea level and are found directly north of a series of
pronounced ice-pushed ridges (Fig. 1B).

During and after sea-level fall at the Weichselian Early Glacial
to Weichselian Early Pleniglacial transition (Fig. 2), major parts of
the Eemian interglacial high-stand prism were eroded by the
Rhine. Despite this erosion, significant amounts of Eemian inter-
glacial and Weichselian Early Glacial sediments have been pre-
served in the Central Depocentre (Busschers et al., 2007; Peeters
et al.,, 2015).

3. Material and methods
3.1. Data collection

The reconstruction of the late Middle and Late Pleistocene Rhine
system was made by means of six valley-wide geological transects
established using a framework of ca. twenty-five 25—50 m deep
continuous cores, together with thousands of archived borehole
descriptions, spectral gamma-ray logs and cone penetration tests
(CPTs). The position of the transects was selected after evaluating
archived borehole information from the TNO - Geological Survey of
the Netherlands (TNO-GSN) subsurface-database (TNO-GSN, 2014)
and published data that described the position and geometry of the
valley fill (Peeters et al., 2015 and references therein). The transects
aimed to penetrate the deepest occurrences of the supposedly
Eemian interglacial sequence and to span the full lateral extent of
the Late Pleistocene Rhine system (Fig. 1B).
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For this study five continuous cores, four spectral gamma-ray
borehole logs and twelve CPTs were newly obtained (Fig. 1B),
covering all relevant sedimentary units in order to provide addi-
tional sedimentary characteristics from these lower-deltaic key-sites
and to derive fresh material for analysis and dating. Eighteen cores
from published work and archived material were used. An overview
of all new and existing research cores and their associated analyses
can be found in the Supplementary data (Table S.2).

The new continuous cores were obtained with a truck-
mounted Nordmeyer core-sampler, using a steel borehole casing
and sediment-catcher, providing undisturbed samples in closed
plastic tubes (10 cm diameter and 1 m length). The derived cores
were split in halves at the core-description facility of the
Geological Survey of the Netherlands. One core-half was used for
sedimentary description and reference, whereas the other half
was available for luminescence dating and/or biostratigraphic
analyses. Detailed lithological and sedimentological core
description was performed according to Geological Survey stan-
dards (Bosch, 2000).

CPT and spectral gamma-ray measurements were carried out at
the same borehole positions in order to verify and determine
bounding-surface positions and lithological trends in the cores (cf.
Busschers et al., 2007). CPT data was also used to support litho-
logical correlations in between transect boreholes (following the
method of Huijzer, 1992 and Coerts, 1996). Three of the new cores
and 9 CPTs were collected from open surface water (Lake IJssel:
Fig. 1B), using a multi-purpose jack-up barge on which land-based
drilling and CPT-equipment was installed.

Information on the subsurface composition in between the six
transects was collected by analysing several thousands of archived
borehole descriptions from the TNO-GSN subsurface-database
(TNO-GSN, 2014) and by using a geological voxel-model (NL3D
model) as built and operated by TNO-GSN (Van der Meulen et al.,
2013). This model describes the 3D lithological variability of the
subsurface in the Netherlands, up to a depth of 50 m below the
surface, using voxels (3D cells) of 250 x 250 x 1 m. The input data
for this model is the Digital Geological Model (DGM: Gunnink et al.,
2013) and about 497.000 borehole descriptions from two subsur-
face databases: TNO-GSN (2014) and that of Utrecht University
(Berendsen et al., 2007). The NL3D model gives a 3D representation
of subsurface lithology and can be used to determine the 3D extent
of specific sedimentary units identified at transect level.

3.2. Sedimentological description and identification of sedimentary
units

The sedimentological analysis was carried out conform the
methods and concepts of Busschers et al. (2007) for describing
sedimentary units of the Rhine system. The analysis comprised the
following steps:

1) Facies description at core-level. This involved integration of
grain-size  data, gravel content, admixtures and
sedimentological structures into sedimentary logs. The sedi-
mentary logs were constructed based on new research cores or
existing core descriptions, core photos and lacquer peels.

2) Sedimentary units at core-level were identified from the logs,
based on intervals of coherent facies-types with corresponding
sedimentary characteristics. These units are typically 5—10 m
thick, and can be uniform or show a fining-upward or coarsening-
upward trend. Nine sedimentary units were identified in the
Central Depocentre, and numbered following Busschers et al.
(2007, 2008) with additions for the estuarine domain.

3) Sedimentary units were subsequently correlated among the
different cores in each transect by laterally tracing bounding

surfaces and following sedimentary unit characteristics of
archived borehole descriptions, thereby using CPTs and spectral
gamma-ray logs from the TNO-GSN subsurface-database (TNO-
GSN, 2014).

4) Finally, laterally identified sedimentary units in each transect
were correlated in upstream and downstream direction by
tracing bounding surfaces through hundreds of archived bore-
hole descriptions (TNO-GSN subsurface database: TNO-GSN,
2014) and by using the NL3D voxel model output.

3.3. Chronostratigraphy

Luminescence dating on sand-sized quartz and feldspar grains
was used to provide an absolute chronology for the sedimentary
units. This method provides a precision of 5% of the age at best
(Murray and Olley, 2002; Wallinga, 2002). Palynological analysis on
organic and clay bearing material was performed to provide a
higher-detailed biostratigraphic framework, enabling to distin-
guish different periods within the Eemian interglacial (cf. Zagwijn,
1961, 1996). Diatom analysis was performed to reconstruct past
local environmental conditions.

3.3.1. Luminescence dating

Both quartz optically stimulated luminescence (OSL) and feld-
spar post-infrared infrared-stimulated luminescence dating
(pIRIR) were performed by the Netherlands Centre for Lumines-
cence dating. Quartz is principally the mineral of choice in optical
dating as the OSL signal is most rapidly reset and is stable over
geological time (e.g. Wintle, 2008). However, quartz saturates at
relatively low doses, which limits the age range of OSL dating
(Wintle and Murray, 2006; Murray et al., 2007). Therefore, only
OSL dating of quartz grains for the younger (mostly <100 ka)
samples was used.

For older samples (mostly >100 ka), feldspar pIRIR dating was
used. Feldspar infrared stimulated luminescence (IRSL) signals
saturate at higher doses than quartz OSL signals, but conventional
IRSL signals are unstable over geological time due to anomalous
fading (e.g. Wallinga et al., 2007). As a consequence, feldspar IRSL
ages tend to underestimate the burial age of the sediments.
Although correction methods have been proposed (e.g. Lamothe
et al., 2003; Kars et al., 2008), their application is problematic
and may yield inaccurate results (e.g. Wallinga et al., 2007; Kars
et al, 2012) and was therefore not applied in this study. Instead,
PIRIR signals were used, which have been shown to be less affected
by anomalous fading (Thomsen et al., 2008). Reported pIRIR dating
tests indicated that pIRIR signals reach saturation levels for infinite
age samples and ages in agreement with independent age control
(Thiel et al., 2011; Buylaert et al., 2012; Kars et al., 2012). Therefore
they were considered applicable to the older (>100 ka) and sub-
aqueous deposited samples (Kars et al., 2014).

For this study 44 new feldspar pIRIR and 40 new quartz OSL
samples were obtained from 13 research cores. Samples were taken
from relatively homogeneous sand intervals. In addition, 18 lumi-
nescence dating results that were reported earlier (i.e. Busschers
et al., 2007; Kars et al., 2012) were used (Table S.1). Information
on the sediment pre-treatment and data of the dose-rate and
equivalent dose measurements (both OSL and pIRIR) is provided in
the Supplementary data. For the final age calculations (Table 2) only
the measurements with validity-label ‘accepted’ were used. This
validity estimate is based on expert judgement, and takes into ac-
count the spread in equivalent dose distributions, likelihood of
severe age-overestimation due to poor-bleaching, proximity to
luminescence saturation levels, as well as consistency of results
compared to overlying and underlying sediment units. Age esti-
mates are reported with a 1 ¢ uncertainty (68% confidence
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interval), which includes random and systematic uncertainties in
both equivalent dose and dose rate estimation.

Validity of quartz OSL and feldspar pIRIR ages has convincingly
been shown in other studies (e.g. Rittenour, 2008 for quartz OSL;
Buylaert et al., 2012 and Kars et al., 2012 for feldspar pIRIR). As a
further test for the robustness of the OSL and pIRIR chronologies,
quartz OSL and feldspar pIRIR dating results were compared for 33
samples for which both methods were applied in this study. Both
methods are not truly independent as they share about two-third of
their dose rate, and luminescence signals are measured on the same
equipment. However, the equivalent doses are measured on
different minerals, and the luminescence signals used have
different behaviour regarding bleachability, stability and saturation
levels. A comparison of results may therefore provide additional
information whether the signals were sufficiently reset prior to
deposition and burial (e.g. Murray et al., 2012), whether the signals
are sufficiently stable over the period of interest, and whether
natural and laboratory dose response curves are identical. Results
show that the quartz OSL and feldspar pIRIR results agree reason-
ably well for all samples where quartz OSL ages were accepted
(Fig. 3). For the samples where quartz OSL results were rejected as
the mean equivalent dose was too close to saturation (see Sup-
plementary data), dating results were less consistent. For some of
these samples, pIRIR yielded substantially older ages which is
attributed to underestimation of quartz OSL ages due to artefacts
related to OSL signals approaching saturation levels (e.g. Murray
et al.,, 2007). However, even for this dataset the majority of quartz
and feldspar results agreed, indicating that the adopted criterion
for rejecting the quartz OSL results may be more strict than needed
(see e.g. Murray et al., 2002; Wintle and Murray, 2006).

For each of the identified sedimentary units, the median age and
1o standard deviation was calculated using all accepted OSL and
pIRIR dating results following the probability density function
method described by Busschers et al. (2007). Here the median age
and 1o standard deviation are taken as best estimate for the timing
and duration of deposition of the sedimentary units (Busschers
et al.,, 2007).
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Fig. 3. Comparison of quartz OSL and feldspar pIRIR dating results. Samples for which
quartz OSL results were judged reliable are shown with black symbols, and samples for
which quartz OSL was beyond the applied saturation threshold (see Supplementary
data) are indicated with grey symbols. The graph shows an adequate correlation be-
tween both luminescence methods, adding to the confidence in the established
chronology.

3.3.2. Palynological and diatom analysis

In this study, palynological analysis was primarily used as a
biostratigraphic correlation tool in order to relate the sedimentary
record to the relative Eemian timescale of Zagwijn (1961, 1996).
Palynological analysis was done for 7 cores that contained suitable
material (Table S.2). The new analysis results were supplemented by
pollen records from 10 other locations that were already available in
the TNO-GSN subsurface database (Table S.2). Samples were pre-
pared following standard procedures (cf. Faegri and Iversen, 1989).
Northwest European regional Pollen Assemblage Zones (PAZ) were
determined based on differing taxa assemblages and known Late
Pleistocene vegetation-development and responses (cf. Zagwijn,
1961, 1996). Palaeoenvironmental conditions (fresh water,
brackish and marine) were reconstructed by diatom analysis for 1
new core (cf. Battarbee, 1973; Cremer et al., 2001) and were available
for 5 other locations in the TNO-GSN subsurface database (Table S.2).

4. Sedimentary characteristics and chronostratigraphy

In the study area, an incised-valley fill sequence of 9 stacked
sedimentary units with a total thickness of ca. 50m and a
maximum width of ca. 25 km was identified. The valley is incised
into older deposits - including the Drenthe Substage till (e.g.
Fig. 4A—C). Pollen data from the substratum (e.g. core B20F0175:
Fig. A.2), shows a typical Holsteinian pollen assemblage including
species like Azolla filiculoides and Pterocarya sp. (Fig. S.4G), indi-
cating a Middle Pleistocene age for the substrate deposits
(Florschiitz, 1935; Zagwijn, 1973).

The lower part of the incised-valley fill consists of two coarse-
grained fluvial sedimentary units (Units S6 and A1), overlain by
two fine-grained sedimentary units of fluvial (Unit A2) and estuarine
origin (Unit M1). These interglacial deposits are truncated and buried
by three coarse-grained fluvial sedimentary units (Units A3, A4 and
A5), which are subsequently overlain by local fluvial and aeolian
deposits. The upper part of the sequence consists of Holocene sedi-
ments. All fluvial sedimentary units were ascribed a Rhine origin on
basis of their mineralogical characteristics (i.e. mineral content,
colour, gravel and calcium carbonate content; Table 1) and because
they can be stratigraphically correlated into the IJssel basin to known
Rhine deposits (Busschers et al., 2007, 2008; Peeters et al., 2015).

The sedimentary architecture and stratigraphic position of the
sedimentary units is illustrated in the 6 geological transects A—F
(Fig. 4A—F; see Fig. 1B for their location). Sedimentary logs and
sedimentary unit boundaries, palaeobiological analyses and lumi-
nescence dating results of all research cores are shown in Fig. A.1-3
(see Appendix) and Fig. S.6A-B (see Supplementary data). The
sedimentary characteristics of each sedimentary unit are described
below, and summarised in Table 1, together with their geometry
and interpretation.

4.1. Unit S6

4.1.1. Sedimentary characteristics

Unit S6 primarily consists of poorly sorted, calcium carbonate-
rich, coarse-grained (350—2000 pm), greyish-brown coloured
sands (e.g. B15G0212-213-214: Fig. A.3), for at least its upper
8—10 m (ca. —35 to —43 m below mean sea level (m.s.l.) in core
B15G0211: Fig. S.6B). The sands commonly contain an admixture of
Scandinavian granites, Cretaceous limestone and chert gravels of
up to a size of 10 cm. These sands are dominated by cross-bedded
sedimentary structures and show ca. 2-3 m thick fining-upward
sequences of coarse-to medium-grained sands. Occasionally
wood fragments are present (e.g. B15G0213: Fig. A.3; B16C0042:
Fig. A.1). In the lower portion of this sedimentary unit (ca. —43
to —49.5 m below m.s.l. in core B15G0211: Fig. S.6B), the sediment
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Table 1
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Summary of lithology, sedimentary facies, basal bounding surface and geometry of the sedimentary units for geological transects A—F.

Sedimentary Lithology Sedimentary Calcium Basal bounding Mean Max Elevation Elevation Preserved Maximum
unit facies carbonate surface thickness thickness max (m min (m width width prior to
(m) (m) below m.s.l.) below m.s.l.) (km) erosion (km)
Transect A
A5 Medium to coarse-grained =~ Amalgamated +++ Erosive 8 10.5 4 16 12+23 12+23
sands with fine grained top  channel belt
A4 Medium to coarse-grained Channel belt +++ Erosive, lag 5.5 10 6 22.5 14 14
sands, gravelly deposit
A3? Medium to coarse-grained  Channel belt +++ Erosive, lag 25 3 15 19.5 25 12?
sands, organic-rich with clay- deposit
pebbles
A3 Detritus-rich loam/fine sand Flood basin ++ Conformable 4 8 3 13 5 28?7
and peat
M1 Not present/deposited - - - - - - - - -
A2 Loam and silts, organic-rich  Fluvial-tidal ++ Conformable, 2 3 12 19.5 9.5 11
flood basin clear lithology
change
Al Medium to coarse-grained =~ Meandering +++ Conformable, 6 8.5 14.5 25.5 9.5 9.5
sands channel belt somewhat
unclear
S6 Coarse-grained sands, Braided channel +++ Erosive, 10.5 12 23 37 8.5 8.5
gravelly belt gravelly lag
deposit
Transect B
A5 Medium to coarse-grained ~ Amalgamated +++ Erosive 8 9.5 8.5 18 >15 >15
sands with fine grained top  channel belt
A4 Not present/deposited - — - - - — - — —
A3 Medium to coarse-grained  Channel belt +++ Erosive, lag 5.5 7.5 9 20 7 15?
sands, mollusc(fragments) deposit with
and clay-pebbles clay pebbles
M1 Silty clays, mollusc-rich, and Bayhead delta  +++ Conformable 3 3.5 17 21 9 >11
fine-grained sands
A2 Loam, silts, fine sands, Fluvial-tidal ++ Conformable, 25 4 20 24.5 11 11
organic-rich flood basin clear lithology
change
Al Medium to coarse-grained = Meandering +++ Conformable, 7 7.5 225 31 10 10
sands channel belt somewhat
unclear
S6 Coarse-grained sands, Braided channel +++ Erosive, 12 22 29 52.5 9 9
gravelly belt gravelly lag
deposit
Transect C
A5 Medium to coarse-grained  Amalgamated +++ Erosive 8.5 11 9 20.5 >12 >12
sands with fine grained top  channel belt
A4 Not present/deposited - - - - - - - - -
A3 Medium to coarse-grained Channel belt +++ Erosive, lag 4.5 7 13 20 10 11?
sands, mollusc(fragments) deposit with
and clay-pebbles clay pebbles
M1 Silty clay, mollusc-rich Central-estuary  +++ Conformable 3 7.5 13 24 15.5 15.5
basin + estuary
marginal
A2 Loam and silts, organic-rich  Fluvial-tidal +4 Conformable, 2 35 20.5 255 15.5 15.5
flood basin clear lithology
change
Al Medium to coarse-grained =~ Meandering +++ Conformable, 7.5 8.5 23 33 15.5 15.5
sands channel belt somewhat
unclear
S6 Coarse-grained sands, Braided channel +++ Erosive, 12.5 20 30.5 52 14.5 14.5
gravelly belt gravelly lag
deposit
Transect D
A5 Medium to coarse-grained ~ Amalgamated +++ Erosive 7.5 10 12 225 43 43
sands channel belt
A4 Medium to coarse-grained Channel belt +++ Erosive, lag 3 4 20 26 25 25
sands, gravelly and deposit
mollusc(fragments)
A3 Medium to coarse-grained Channel belt +++ Erosive, lag 5.5 9 14 26 12 12?
sands, mollusc(fragments) deposit with
and clay-pebbles clay pebbles
A3 Detritus-rich loam/fine sand Flood basin ++ Conformable 6.5 9 10 21 5.5 54?
and peat
M1 Silty clay, mollusc-rich Central-estuary  +++ Conformable 3 5.5 20 26 2+8 >16

basin
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Table 1 (continued )

Sedimentary Lithology Sedimentary Calcium Basal bounding Mean Max Elevation Elevation Preserved Maximum
unit facies carbonate surface thickness thickness max (m min (m width width prior to
(m) (m) below m.s.l.) below m.s.l.) (km) erosion (km)
A2 Loam and silts, organic-rich ~ Fluvial-tidal ++ Conformable, 25 3 23 28 14 >15
flood basin clear lithology
change
Al Medium to coarse-grained Meandering +++ Conformable, 7 9 255 35 14 14
sands channel belt somewhat
unclear
S6 Coarse-grained sands, Braided channel +++ Erosive, 12 17 32 51.5 135 13.5
gravelly belt gravelly lag
deposit
Transect E
A5 Medium to coarse-grained Amalgamated +++ Erosive 7.5 10 13.5 26.5 >15 >15
sands channel belt
A4 Not present/deposited - - - - - - - - -
A3 Medium to coarse-grained Channel belt +++ Erosive, lag 6.5 9 13 28 10 10?
sands, mollusc(fragments) deposit with
and clay-pebbles clay pebbles
M1 Silty clay, mollusc-rich Central-estuary — +++ Conformable 5.5 6.5 215 33 115 15
basin
A2 Loam and silt, organic-rich  Fluvial-tidal ++ Conformable, 2.5 4 28 32 3.5 >3.5?
flood basin clear lithology
change
Al Medium to coarse-grained ~ Meandering e+ Conformable, 7 9 26.5 39 14.5 14.5
sands channel belt somewhat
unclear
S6 Coarse-grained sands, Braided channel +++ Erosive, 8 12.5 32 52 12.5 12.5
gravelly belt gravelly lag
deposit
Transect F
A5 Medium to coarse-grained ~ Amalgamated +++ Erosive 8.5 12 16 39 40 40
sands channel belt
A4 Medium to coarse-grained Channel belt +++ Erosive, lag 8 10 16.5 38.5 17 17
sands, gravelly and deposit
mollusc(fragments)
A3 Medium to coarse-grained Channel belt +++ Erosive, lag 8 11 16 34 23 >23?
sands, mollusc(fragments) deposit with
and clay-pebbles clay pebbles
M1 Medium-grained sands, silty Estuary-mouth  ++-+ Conformable 7.5 12 23 40 22 22
clay, mollusc-rich sand-body
A2 Not present/deposited - - - - - - - - -
Al Medium to coarse-grained = Meandering 4+ Conformable, 5 8 28.5 48 17 17
sands channel belt somewhat
unclear
S6 Coarse-grained sands, Braided channel +++ Erosive, 7.5 12 34 60 16 16
gravelly belt gravelly lag
deposit

is more whitish-coloured and appeared to be dissected by the
brownish-coloured upper part. In the continuous cores a channel
lag deposit is present (ca. 43 m below m.s.l. in core B15G0211:
Fig. S.6B). However, since this boundary could not be identified in
lower-quality cores, the sediments were lumped into one unit.

The base of Unit S6 is characterised by a marked erosional sur-
face, covered by a gravel lag consisting of coarse-grained sands and
gravels (e.g. B15G0212-0214 in Fig. A.3; Fig. S.5E; Fig. S.5H). Its li-
thology clearly contrasts with the underlying Middle Pleistocene
sediments of which the top is generally characterised by pale-
coloured, fine-grained (<200 pm) sands that are often rich in
detritus and mica flakes (e.g. Fig. A.3).

4.1.2. Geometry

The width of Unit S6 increases in downstream direction from ca.
8.5 km in transect A (Fig. 4A) to 20 km in transect F (Fig. 4F). Its
thickness varies on average between 10 and 12 m with maxima up
to 20 m (Table 1). The cross-sectional shape of the sedimentary unit
is asymmetrical with its maximum depth located in the southern
half of the incised valley (e.g. Fig. 4F). The erosive base of Unit S6
represents the basal bounding surface of the incised valley, and

rapidly drops by ca. 15 m from its upstream (ca. 35 m below m.s.l. in
transect A: Fig. 4A) to its more central part (ca. 50 m below m.s.l. in
transect B: Fig. 4B).

4.13. Interpretation

The coarse-grained, poorly sorted sediments of Unit S6 are
interpreted as fluvial channel belt deposits and reflect a stack of
superimposed bar and dune bed forms. The few metre thick se-
quences indicate that the channel belt was braided (cf. Miall, 1996;
Bridge, 2003). The noticeable change from whitish to brownish-
coloured sands most likely illustrates a decrease in fluvio-glacial
contribution from eastern sources and an increase of Rhine influ-
ence from the south (see section 5 below). The latter sediments
correspond with the brownish Rhine deposits as found in the IJssel
basin (Busschers et al., 2008: their Unit S6).

4.14. Chronology

Luminescence dating provided a 1c age range of 119—143 ka
(median age: 130 ka; Table 2) for the Unit S6 sediments. Combined
with the stratigraphic position of the sedimentary unit, this in-
dicates that deposition occurred after the Drenthe Substage
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Table 2
Luminescence probability density function-ages per sedimentary unit.

Sedimentary units Number of dates

Age (ka) M50

Age (ka) M16 Age (ka) M84

Unit A5 13
Unit A4 5
Unit A3 17
Unit M1 2
Unit A2 4
Unit A1 9
Unit S6 3
Shallow-marine 6
Local fluvial and aeolian 10
Glaciolacustrine 3

43 37 54
57 47 69
101 78 126
110 102 119
113 104 122
116 106 133
130 119 143
105 88 118
22 14 33
121 111 137

A complete overview of all individual luminescence dating results can be found in Table S.1 in the Supplementary data.

deglaciation but still during the Late Saalian (MIS 6), i.e. during the
Warthe Substage glaciation (Fig. 2).

4.2. Unit Al

4.2.1. Sedimentary characteristics

Unit A1 consists of moderately sorted, medium- to coarse-
grained (180—600 um), grey-brown coloured, calcium carbonate-
rich sands (e.g. B15G0212-213-214: Fig. A.3). The top of the
sedimentary unit is sporadically rooted and grades upward
into finer sands (e.g. B15G0213; B15G0214: Fig. A.3). Unit Al
shows cross-bedded structures (2—3 m thick) with varying
admixtures of detritus, mica flakes and gravel (e.g. B15G0212-
214: Fig. A.3) and locally fining-upward sequences of 3—5 m
thickness.

The boundary with underlying Unit S6 is at some locations
difficult to determine due to the absence of a clear channel lag
deposit. Nevertheless, Unit A1 generally has a more greyish
appearance due to a higher clay content, contains more admix-
tures (clay pebbles, organic debris) and in many cores shows

clear cross-bedded structures (e.g. B15G0212-214: Fig. S.5D;
Fig. S.5H).

4.2.2. Geometry

Unit A1 spans the entire width of the incised valley and is on
average 6.5 m thick (Table 1). The width of Unit A1 increases from
9.5 km at the upstream position of transect A (Fig. 4A) to 21 km at
the downstream position of transect F (Fig. 4F).

4.2.3. Interpretation

The moderately sorted coarse- and medium-grained, cross-
bedded sands are interpreted to represent fluvial channel belt
sands of Rhine origin. The fining-upward sequences (e.g.
B15G0212-213-214: Fig. A.3) suggest deposition by channel belts of
a meandering fluvial-style (cf. Miall, 1996; Bridge, 2003).

4.2.4. Chronology

Towards the base of Unit A1 a herb, heathland and boreal forest
pollen assemblage, characteristic for regional pollen zone LS (cf.
Zagwijn, 1961) of the latest Saalian period (PAZ LS: Fig. A.2; Fig.5) is
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Fig. 5. Simplified pollen percentage diagram of research core B15F1501 with regional Pollen Assemblage Zones cf. Zagwijn (1961, 1996). Pollen percentages were calculated based
on a pollen sum of trees, upland herbs and heaths. The pollen-sum ranges between 32 and 306 pollen grains, but well exceeded 100 in most (n = 33) samples. Marine indicators
identified in the palynological assemblages are also presented. The paleomagnetic polarity is adopted from Sier et al. (2015). Details concerning the palaeomagnetic investigation
and identification of the Blake Event in core B15F1501 — their ‘Rutten core' — can be found in Sier et al. (2015). See the Supplementary data for all new pollen percentage diagrams

used in this study.
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found. The upper part of Unit A1 is characterised by a pronounced
occurrence of Betula and Pinus which is indicative for regional
pollen zones E1 and E2 (PAZ E1/E2 in B15G0212: Fig. A.3; Fig. S.4B
and B15G0214: Fig. A.3; Fig. S.4D), representing the onset of the
Eemian interglacial (Zagwijn, 1961, 1996). Luminescence dating of
Unit A1 samples give a 16 age range of 106—133 ka (median age:
116 ka; Table 2), indicating an age falling within the Eemian
interglacial and Weichselian Early Glacial (MIS 5: Fig. 2).

4.3. Unit A2

4.3.1. Sedimentary characteristics

The base of Unit A2 consists of alternating peat and clay-rich
gyttja layers (e.g. B15F1501; S15F00168 and B15G0213 (Fig. 4C;
Fig. A.2; Fig. S.5B and S16C00012/00014 (Fig. A.1)) that grade
upwards into alternations of laminated loams and silts (e.g.
B15G0212 Fig. S.5G). These sediments often contain plant-remains,
mica flakes and/or fresh-water molluscs (e.g. Bithynia sp.) (e.g.
cores B15H0056 and B15H0038: Fig. A.2; cores B15G0212-0213-
0214: Fig. A.3; cores B16C0042-0043: Fig. A.1). Fine-to medium-
grained, loamy sands with a thickness of ca. 1-2 m sporadically
occur in Unit A2 (e.g. S16C00010 and S16C00020: Fig. A.;
B15H0057 and S15H00012: Fig. A.2; B15G0214 and S15G00023:
Fig. A.3).

Pollen records originating from the central part of the incised
valley (Fig. 5; Fig. S.4A—D), show the presence of Alnus and aquatic
(fresh water) species (e.g. Nymphaeaceae, Typha latifolia) from the
base of Unit A2 upward. A relative immature paleosol occasionally
occurs at the top of the Unit A2 deposits (e.g. research core
B15G0213-214: Fig. A.3).

4.3.2. Geometry

Unit A2 has a fairly constant thickness of ca. 2.5 m throughout its
entire extent (Table 1), reaching from far upstream in the IJssel
basin (Busschers et al., 2007; their transect Fig. 4, see Fig. 1B for its
location), via core B21G0547 (Fig. S.6B), up to the central part of the
incised valley at the location of transect E (B20B0010: Fig. 4E;
Fig. S.6A). Further downstream this sedimentary unit is absent. Its
width increases in downstream direction from 9.5 km (transect A:
Fig. 4A) to ca. 15 km (transect D Fig. 4D). Unit A2 conformably
overlies Unit Al (e.g. B15G0214: Fig. S.5G) and is clearly distin-
guished because of its different lithological composition.

4.3.3. Interpretation

The peat and clay-rich gyttja at the base of Unit A2 reflect
tranquil conditions of a fluvial wetland environment, which in its
turn represents the onset of a drowning sequence which con-
tinues upward into the more clastic dominated (silt and clay) part
of Unit A2. On basis of the distinct layering of the deposits in
combination with the palaeoecological indications, Unit A2 is
interpreted as a fluvial-tidal flood basin deposit. This sedimentary
unit shows resemblance with the Early Holocene Terbregge
Member (Hijma et al., 2009). The occasional immature paleosol at
the top of the flood basin deposits reflects periods of decreased
fluvio-hydraulic conditions and/or silting-up presumably due to
the switching of river branches. The sporadically occurring fine-to
medium-grained loamy sands of 1-2 m thick, which are sur-
rounded by finer-grained flood basin sediments, are interpreted
as multi-channel deposits of an anabranching fluvial-system (cf.
Nanson and Knighton, 1996), on basis of their small dimensions
and local occurrence.

4.3.4. Chronology
Pollen analysis shows a dominance of three superimposed
vegetation zones that reflect the succession of a (warm) temperate

forest (e.g. cores B15F1501: Fig. 5, Fig. S.4A; B15G0212-0213-0214:
Fig. S.4B—C-D; B20E0063: Table S.2). The lower zone is charac-
terised by Pinus, Ulmus and Quercus which is indicative for Eemian
PAZ E2 (Zagwijn, 1961, 1996). The central zone is dominated by
Quercus and Corylus and shows strong resemblance with Eemian
PAZ E3 (Zagwijn, 1961, 1996). The assemblage in the uppermost
zone, with a strong dominance of Corylus, is typical for Eemian
PAZ E4a (Zagwijn, 1961, 1996). Upstream of the fluvial-tidal flood
basin, the top of Unit A2 deposits contain pollen assemblages
which are dominated by Carpinus, Picea and Pinus pollen (e.g. core
B21G0547: Table S.2; core B27H0282: Busschers et al., 2007),
representing Eemian interglacial pollen zones E5 and E6 respec-
tively (Zagwijn, 1961, 1996). This implies diachroneity with the
downstream portion of the Eemian interglacial flood basin de-
posits. Luminescence dating of Unit A2 sediments gives a 10 age
range of 104—122 ka (median age: 113 ka; Table 2) suggesting an
Eemian interglacial and Weichselian Early Glacial age (MIS 5:
Fig. 2).

4.4. Unit M1

4.4.1. Sedimentary characteristics

Unit M1 is characterised by green-grey coloured, glauconite-
bearing silty clays that are often horizontally laminated. The clays
contain detritus and micas (e.g. core B15F1501: Fig. A.2; Fig. S.5A-B
and cores B15G0212/0214: Fig. A.3; Fig. S.5D/G) and pre-
dominantly occur along the central axis of the incised valley. The
clays frequently contain abundant marine molluscs (e.g. Bittium
reticulatum, Venerupis senescens; e.g. BI5SH0036, B15H0038 and
B20F0067: Fig. A.2). Along the northern margin of the incised valley
(e.g. cores B15F1501 and B15H0056: Fig. A.2) brackish and marine
mollusc species are absent and only thin-walled fresh-water
mollusc-fragments occur. Besides the characteristic clay, medium-
grained (150—330 um) silty sands occur within Unit M1 at the
most downstream portion of the incised valley (i.e. transect F)
along its northern and southern margins (Fig. 4F). These deposits
commonly contain marine mollusc fragments and occasionally
wood debris and gravel at its base. Upstream in the central part of
the valley (i.e. transect B: Fig. 4B), CPT results indicate that silty
clays locally alternate laterally with fine-grained sands (e.g.
S16C00005/00007/00010: Fig. A.1).

The palaeoecological record of Unit M1 (core B15F1501: Fig. A.2)
shows a transition from a fresh water and fresh/brackish water
diatom assemblage (ca. —21 to —19 m below m.s.l.) via a more mixed
fresh/brackish/marine diatom assemblage (ca. —19 to —17.5 m below
m.s.l.) towards a marine dominated assemblage (ca. —17.5 to —16 m
below m.s.l.) with abundant diatoms of Martyana martyi and Ope-
phora sp. (Fig. 6) and other marine indicators like Dinoflagellates and
Foraminifers (Fig. 5). Towards the top of Unit M1 at —13 m below
m.s.l. fresh water and fresh/brackish water diatom species like
Staurosirella sp. and Cocconeis sp. dominate while marine indicators
disappear.

South of the Eemian interglacial Rhine estuary, in the southern
part of the Central Depocentre (Fig. 1), a shallow-marine embay-
ment was located during the Eemian interglacial (e.g. Cleveringa
et al., 2000; De Gans et al, 2000; Van Leeuwen et al.,, 2000).
Here, medium-grained barrier and beach sands with occasional
mollusc concentrations and silty, low-energetic lagoonal clays
were deposited in the former glacial basins of Amsterdam (Fig. 4F)
and Amersfoort (e.g. core B27A0369: Fig. 4A; Fig. S.6A). These
basins, which were topographically separated from the interior
shelf sea and outer-estuary by sills at depths of 35—40 m below
m.s.l. (Cleveringa et al., 2000; De Gans et al., 2000), contain a near-
complete Eemian interglacial record that was extensively studied
in the past (Amersfoort basin: Zagwijn, 1961, 1983; Cleveringa
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Fig. 6. Percentage diagram of diatom analysis of research core B15F1501. The diatom taxa are divided in a marine diatoms-group and a fresh water and fresh-brackish water

diatoms-group. The paleomagnetic polarity is adopted from Sier et al. (2015).

et al., 2000; Amsterdam basin: Zagwijn, 1983; De Gans et al., 1987,
2000; Van Leeuwen et al., 2000; Beets and Beets, 2003; Beets
et al,, 2006).

4.4.2. Geometry

Unit M1 is found as far upstream as the central part of the
Noordoostpolder (i.e. transect B: Fig. 4B), where it has an average
thickness of 3 m and a width of 9 km. The width of this sedimentary
unit considerably increases in downstream direction (i.e. transect
F) to a maximum of 22 km (Fig. 4F), spanning the entire width of
the incised valley. The thickness of the sedimentary unit increases
in downstream direction too, from 3 m (Fig. 4B) up to 7.5 m (Fig. 4F;
Table 2). Unit M1 conformably overlies Unit A2 (e.g. B15F1501:
Fig. S.5B; B15G0212/214: Fig. S.5D/G) from which it can primarily be
distinguished on basis of its differing lithology (clay vs. loam) and
the occurrence of marine molluscs.

The medium-grained silty sands of Unit M1 are only present at
the most downstream portion of the incised valley at the position of
transect F (Fig. 4F). Here the deposits have a thickness of ca. 4—6 m
and a width of ca. 2—4 km. The deposits appear to onlap onto the
sides of the incised valley (Fig. 4F).

The laterally alternating silty clays and fine-grained sands as
deduced from the CPT results, only occur at the most upstream
limit of the estuary at the position of transect B (Fig. 4B), where they
reach a thickness of ca. 3—4 m. Their lateral extent differs over the
transect, but suggests a minimum width of ca. 1 km and a
maximum width of up to 3 km.

4.4.3. Interpretation

The fine-grained nature and colour of the sediments, together
with their palaeoecological content, sedimentological character-
istics and the regional geological context suggests deposition in an
estuarine environment (cf. Dalrymple et al., 1992; Dalrymple and
Choi, 2007) and represent the ongoing drowning of the fresh-

water fluvial-tidal flood basin (Unit A2). This drowning is
demonstrated in the palaeoecological record of core B15F1501
(Fig. 6), showing a transition from fresh via brackish water to-
wards marine conditions. This illustrates the ongoing Eemian
transgression of the incised Rhine-valley by marine waters,
culminating in a high-stand during PAZ E5 (Fig. 5), followed by
regression.

The longitudinal and lateral changes as observed in Unit M1,
resemble the estuarine tripartition of Dalrymple et al. (1992) into 1)
an upper-estuary bay-head delta area where the river enters the
central basin, 2) a fine-grained, muddy central estuary basin and 3)
an estuary-mouth sand-body: comprising barrier, wash-over, tidal
inlet and tidal delta deposits in the outer-estuary.

The geometry, stratigraphic and spatial position of the fine-
grained sands as observed in the most upstream extent of the
Rhine estuary (i.e. transect B: Fig. 4B), suggest deposition in a bay-
head delta-complex. The sands seem to connect to fine- to me-
dium-grained upstream channel belts in the IJssel basin, which
presumably formed the source for the bay-head delta sediments.

The laminated silty clays that are common in Unit M1
(Figs. 4C—E) are interpreted to reflect the lack in supply of sand
towards the central and downstream parts of the estuary due to
upstream sediment trapping and storage in the bay-head delta
complex. This feature is in analogy with the situation during
transgression in the Early Holocene Rhine-Meuse delta in the
western Netherlands (Hijma et al., 2009). These fine-grained de-
posits are interpreted as the central-estuary basin.

The silty medium-grained sands with marine molluscs that are
found in isolated positions at the margins of the incised valley in the
far downstream part of the estuary are more difficult to interpret.
Within the context of the upstream—downstream transitions
described above they are however thought to represent (parts of) the
estuary-mouth sand body (cf. Allen, 1991; Allen and Posamentier,
1993). These sediments occasionally contain reworked gravel at
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their base, which originates from the underlying fluvial and glacial
deposits present at this location (Fig. 4F).

4.4.4. Chronology

The pollen record in Unit M1 shows a dominance of (warm)
temperate tree-pollen. At some downstream sites (e.g. research
cores B14G0973: Fig. S.6A; B15G0212/214: Fig. A.3) the base of
Unit M1 is characterised by PAZs E2, E3 and E4a (Fig. S.4B and
S.4D). The main part of the pollen record of Unit M1 (e.g.
research cores B15F1501: Fig. 5; Fig. S.4A and B15G0212/214:
Fig. S4B and S.4D), is however characterised by Taxus and
Carpinus pollen (PAZ E4b and E5 respectively: cf. Zagwijn, 1961),
reflecting the Eemian interglacial vegetation optimum (Zagwijn,
1996). In core B15F1501 Carpinus percentages in PAZ E5 are
relatively low, when compared to the diagrams of Amersfoort
(Zagwijn, 1961) and Amsterdam-Terminal (Van Leeuwen et al.,
2000). This difference is explained as a regional effect: the
high values encountered in the southern part of the Central
Depocentre are due to the vicinity of the ice-pushed ridges
with dryland forests. In the vicinity of core B15F1501, located in
the northern part of the Central Depocentre, less dryland forest
area was present to accommodate Carpinus expansion. At the
top of Unit M1 in core B15F1501 (Fig. 5; Fig. S.4A), also the Picea
and Pinus dominated PAZ E6 is found. Luminescence dating
of samples (n=2) from Unit M1 give a 10 age range of 102—119
ka (median age: 110 ka; Table 2), suggesting a late
Eemian interglacial and Weichselian Early Glacial age (MIS 5:
Fig. 2).

In addition to the earlier work on the shallow-marine embay-
ment in the southern part of the Central Depocentre (e.g.
Cleveringa et al., 2000; De Gans et al., 2000; Van Leeuwen et al.,
2000), a series of luminescence dates has now become available
from these deposits. Luminescence datings of these sediments —
inseparably forming part of the marine transgression - provided a
10 age range of 88—118 ka (median age: 105 ka; Table 2), indicating
a late Eemian interglacial and Weichselian Early Glacial age (MIS 5:
Fig. 2) which is largely in agreement with the dating results pre-
sented for the Rhine estuary.

4.5. Unit A3

4.5.1. Sedimentary characteristics

In the western part of the study area most of Unit A3 consists of
grey-brown, calcium carbonate-rich, coarse- to medium-grained
sands (650-200 um) (Fig. 4B—F). Here, the lower 1—3 m of Unit
A3 generally shows a coarsening-upward trend and an increase in
the amount of gravel (Fig. A.1-3). Internally, sand grain-size can
however vary over short vertical distances. In this area the sedi-
mentary unit is also characterised by abundant clay pebbles, peat
fragments, marine-mollusc fragments and organic debris (e.g.
B15G0213-214: Fig. A.3; Fig. S.5G). The coarser-grained lower part
of the sedimentary unit is generally overlain by relative finer-
grained sands and silts with no clear grain-size trends. Especially
in cases where the upper part of Unit A3 consists of silt, this
transition is very sharp. In the southeastern part of the Central
Depocentre (south of the incised valley; Fig. 4A—D), Unit A3 is
generally finer-grained and is characterised by alternating deci-
metre thick humic clay, peat and sand layers (cf. Busschers et al.,
2007).

In the western part of the incised Rhine-valley the grain-size of
Unit A3 decreases, the amount of clay increases and fining up-
ward sequences start to dominate (Fig. 4F). This especially applies
to the most northwestern part of Unit A3 (transect F) where the
sediments are characterised by an alternation of brownish and
greyish detritus-rich silty clay and 1—3 m thick fine-grained sands

(e.g. B14A0090: Fig. S.6B). Here the sedimentary unit is capped by
a 1-2 m thick wood-rich peat. The fine-grained sands are typi-
cally admixed with mica flakes, a component that together with
their slightly higher clay content makes them distinguishable
from overlying sediments of local origin (described below in
section 4.8).

A temporary construction site that was situated east of Den
Helder in 1976 (Fig. 1B; RGD, 1977) exposed the top level of Unit A3
at ca. 15 m below m.s.l. The Unit A3 sediments here, were described
as fine-grained cross-laminated Rhine sands deposited in an uni-
directional westward directed flow.

4.5.2. Geometry

Unit A3 is present along the entire northern margin of the
incised valley, except for the most upstream transect A (Fig. 4A)
where these deposits are presumed to have been eroded by
younger Rhine channels. The maximum width of Unit A3, prior to
erosion, is estimated to have been ca. 54 km at the position of
transect D (Fig. 4D).

The base of this sedimentary unit has a strong erosive character
and deeply truncates Unit M1 (e.g. B15G0213 and S15G00018:
Fig. 4D; Fig. A.3 and B16C0042 and S16C00014: Fig. 4B; Fig. A.1) and
older Middle Pleistocene sediments (e.g. B16A1292 and
S16A00006: Fig. 4B; Fig. A1 and Fig. 4D—E). Locations where
erosion by younger Rhine channels was absent show that the
sedimentary unit increases in thickness from ca. 6 m at the location
of transect B to ca. 11 m at the location of transect F. In its most
northwestern occurrence, Unit A3 reaches a thickness of ca. 15 m
(e.g. B14A0090: Fig. S.6B), showing that the thickness increases in
westward direction.

4.5.3. Interpretation

The brownish coloured carbonate-rich sands of Unit A3 are
interpreted as fluvial channel belt sediments of Rhine origin. The
silts and clayey sediments along the northern margins of the
valley as well as the wood-rich peats and fine-grained detritus-
rich sediments in the south indicate deposition in a (fresh water)
flood basin environment. The increase in thickness of the sedi-
mentary unit, the amount of clay(layers) as well as the increase in
fining-upward trends suggest an overall decrease in fluvio-
hydraulic energy in westward direction. The combination of
these features shows that Unit A3 was deposited as part of a delta
system.

4.5.4. Chronology

Luminescence dating of Unit A3 channel belt sands gives a 1c
age range of 78—126 ka (median age: 101 ka; Table 2), indicating a
Weichselian Early Glacial (MIS 5d-a: Fig. 2) age, which is in
agreement with the Unit A3 age estimate of Busschers et al. (2007)
in the IJssel basin. Palynological analysis of clayey and loamy sed-
iments in research core B14A0090 (see Table S.2 for reference)
suggests that large parts of Unit A3 were deposited during the
Brerup Interstadial (MIS 5c).

4.6. Unit A4

4.6.1. Sedimentary characteristics

Unit A4 consists of coarse- to medium-grained (850-200 pm),
gravelly, grey-brown coloured, calcium carbonate-rich sands.
Admixed mollusc fragments, organic debris, peat fragments and
clay pebbles occur concentrated at the base of the sedimentary
unit (e.g. B25E0913: Fig. 4F; Fig. S.6A). Unit A4 strongly contrasts
with the underlying sedimentary units because of its coarser
grain-size. Cross-bedded sedimentary structures and 5—7 m
thick fining-upward sequences occur regularly, especially in
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the most downstream transect F (e.g. B25E0913: Fig. 4F;
Fig. S.6A).

4.6.2. Geometry

Unit A4 is located outside the incised valley, in the southern part
of the Central Depocentre (e.g. Fig. 4A; Fig. 4D; Fig. 4F). This sedi-
mentary unit overlies the infill of the Amsterdam and Haarlem
glacial basins in the west (transect D and F: Fig. 4D; Fig. 4F). Its
width varies between 14 and 25 km (Table 1). The average thickness
of the sedimentary unit is 3—8 m and increases in downstream
direction to ca. 11 m (Table 1). The concentration of reworked
material at its base demonstrates that the lower bounding surface
of Unit A4 is erosive and truncates older deposits.

4.6.3. Interpretation

The brownish coloured carbonate-rich sands indicate that the
sediments of Unit A4 are of Rhine origin. The cross-bedded sedi-
mentary structures and thick fining-upward sequences, suggest
that deposition occurred in deep fluvial channels, possibly of
meandering style (cf. Miall, 1996; Bridge, 2003).

4.6.4. Chronology

Luminescence dating of Unit A4 sediments provided a 1c age
range of 47—69 ka (median age: 57 ka; Table 2) suggesting
deposition during the Weichselian Early Pleniglacial (MIS 4) and
the earliest part of the Weichselian Middle Pleniglacial (MIS 3:
Fig. 2). The Uranium—Thorium date of 118 + 6 ka from a Venerupis
sp. mollusc, formerly thought to represent the top deposits of the
Eemian interglacial marine sequence in the Amsterdam-Terminal
borehole (Van Leeuwen et al., 2000), is now regarded an ambiv-
alent maximum age since the marine mollusc occurs in the flu-
vially reworked channel lag material of Unit A4 (B25E0913:
Fig. S.6A).

4.7. Unit A5

4.7.1. Sedimentary characteristics

Unit A5 consists of coarse- and medium-grained (800-300 um),
grey-brown coloured sands. The sands regularly contain gravel, are
rich in calcium carbonate and show cross-bedded structures (e.g.
B15G0212-0214: Fig. A.3; Fig. S.5C-D; Fig. S.5F). Both coarsening-
and fining-upward sequences occur on a 4—6 m vertical scale,
where the latter seems to dominate in this sedimentary unit.
Especially in the more upstream and central transects A-C
(Fig. 4A—C) the top of the sedimentary unit generally consists of
medium-to fine-grained (loamy) sands (130—300 pum) with micas
and detritus. The near complete absence of admixed molluscs, peat
fragments and clay pebbles (only locally occurring in the basal part
of Unit A5 (e.g. B16C0043: Fig. A.1; B15G0212—0213 and B20E0063:
Fig. A.3) clearly distinguishes this sedimentary unit from the lower
sedimentary units. The lower bounding surface of Unit A5 is erosive
and dissects parts of underlying and neighbouring Units A2, A3, A4
and M1 (e.g. Figs. 4A—F; Fig. A.3; Fig. S.5D; Fig. S.5G).

4.7.2. Geometry

Unit A5 occurs in large parts of the upstream and central parts of
the incised Rhine-valley, here it reaches its maximum width of ca.
43 km (Fig. 4D; Table 1). This sedimentary unit also occurs in the
southern part of the Central Depocentre, outside the incised valley,
where it partly overlies the glacial basin fill deposits (e.g. Fig. 4F).
Here, the unit's maximum thickness of 12 m is reached, presumably
due to compaction of the underlying Eemian interglacial shallow-
marine deposits.

4.7.3. Interpretation

The brownish coloured, carbonate rich, cross-bedded deposits
of Unit A5, containing both coarsening- and fining-upward se-
quences, are interpreted as amalgamated fluvial channel belt de-
posits of the Rhine. The large width of these deposits probably
represents a wide braided channel—belt complex, formed by lateral
channel migration and/or switching (cf. Miall, 1985). The regionally
occurring fine-grained top of the sedimentary unit is interpreted as
an overbank deposit (cf. Busschers et al., 2007).

4.7.4. Chronology

Unit A5 is luminescence dated to a 16 age range of 37—54 ka
(median age: 43 ka; Table 2), placing deposition of this sedimentary
unit in the Weichselian Middle Pleniglacial (MIS 3: Fig. 2). In
addition, pollen assemblages (e.g. BISHO056—57 and B20F0175:
Fig. A.2; Fig. S.4E-F-G) show high percentages of Pinus and grasses,
indicating cold open-tundra conditions, that prevailed during the
Weichselian Pleniglacial (Zagwijn, 1974; Van Huissteden et al.,
2001).

4.8. Local fluvial and aeolian sediments

Throughout the study area fine-grained (100—150 pm), calcium
carbonate-poor, well-sorted sands cover the Rhine sediments. The
presence of small-scale ripples and homogeneous lithology in-
dicates that the deposits originate from local fluvial and aeolian
processes (Schokker and Koster, 2004). The thickness of this
sedimentary unit increases from a few metres (2—4 m) in the
southern part of the Central Depocentre, to 8—10 m in the north
(Fig. 4C). Its top is often cryoturbated and/or rooted (e.g. B15F1501:
Fig. A.2; Fig. S.5A, B15G0212-213-214: Fig. A.3; Fig. S.5C; S.5F).
Coarser-grained sediments occasionally intercalate with the fine-
grained deposits along the flanks of the ice-pushed ridges (e.g.
Fig. 4A), representing local fan or slump deposits (Busschers et al.,
2007).

Pollen assemblages indicate a dominance of grasses and Pinus
(e.g. BISH0056: Fig. A.2, Fig. S4E and B16A1292 Fig. A.1), sug-
gesting cold, open-tundra conditions (Bunnik, 2011; Table S.2). A 1o
luminescence age range of 14—33 ka (median age: 22 ka; Table 2)
was obtained for these sediments, indicating deposition during the
Late Weichselian. This is comparable to earlier dating results of
similar sediments in the central and southern Netherlands
(Schokker et al., 2005; Busschers et al., 2007).

Holocene sediments of estuarine, lagoonal and fluvial origin
cover the Late Weichselian sequence (e.g. Wiggers et al., 1962;
Westerhoff et al,, 1987; Cohen et al, 2009). At some locations
these sediments have an erosive base which dissects the Late
Weichselian deposits (e.g. Fig. 4F). The Holocene sediments are
outside the scope of this paper and are therefore not further
described here.

5. Palaeogeographical evolution and forcings

The palaeogeographical evolution of the study area is discussed
below in the context of inherited glacial topography and proxy-
based reconstructions of sea-level change, glacio-isostasy and
climate variation. The discussion is based on six palaeogeo-
graphical maps representing key-stages in the evolution of the
Rhine (Fig. 7). These maps are a compilation of new sedimentary
and chronological insights obtained in this study and data from
earlier work (e.g. Busschers et al., 2007, 2008; Peeters et al., 2015).
Complementary to these maps, a schematic longitudinal section
along the late Middle and Late Pleistocene Rhine in the central
Netherlands shows the sedimentary architecture of its incised-
valley fill (Fig. 8).
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5.1. Late Saalian

During the maximum ice-cover extent of the Saalian Drenthe
Substage glaciation, the Rhine and Meuse were positioned south of
the Haarlem-Utrecht-Nijmegen ice-pushed ridges-line (Fig. 1B)
forming part of a proglacial system that drained water and sedi-
ments from the ice-sheet in westward direction (Thomé, 1959; Van
de Meene and Zagwijn, 1978; Van den Berg and Beets, 1987;
Busschers et al., 2008: their Unit S4). During initial ice-sheet
disintegration, both the Rhine and Meuse remained positioned in
the Southern Depocentre forming a deep incised-valley system
(Unit S5: Busschers et al., 2008; Hijma et al., 2012).

Continuous melting of the ice-sheet led to the exposure of a
deeply scoured subglacial-basin topography and formation of lake
systems in the central Netherlands (i.e. the Holland Lake: De Gans
et al., 2000; Beets and Beets, 2003) and in the eastern Netherlands
(i.e. the [Jssel Valley lake: Busschers et al., 2008) (Fig. 7A). It was
suggested by Busschers et al. (2008) that the Holland Lake system
was part of a larger proglacial North Sea lake. After the Drenthe
Substage deglaciation, the Rhine avulsed towards a position north
of the ice-pushed ridges. It occupied the Central Depocentre, where
it started to build a delta into the IJssel Valley lake (Twello Member
cf. Westerhoff et al., 2003). Fine-grained Rhine sediments were also
transported further westwards into the Holland Lake (Beets et al.,
2006). In the Southern Depocentre the Meuse remained active as
a separate system (part of Unit S5: Busschers et al., 2008; Hijma
et al.,, 2012).

Drainage of the central Netherlands lake system resulted in
deep incision, creating a 10—20 km wide valley in the Central
Depocentre. The basal infill of the valley shows that during the
early stage of valley formation there was still significant input of
sediments from easterly sources (whitish-coloured part of Unit
S6) indicating that northern drainage pathways in Germany were
probably still blocked by the disintegrating ice-sheet or may have
been controlled by glacio-isostatic uplift (Winsemann et al,,
2015).

After completion of deltaic infilling of the IJssel basin, the Rhine
secured its course into the incised valley (Fig. 7A) and started
depositing coarse-grained brownish sands (Unit S6) on top of the
whitish-coloured basal infill of the valley (Fig. 8). Simultaneously,
the valley laterally extended towards the north (Fig. 4C—F). The
coarse-grained nature of these channel belt sediments shows that
deposition of these Rhine sediments occurred under periglacial
conditions.

Eemian sea-level data (discussed in section 6) shows that the
study area was uplifted several tens of metres, both during and
directly after the Saalian glaciation. This uplift is regarded a glacio-
isostatic response to loading of the lithosphere by the Fenno-
scandian ice-mass in the north, which isostatically depressed the
earth's crust below the ice sheet. As a counter-active response, a
peripheral upwarped zone or forebulge developed at some dis-
tance around the ice-sheet (Busschers et al.,, 2008). The deep
incision of the Rhine valley in the Central Depocentre and its
typical asymmetrical shape - with its deepest part occurring in the
south - may partly reflect a counter-active response to uplift and
tilting effects of the study area as it was positioned on the southern
flank of the forebulge crest. Initial valley formation and deepest
incision in the south of the Central Depocentre is hereby envisaged
during the period of maximum uplift and southward tilt followed
by northward widening of the valley and aggradation during
collapse of the forebulge. Similar mechanisms were proposed to
have controlled late Saalian incised-valley formation in the
Southern Depocentre (Busschers et al., 2008) as well as incision
and valley widening patterns of the Rhine during younger periods
(see section 5.4).

5.2. Eemian interglacial

At the onset of the Eemian interglacial in northwest Europe,
temperatures rapidly increased towards values as high or higher
than present (e.g. Kukla et al.,, 2002; Kaspar et al., 2005; Bauch and
Kandiano, 2007; Brewer et al., 2008; Sturevik-Storm et al., 2014).
Eustatic sea-level exceeded modern levels by at least 5.5 m (Kopp
et al., 2009; Dutton and Lambeck, 2012), with average sea-level
rise rates of 1.6 m per century (Rohling et al., 2008). Although re-
ported sea-level rise-rates for the Netherlands were similar (Beets
and Beets, 2003), maximum interglacial sea-level high-stand sed-
iments are not reported above levels of —8 m below m.s.l. in The
Netherlands (Zagwijn, 1983). This difference was commonly
regarded to be the result of continued tectonic subsidence only,
however a prolonged and delayed glacio-isostatic rebound
response can now be taken into consideration too (see section 5.1
above and section 6 below).

During the early part of the Eemian (PAZ E1-E3), the Rhine
remained at its position through the IJssel basin and consolidated
its course through the east-west running incised valley (Fig. 7B).
Early Eemian interglacial Rhine sediments (Unit Al) were
deposited on top of the glacio-fluvial deposits of Unit S6 (Fig. 8).
The inferred meandering fluvial-style and higher clay content in
the channels reflects a more evenly-distributed discharge regime
due to early Eemian interglacial climate warming, disappearance
of permafrost and the development of a deciduous forest in the
catchment at that time (e.g. Zagwijn, 1989, 1996). Although the
periglacial supply of sediments was already terminated, there
was still a lot of coarse-material present in the Rhine system due
to reworking of older sediments. South of the incised Rhine-
valley, lake environments fed by rainfall and groundwater
seepage existed in the glacial basins of Amsterdam and
Amersfoort (Fig. 7B; De Gans et al., 2000; Van Leeuwen et al.,
2000).

Soil formation and the widespread occurrence of soil-protective
forest vegetation during the latter part of the Eemian (PAZ E4-E5),
led to a strong decrease in the amount of sediment delivered to the
Rhine. In combination with the rising interglacial sea-level and
increase in accommodation space, these new conditions induced a
shift of the Rhine's fluvial style towards a more fine-grained
anabranching-system (Fig. 7C). During this transition, fluvial
wetland environments formed, marking the large-scale drowning
of the incised valley due to the rising groundwater table (PAZ E3/
E4a in e.g. B15F1501: Fig. A.2; B15G0212-213-214: Fig. A.3).
Ongoing drowning resulted in the formation of a fluvial-tidal flood
basin environment (Unit A2) (Fig. 8), which was probably semi-
permanently flooded due to the nearby presence of the Rhine river
mouth (B15G1501: Fig. A.2). Simultaneous to the drowning of the
incised Rhine-valley during PAZ E3, rising groundwater and lake
levels occurred in the former glacial basins. Already during PAZ E4a,
ongoing sea-level rise led to the overtopping of the sills and
inundation of the basins by the interior shelf sea, resulting in the
formation of brackish-water lagoons (De Gans et al., 2000; Van
Leeuwen et al., 2000).

In the incised valley, the most westward fluvial-tidal flood basin
sediments of Unit A2 (Fig. 4E) were the first to experience marine
inundation due to the rising interglacial sea-level (Fig. 8). This
transgression transformed the fluvial-tidal flood basin into an es-
tuary (Fig. 7C). High-stand was reached during the PAZ E4b to E5
transition (cf. Zagwijn, 1983; e.g. B15F1501: Fig. 5). The absence of
well-developed tidal indicators such as mud drapes and bidirec-
tional current ripples indicates that the estuary experienced only
minor tidal influence and was probably dominated by fluvial pro-
cesses. This micro-tidal regime was most likely a result of its pro-
tected inland setting within the incised-valley and the presence of
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Fig. 8. Synthesizing schematic longitudinal section along the late Middle and Late Pleistocene Rhine in the central Netherlands (after Peeters et al., 2015), showing the sedimentary
architecture of its incised-valley fill, with emphasis on the Eemian interglacial lower-deltaic setting. Luminescence ages are presented with their 1 ¢ uncertainty. The position of the
geological transects A-F are indicated at the top of the diagram, including the position of the IJssel basin transect of Busschers et al. (2007). See main text for further descriptions and
Fig. 4 for the legend.

(subaqueous) barriers (see below) and shoals at its entrance (De
Gans et al., 2000).

During high-stand, a bay-head delta formed at the most up-
stream part of the estuary (below the present Noordoostpolder:
Fig.1; Fig. 7C; Fig. 8), where it was fed by upstream channel belts in
the I[Jssel basin. The bay-head delta probably acted as a trap for
coarser-grained sediments, resulting in only small quantities of
sand reaching the central-estuary basin (below the present Lake
IJssel: Fig. 1; Fig. 7C; Fig. 8). Downstream of the central basin, in the
outer-estuary, an estuary-mouth sand-body developed, probably
with (subaqueous) barriers onlapping onto the northern and
southern margins of the incised valley (below North Holland: Fig. 1;
Fig. 7C; Fig. 8). This feature probably created the protected, low
energy-environment of the Eemian interglacial Rhine estuary.
Given the lack of coarse-grained sediments transported to the river
mouth, the estuary-mouth sand-body likely formed through
reworking of local sediments by shallow-marine processes. Along
the northern margin of the valley an estuary-marginal environ-
ment was present for most of the interglacial (at the location of core
B15F1501 in transect C: Fig. 4C; Fig. A.2). Compared to the central
axis of the estuary, the Eemian transgressive sequence is better
preserved here, as is shown by its thickness of ca. 10 m (both Units
A2 and M1 combined; Fig. A.2) and the near-complete Eemian
pollen record.

During the same period, an uninterrupted transition from
transgressive to high-stand conditions was observed in the
southern part of the Central Depocentre (research cores
B25E0913: Fig. S.6A; B25E0907: Fig. S.6B). Here, barriers -

including beaches - developed on top of lagoonal deposits (De
Gans et al., 2000; Van Leeuwen et al., 2000: Fig. 4D). Locally, in
particular around the margins of the Amersfoort glacial basin, the
lagoonal deposits were covered by peat-bogs. This peat formation
started during PAZ E6 and continued into the Weichselian Early
Glacial (Zagwijn, 1961; Cleveringa et al., 2000). During the late
Eemian (PAZ EG6), regression initiated a transition towards a more
terrestrial, boreal environment (e.g. research core B15F1501:
Fig. 5; Fig. 6).

5.3. Weichselian Early Glacial

Significant climatic cooling marked the onset of the Weichselian
Early Glacial (Fig. 2). This period was characterised by an alterna-
tion of cold stadial conditions (Herning, Rederstall) and phases of
more temperate interstadial climate (Brgrup, Odderade; Caspers
and Freund, 2001; Helmens, 2014). Sea-level data suggests that
eustatic sea-level eventually dropped below —40 m during the
stadials (Fig. 2; Waelbroeck et al., 2002) and that it reached levels of
10 m below present m.s.l. during the interstadials. Recent data
however indicates that eustatic sea-level probably did not drop
below —20 m for the entire period up to the Brerup Interstadial
(Medina-Elizalde, 2013).

During the early phase of the Weichselian Early Glacial, the
Rhine (Unit A3) retained its course in the IJssel basin (Busschers
et al., 2007) and continued through the central Netherlands
(Fig. 7D). Clear evidence was found for Weichselian Early Glacial
Rhine channel belts at the northern part of the incised valley

Fig. 7. Palaeogeographic evolution of the Rhine system during the late Middle (MIS 6) and Late Pleistocene (MIS 5-3) shown in 6 successive timeframes. A) After the Drenthe
Substage deglaciation, the Late Saalian Rhine-system (Unit S6) avulsed towards a position north of the ice-pushed ridges complex, progressing into the IJssel Valley and Holland
lakes. Drainage of these lakes resulted in incision by the Rhine; B) After the lake drainage phase, the Latest Saalian to early Eemian Rhine (Unit A1), remained at its position through
the [Jssel basin and consolidated its course inside the east-west oriented incised Rhine-valley, flowing through the Central Depocentre towards the North Sea; C) Eemian interglacial
sea-level high-stand. The fluvial-tidal flood basin of the Rhine (Unit A2) is located in the eastern part of the incised valley and forms the downstream continuation of the fresh-water
flood basin deposits found in the IJssel basin. Marine water transgressed from the west, forming the Eemian interglacial Rhine estuary (Unit M1) with its tripartite zonation:
comprising an upstream bay-head delta, a central-estuary basin and an estuary-mouth sand body with (subaqueous) barriers and tidal inlet(s) at its entrance; D) During the
Weichselian Early Glacial the Rhine (Unit A3) was located in the northern part of the incised valley, while its organic-rich flood basin deposits were widely spread throughout the
Central Depocentre. In the west, the prograding Rhine delta entered a partly brackish flood basin environment (i.e. Brown Bank delta plain); E) The Weichselian Early Pleniglacial
Rhine (Unit A4) entered the Central Depocentre by its ‘southern entry’, and was for the first time positioned outside the incised Rhine-valley, in the southern part of the Central
Depocentre; F) During the Weichselian Middle Pleniglacial, the Rhine (Unit A5) entered the Central Depocentre from the east by both its northern and southern entries. Around ca.
38 ka the Rhine avulsed towards the south where it merged with the Meuse, resulting in the final abandonment of the Central Depocentre by the Rhine.
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(Fig. 7D). The presence of reworked marine indicators (i.e. mollusc
fragments) shows that as a response to sea-level lowering at the
Eemian to Weichselian Early Glacial transition, these channel belts
started to incise into the Eemian interglacial estuarine deposits
(Fig. 8) and reworked or eroded these (e.g. in Fig. A.2 and Fig. A.3).
The channel belts were flanked by extensive flood basins consisting
of alternations of wood-rich peat with humic-clay layers. Close to
the ice-pushed ridges, peat growth was controlled by seepage-fed
groundwater.

Throughout the Central Depocentre, relatively tranquil condi-
tions prevailed for most of the Weichselian Early Glacial, suggesting
that large-scale input of hillslope-derived sediments from the
Rhine catchment was still limited due to a persisting boreal forest
cover and possibly the influence of resistant (Rocourt) soil-
complexes (Haesaerts and Mestdagh, 2000). This implies that the
coarse-grained Weichselian Early Glacial Rhine channel belts
mainly consisted of reworked older Rhine deposits, as is reflected in
the large channel lag concentrate. The suggested absence of
Weichselian Early Glacial channel belts in the IJssel basin
(Busschers et al., 2007) is now regarded less likely since parts of the
fluvial sediments in the IJssel basin previously interpreted as
Weichselian Early Pleniglacial channel belts (Unit A4) might actu-
ally be older.

In the most western part of the Central Depocentre (i.e. Noord
Holland; Fig. 1) the Weichselian Early Glacial record reached its
maximum thickness of about 15 m. Similar organic-rich, fine-
grained sediments that occurred in the nearby offshore region
westward of North Holland (Brown Bank Formation; Laban, 1995;
Westerhoff et al., 2003), show that at least part of this record was
formed under brackish to marine conditions (Laban, 1995). The
position of the brackish-water indicators suggest a sea-level posi-
tion ca. 20 m lower than the maximum sea-level during the Eemian
interglacial. This is in agreement with the estuarine sediments and
shallow-marine conditions found in the Southern Depocentre for at
least part of the Weichselian Early Glacial (Busschers et al., 2007:
their Unit B1).

The westward increase in thickness of the Weichselian Early
Glacial record and the transition into a brackish-water environ-
ment suggests that the sediments were deposited in the up-
stream part of a delta-system (cf. Hijma et al, 2012). A
combination of luminescence and pollen data suggests that this
phase of delta formation likely occurred during the Brerup
Interstadial (MIS 5c: Fig. 2; Fig. 7D). The westward shift of the
depocentre compared to the Eemian, is explained as an effect of
upstream reduction in accommodation-space due to lower
Weichselian Early Glacial relative sea-levels compared to the
Eemian interglacial, as demonstrated by the thin Weichselian
Early Glacial Rhine record in the IJssel basin (Busschers et al.,
2007). Except for a thin record in the IJssel basin, direct evi-
dence for Odderade-interstadial age deltaic sediments were not
encountered in the study area. This is probably due to a combi-
nation of lower eustatic sea-level (MIS 5a: Fig. 2; Waelbroeck
et al.,, 2002) as well as the fact that most onshore accommoda-
tion space was already infilled during the Brerup Interstadial.
These youngest Weichselian Early Glacial deltaic sediments are
expected to be present in buried position further downstream
below the present North Sea.

5.4. Weichselian Early and Middle Pleniglacial

At the Weichselian Early Glacial to Weichselian Early Plen-
iglacial transition climate strongly deteriorated, resulting in a
decrease in vegetation-cover and development of continuous
permafrost in large parts of northwest Europe (Huijzer and
Vandenberghe, 1998; Helmens, 2014). The resulting decrease in

soil permeability and decrease in evapotranspiration led to larger
peak-discharges of the fluvial regime in the Rhine catchment
(Vandenberghe and Pissart, 1993; Busschers et al., 2007). Ice-sheet
reconstructions indicate that during the Weichselian Early Plen-
iglacial major expansion of the Scandinavian and British ice sheets
occurred (Svendsen et al., 2004; Ehlers et al., 2011; Gibbard and
Clark, 2011; Houmark-Nielsen, 2011; Mangerud et al., 2011).
Glacio-isostatic modelling results show that ice-sheet expansion
caused significant glacio-isostatic movements and formation of a
forebulge in the southern North Sea area (Lambeck et al., 2006,
2010). Ice-sheet development resulted in a significant drop of
eustatic sea-level to values below —50 m (Fig. 2; Waelbroeck et al.,
2002).

During the Weichselian Early Pleniglacial the Rhine entered the
Central Depocentre by its ‘southern entry' in the east (transect A:
Fig. 4A) and was positioned south of and outside the incised valley
for the first time (Unit A4; Fig. 7E). The data shows evidence for
strong vertical incision (>10 m) and extensive lateral erosion at that
time (Unit A4; Fig. 7E), a feature also reported for the Meuse in the
Southern Depocentre (Tornqvist et al., 2000; Wallinga et al., 2004;
Busschers et al., 2005, 2007). The erosion of the Rhine is attributed
to a combination of strong sea-level lowering and development of
large, laterally migrating (spring-snowmelt fed) channels during
the early, wetter part of the Weichselian Early Pleniglacial (Guiot
et al., 1989; Hatté et al., 2001).

The Rhine severely truncated Eemian, Weichselian Early Glacial
and older Middle Pleistocene deposits as is clearly demonstrated by
the basal concentrate of reworked material (e.g. B25E0913:
Fig. S.6A). In the west, the Rhine partly truncated the Eemian
shallow-marine deposits of the Haarlem and Amsterdam basins
(Fig. 4F). Here, lateral erosion was particularly efficient due to the
presence of easily erodible mollusc-rich sandy deposits, which also
occurred in the Southern Depocentre (Busschers et al., 2007).
Further upstream, lateral erosion was less pronounced due to the
presence of more erosive-resistant clay and peat sequences (e.g.
[Jssel basin transect: Busschers et al., 2007). In the offshore region,
southwest of the research area, the Rhine established a connection
with the Meuse (Unit B2 of Busschers et al., 2007) in the Southern
Depocentre (Fig. 7E) and jointly drained towards the Strait of Dover
(Busschers et al., 2007; Hijma et al., 2012; Rijsdijk et al., 2013).

The marked southward shift of the Weichselian Early Plen-
iglacial Rhine outside the incised valley, and the phase of severe
incision afterwards, is a pattern that resembles observations made
for the Rhine-Meuse system in the Southern Depocentre during the
Weichselian Late Pleniglacial (Busschers et al., 2007). Here, a
similar pattern of southward migration followed by incision was
related to differential, glacio-isostatic controlled tilting and
upwarping of the area as a response to ice-loading in
Fennoscandinavia. Since a similar forebulge feature is predicted
for the Weichselian Early Pleniglacial (Lambeck et al., 2006), ob-
servations made for this period are thought to reflect the same
process. The presence of a forebulge and its collapse could also
explain the observations made for the Weichselian Middle Plen-
iglacial (see below).

During the Weichselian Middle Pleniglacial, the Rhine (Unit A5)
entered the Central Depocentre from the east by both its northern
and southern entries (Fig. 4A; Fig. 7F). The extensive lateral channel
migration without net vertical incision (Fig. 8), together with the
occupation of both entries to the Central Depocentre, suggest that
minor crustal lowering occurred during the Weichselian Middle
Pleniglacial. Glacio-isostatic modelling results (Lambeck et al.,
2010), show a shrinking Fennoscandian ice-mass during the first
part of the Weichselian Middle Pleniglacial. The reduction in fore-
bulge height probably increased the accommodation-space, to
which the Rhine responded by aggradation and northward
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expansion.

Increased aggradation occurred in the IJssel basin and further
upstream where it initiated a partial avulsion of the Rhine into the
Southern Depocentre (Busschers et al., 2007). This avulsion led to
the development of a combined Rhine-Meuse system from the
early Weichselian Middle Pleniglacial onward (Unit B3 of Busschers
et al., 2007) and was the first step towards complete abandonment
of the Central Depocentre in a later stage. In the western part of the
Central Depocentre, the Rhine bended towards the southwest
(Fig. 4F; Fig. 7F), where it connected to southern drainage similar as
observed during the Weichselian Early Pleniglacial.

After ca. 38 ka the Rhine abandoned its course through the
Central Depocentre, hereby completing the avulsion that started in
the early Weichselian Middle Pleniglacial. The Rhine and Meuse
now formed a fully combined system in the Southern Depocentre
(Unit B4 of Busschers et al., 2007). This major palaeogeographic re-
arrangement led to significant shortening of the length of the Rhine
by about 65 km. Although the avulsion of the Rhine is regarded a
time-diachronous process taking at least 20 kyr, overall climate
cooling and increase in sediment supply and runoff reported for the
period after 50 ka (including the Hasselo Stadial: Van Huissteden
et al., 2001) are probably the key factors for the avulsion to com-
plete. Probably, this process was enhanced by a rising crustal
movement in the area, due to the once again growing Fenno-
scandian ice-cap around 39 ka (Lambeck et al., 2010).

This avulsion of the Rhine had a positive effect in terms of
preservation of the older Rhine units of Eemian and Weichselian
Early Glacial age: no major river activity and associated erosion
occurred in the Central Depocentre during the remaining Weich-
selian period. The Central Depocentre's incised-valley fill was in
this way protected against deep incision as was reported for the
Southern Depocentre during the Weichselian Late Pleniglacial,
where only very few deposits of Eemian interglacial age have been
preserved (Tornqvist et al., 2000; Busschers et al., 2005).

6. Timing of the Eemian high-stand and implications for the
Rhine deltaic system

In this study luminescence dating - both quartz OSL and feldspar
PIRIR - was applied on the late Middle and Late Pleistocene sedi-
mentary record of the Rhine (Fig. 8). The obtained luminescence-
ages range from ca. 130 to 22 ka (Table 2), spanning the entire
Last Interglacial—Glacial cycle. The ages of the Eemian interglacial
sedimentary units, falling in the 116 to 105 ka age range, are of
particular interest since they are several thousands of years
younger than the widely adopted age of ca. 127-115 ka for the
Eemian in northwest Europe (e.g. Kukla et al., 2002; Turner, 2002).

Methodological and/or stratigraphical issues are regarded an
unlikely explanation for this striking difference. All dated sedi-
mentary units from this study contain parts of the Eemian pollen-
record (PAZ E1-E6: cf. Zagwijn, 1961, 1996) and show clear cross-
cut relationships - both in sedimentary architecture and chro-
nostratigraphy - among each other. They are constrained by
younger dates from overlying sedimentary units and older
luminescence-ages from lower stratigraphic levels. Furthermore,
the results of both quartz OSL and feldspar pIRIR measurements are
consistent within each sedimentary unit (Fig. 3; Table S.1), corrob-
orating the robustness of the chronology.

Strong support for the luminescence results comes from recent
paleomagnetic studies of a sequence in Germany (Neumark; Sier
et al,, 2011) and from research core B15F1501 presented in this
study (Sier et al., 2015). By identification of the Blake Event (Smith
and Foster, 1969; Channel et al., 2012) in these biostratigraphically
well constrained Eemian sequences, it was shown that the Blake
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Fig. 9. Diagram showing the Eemian interglacial sea-level curve for the Netherlands
(blue line: Zagwijn, 1983, 1996), plotted against the LR04 3'®0 record from 140 to
100 ka (grey line: Lisiecki and Raymo, 2005, 2009), using the Ziegler et al. (2010) time-
scale. The positions of sapropel S5 (light grey area), the northwest European Eemian
(orange area) and the paleomagnetic Blake Event (cf. Sier et al., 2015) are indicated.

Event in northwest Europe started just before the onset of the
Eemian pollen zone E1 and lasted throughout most of the inter-
glacial (Sier et al., 2015). By using a direct correlation to the marine
isotope record (using sapropel S5: Tucholka et al., 1987; Langereis
et al., 1997), where the onset of the Blake Event is placed after
the oxygen-isotope peak-level of MIS 5e (Lisiecki and Raymo, 2009:
Fig. 9), an age of ca. 121-110 ka was obtained for the Eemian
interglacial in northwest Europe.

A direct consequence of a younger age for the Eemian inter-
glacial is that the timing of the southern North Sea marine trans-
gression also ‘shifts in time' and must have lagged global eustatic
sea-level by at least several thousand years (Fig. 9). It also implies
that the southern North Sea sea-level high-stand took place after
global high-stand conditions were met - i.e. during eustatic sea-
level fall, and thus must reflect a regional sea-level high-stand
(Fig. 9). This regional, late Eemian southern North Sea high-stand
may be attributed to glacio-isostatic adjustment in the periphery
of the former Fennoscandian ice-sheet and associated mechanisms
extending to the southern North Sea near-field setting (Cohen et al.,
2012; Dutton and Lambeck, 2012; Long et al., 2015), such as a
prolonged and delayed rebound response to the disintegrating
Saalian Fennoscandian ice-mass and to ocean-siphoning effects in



230 J. Peeters et al. / Quaternary Science Reviews 131 (2016) 211-236

the North Atlantic ocean (e.g. Mitrovica and Milne, 2002). Pre-
sumably such processes have outweighed sea-level drawdown and
need thorough further study in combination with new enhanced
glacio-isostatic adjustment modelling (Van der Wal et al., 2013; De
Boer et al., 2014).

The delayed timing of the high-stand in the southern North Sea
had major implications for the evolution of the Rhine in the central
Netherlands and adjacent southern North Sea basin. Because the
southern North Sea regional high-stand took place when eustatic
sea-level was already falling, regional high-stand in this area only
lasted for a relatively short period of time (<3 kyr: part of PAZ E5 cf.
Zagwijn, 1996, Fig. 9). As a result the total duration of sea-level
driven enhanced accommodation space was also relatively short
and probably not long enough to completely fill the incised valley. If
the Eemian interglacial high-stand in the southern North Sea Basin
would have lasted longer - for instance equal to the ca. 12 kyr as
found in southwest Europe (i.e. MIS 5e plateau of Shackleton et al.,
2002) - the Rhine could have probably expanded its deltaic system
much further westward, hereby covering large parts of the north-
western Netherlands and adjacent North Sea. Owing to the ac-
commodation space that remained as a consequence of the brevity
of the high-stand, Rhine deltaic deposits accumulated in the Cen-
tral Depocentre during the Weichselian Early Glacial (Brgrup
Interstadial) (Fig. 7D).

7. Conclusions

In this study new high-resolution core material, archived
borehole-data, CPTs and 3D voxel-model results of the Eemian
interglacial Rhine system were integrated. Combined with exten-
sive luminescence dating and palaeobiological analyses, this
resulted in a detailed reconstruction of the sedimentary architec-
ture and the palaeogeographical evolution of the Rhine system
during the late Middle and Late Pleistocene. Its development as an
incised-valley fill in the central Netherlands holds six phases of
major transition that are represented in its palaeogeographic,
architectural and sedimentary expression. These transitions were
caused by a combination of climate change, sea-level change and
glacio-isostasy.

First, a distinct decrease in sand grain-size, an increase in clay
content and a change in fluvial style from braided to meandering at
the late Saalian (MIS 6) to Eemian interglacial (MIS 5e) transition is
observed. This transformation is attributed to climate change and
associated decrease in river peak-discharges and increased vege-
tation cover in the Rhine catchment.

Second, a near-total alteration of the Rhine into a fine-grained
river-mode occurred in the early Eemian (MIS 5e). This change
was controlled by a sea-level driven rise in base-level, transforming
the study area into a fluvial-tidal flood basin. Subsequent trans-
gression of the Eemian interglacial Rhine system, transformed the
fluvial flood basin into an estuarine system. The timing of this
transgression is delayed when compared to the eustatic sea-level
record, suggesting that at the onset of the Eemian interglacial the
area was still glacio-isostatically uplifted as a result of glaciation in
the Late Saalian.

Third, relatively tranquil conditions prevailed during most of the
Weichselian Early Glacial (MIS 5d-a), although erosion of the
Eemian interglacial high-stand deposits occurred. In the west,
continuing sedimentation by the Rhine resulted in the formation of
a prograding delta. This westward shift in deposition is explained
by the reduction in accommodation space caused by the base-level
lowering associated with this period.

Fourth, dramatic sea-level lowering at the onset of the Weich-
selian Early Pleniglacial (MIS 4), combined with glacio-isostatic

crustal movements, caused large-scale displacement of the Rhine
system. The Rhine shifted towards a position south of the incised-
valley in the Central Depocentre. Subsequently, no Weichselian
Early Pleniglacial fluvial Rhine deposits form part of the incised-
valley fill record.

Fifth, significant erosion occurred at the onset and during the
Middle Weichselian (MIS 3). This large-scale erosion created
distinct bounding surfaces which are formed by lag deposits con-
taining reworked Eemian interglacial and Weichselian Early Glacial
components. Along the margins of the incised valley this erosion
was less severe, resulting in the near-complete preservation of
interglacial sediments at these locations. Erosion was controlled by
a combination of sea-level fall and major climatic-induced changes
in sediment supply and discharge. An overall increase in the
amount of sand and transition into a braided river-mode reflects
the periglacial conditions that characterised the river catchment of
the Rhine during the Middle Weichselian.

The final transition of the Rhine system was the avulsion in the
eastern Netherlands, which led to the abandonment of the Central
Depocentre by the Rhine after 38 ka. This avulsion - facilitated by
climate driven aggradation and probably renewed glacio-isostatic
uplift of the study area — caused a major change in drainage
configuration in the central Netherlands. The avulsion had a sig-
nificant effect on the preservation of the Late Pleistocene incised-
valley fill. The sedimentary succession - including the Eemian
interglacial estuary and fluvial-tidal flood basin sediments - did not
experience significant erosion afterwards, resulting in its incorpo-
ration in the sedimentary record.
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Figure A.1-3. Sedimentary logs, showing sedimentary unit
boundaries, biostratigraphy (pollen assemblage zones cf. Zagwijn
(1961, 1996)), spectral gamma-ray logs (solid black-line), cone
penetration tests (solid blue- and red-lines) and luminescence ages
(feldspar pIRIR: left; quartz OSL: right). Luminescence dating re-
sults with validity-label ‘accepted’ are presented only, solely the
sample position of datings with validity-label ‘rejected’ are indi-
cated: ‘<F>’ for feldspar pIRIR and ‘<Q>’ for quartz OSL. ‘n/a’ in-
dicates the absence of the respective luminescence measurement.
Core locations are plotted in Fig. 1B and are indicated on their
corresponding geological transects B-D (Fig. 4B—D), the legend is
shown in Fig. A.3.

Appendix B. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.quascirev.2015.10.015.
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