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1 INTRODUCTION 

The Rhine-Meuse river system has been studied extensively over the past few decades. The 
Netherlands’ coastal prism formed in response to Holocene sea level rise and buried the 
Weichselian (OIS-2) Rhine-Meuse valley. An overview of the Rhine-Meuse delta evolution is 
given by Berendsen & Stouthamer (2001), summarising recent studies. Although the geological-
geomorphological evolution of the Rhine-Meuse system since the Last Glacial Maximum (ca. 22 
kyr cal BP) is known in great detail, the effects of neotectonics in the Rhine-Meuse delta have 
only been recognised recently. In this thesis the Rhine-Meuse record over the last 15,000 years is 
used to quantify subsidence in the central Netherlands.  

The Rhine-Meuse delta overlies the northern extensions of the Peel Horst and Roer Valley 
Graben. The Peel Boundary Faultzone (PBF) separates these tectonic blocks. This faultzone was 
active in the Late Weichselian and Holocene, and has influenced the rivers that crossed it.  

Because the Rhine and Meuse rivers cross the faultzone at a sharp angle, tectonic displacements 
show up as deformations in longitudinal profiles. In this thesis, two lines of research are followed 
with the aim to quantify differential subsidence: 

1. The study of gradient lines of channel belt surfaces. Thousands of borehole descriptions are 
available from the archives of the Dept. of Physical Geography, Utrecht University. These are 
used to analyse deformations in longitudinal profiles of Weichselian and Holocene channel 
belts. This analysis aims to trace faults that were active in the Late Glacial and/or Holocene, to 
quantify their local offsets (z) and to calculate rates of subsidence (dz/dt) from progressive 
deformation in fluvial surfaces of increasing age (t).  

2. The study of reconstructed Holocene palaeo-groundwater levels. Middle Holocene 
groundwater rise caused extensive peat formation. Over 300 radiocarbon dates are available 
that pinpoint palaeo-groundwater levels. These are used to calculate Holocene groundwater 
gradient lines that were subsequently analysed for tectonic deformations. 

As tectonics deformed fluvial deposits over the last 15,000 yr, it could also have actively affected 
the geometry of channel belts (e.g. gradients, width, sinuosity) during deposition. In other words, 
both post-depositional deformations and regional syn-depositional effects may exist in the fluvial 
record. Syn-depositional effects have to be taken into account in quantifying differential 
subsidence. Therefore, a second aim of this thesis was to identify syn-depositional features in the 
record. Thereby the tectonic control on active rivers was documented, superimposed on effects of 
upstream and downstream controls. 
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Thesis outline 
Following this introduction, chapter 2 of this thesis reviews evidence for neotectonic activity and 
its influence on fluvial systems in the central Netherlands. New results for the SE part of the delta 
are presented, focussing on displacements in the Late Weichselian terrace. The construction of 
longitudinal profiles and their application in quantifying tectonic deformation is discussed.  

Chapter 3 focuses on the influence of tectonic activity on the Holocene floodbasin record. It 
presents results from the site ‘Maurik’ (Betuwe) in the central Rhine-Meuse delta, and aims to 
identify the sedimentary response upstream and downstream of an active fault, and to use that to 
quantify rates of differential subsidence. Reconstructions of local groundwater rise are combined 
with post-depositional and syn-depositional features in a detailed longitudinal section across an 
active fault of the PBF.  

Chapter 4 integrates available data on groundwater rise in the Rhine-Meuse delta, using 
geostatistics. An interpolation method was designed that enables the reconstruction of palaeo 
groundwater levels for any location within the delta (60 km wide, up to 100 km inland), for any 
moment during the Holocene. The paper presents the input data (index-points for Holocene 
groundwater rise and bounding surfaces for an Early Holocene low stand situation and the present 
high-stand situation) and the interpolation method.   
The results allow to interpret the Holocene groundwater rise in terms of control interplay.  
Relative sea-level rise is broken down into its components of eustatic sea-level rise and land 
subsidence. Regional trends in groundwater levels and rates of groundwater rise are analysed. 
Local tectonic and groundwater-hydrologic effects are identified, that are superimposed on 
regional trends. The complex interplay between upstream controls and downstream controls in 
the delta is revealed, and the role of subsidence in the anatomy of the coastal prism is explored. 

Chapter 5 is a regional palaeogeographic study, describing the fluvial evolution of the central 
Rhine-Meuse delta in the Peel Boundary Faultzone. A framework is presented that integrates 
earlier work on Weichselian Late-Glacial fluvial response to climatic amelioration with work on 
the fluvial response to Holocene sea-level rise. To connect those two, the paper focuses on the 
Early Holocene record that has not previously been described. Results from sites in the polders 
‘Land van Maas en Waal’ en ‘Maaskant’ are presented. Late Glacial and Holocene tectonic 
activity of the PBF is taken into account in the reconstruction. Tectonics are shown to be an 
active control in the fluvial evolution of the Peel Boundary Faultzone, both during the Holocene 
and in the Late Weichselian.  

A geological map was made (Addendum 1) and a valley-wide cross section (Addendum 2). The 
synthesis (Chapter 6) compares different quantitative estimates of differential subsidence from 
the Rhine-Meuse fluvial archives and presents the identified fluvial-tectonic interplay in the study 
area. It discusses implications of the thesis results for the general geological history of the Late-
Quaternary Rhine-Meuse delta.  

Chapters 2, 3 and 4 have abstracts and the synthesis contains a summary of the results. 
An extensive summary in Dutch is presented at the end of the thesis. 
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2 Fluvial deposits as a record for Late Quaternary neotectonic 

activity in the Rhine-Meuse delta, The Netherlands 

 K.M. Cohen, E. Stouthamer & H.J.A. Berendsen (2002) 
 
 Published in:  
 Netherlands Journal of Geosciences / Geologie en Mijnbouw 81 (3-4), 389-405.  
  
 Reprinted by permission 
 
 
 
 
 
 
 
 
 
 
Abstract 
Neotectonic movements have caused differential subsidence in the Lower Rhine Embayment 
during the Quaternary. The Late Weichselian and Holocene Rhine-Meuse fluvial archive in the 
central Netherlands was used to quantify neotectonic movements in a setting that was primarily 
controlled by sea-level rise and climate change. Evidence for neotectonic activity in the central 
Netherlands is reviewed. Sedimentary evidence shows that fluvial deposits of Late Weichselian 
and Holocene Rhine and Meuse (Maas) distributaries are vertically displaced along the northern 
shoulder of the Roer Valley Graben system. Elevation differences in the longitudinal profiles of 
Late Weichselian terrace deposits were used to quantify tectonic displacements. New results for 
the southeastern Rhine-Meuse delta (Maaskant area) show, that displacements in the top of the 
Pleniglacial terrace along the Peel Boundary Fault are up to 1.4 m. The maximum displacement 
between the Peel Horst and the Roer Valley Graben is 2.3 m. This is equivalent to relative 
tectonic movement rates of 0.09-0.15 mm/yr, averaged over the last 15,000 years. 

2.1 Introduction 

The Rhine-Meuse delta (Fig. 2.1) in the Netherlands provides a well-preserved and well-
documented fluvial archive. The evolution of the delta during the Late Weichselian (= 
Weichselian Lateglacial, cf. Mangerud et al. 1974) and Holocene has been extensively studied 
over the past decades (Berendsen, 1982; Törnqvist, 1993a; Makaske, 1998; Weerts & Berendsen, 
1995; Berendsen & Stouthamer, 2000, 2001). These studies mainly focused on two controlling 
factors in the delta evolution: relative sea-level rise, which controlled base level and provided 
accommodation space for Holocene aggradation (Törnqvist, 1993b), and climate change, which 
controlled discharge and sediment supply (Berendsen et al., 1995). Temporal and spatial variation 
within the deltaic wedge (coastal prism cf. Posamentier et al. 1992; Talling, 1998), such as 
varying channel width/thickness ratios and fluvial styles, were attributed to these controlling 
factors and to autogenic controls within the fluvial system, such as heterogeneity in lithology and 
periodic avulsion of individual distributaries. 
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Figure 2.1: Structural framework of the central Netherlands (after Zagwijn (1989) and Geluk et al. 
(1994). The relatively elevated Peel Horst, and the subsiding Roer Valley Graben and Venlo Graben 
are part of the Lower Rhine Embayment. To the northwest the Lower Rhine Embayment fades into the 
North Sea Basin. The Maaskant area is shown in Fig. 2.4. 

 
 

The upper Rhine-Meuse delta is located near the tectonic hinge zone (Törnqvist, 1995, 1998; 
Veldkamp & Tebbens, 2001) along the southeastern margin of the North Sea Basin. In the 
subsurface the complex Roer Valley Graben (RVG) system (Geluk et al., 1994) is present (Fig. 
2.1). The epicentres of numerous modern and historic, light to moderate earthquakes (e.g. the 
1992 Roermond earthquake, local Richter magnitude 5.8), are located along the faults of this 
Graben system (Camelbeeck & Meghraoui, 1998). Recent results from palaeoseismic studies 
along faults bordering the RVG indicate that recent activity is not exceptional. Faults in this 
region have been active during the entire Quaternary, albeit with different movement rates over 
time.  

The Peel Boundary Faultzone (PBF) separates the RVG and the Peel Horst, and is the central 
zone of displacement in the RVG-system. The PBF is well expressed in the surface topography of 
the area south of the Rhine-Meuse delta, and is traced in the deposits underlying the delta 
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(Verbraeck, 1984; Zagwijn, 1989). The PBF system has been active in the Late Weichselian and 
Holocene, and seems to have influenced the evolution of the Rhine-Meuse delta (Berendsen & 
Stouthamer, 2000; Stouthamer & Berendsen, 2000). The aim of this paper is to review the 
evidence for neotectonic influence on the fluvial systems in the central Netherlands and to 
regionally explore the recording potential for neotectonics in the youngest (Late Weichselian-
Holocene) fluvial deposits. The structural framework, the Late Quaternary deposits and 
neotectonics in the Holocene Rhine-Meuse delta are reviewed in the first sections of this paper. In 
addition, we present new results on the Maaskant area (Fig. 2.1) in the southeast of the delta: a 
reconstruction of the Late Weichselian terraces in this area (Fig. 2.4) and a quantitative analysis 
of neotectonic deformations in longitudinal profiles across the terraces (Fig. 2.5). 

2.2 Review: Neotectonic influence on the fluvial systems  
in the central Netherlands 

 
Structural framework of the Rhine-Meuse delta 
The Roer Valley Graben (RVG) is represented by a 2-km thick sequence of Cenozoic sediments, 
overlying a fractured Mesozoic and Palaeozoic basement. The structural framework of the system 
has been described in detail by Geluk et al. (1994). Seismic data suggest that the fault-structure of 
the RVG originally formed during the Late Carboniferous, and reactivation of these faults 
occurred during the Mesozoic. In the Cenozoic the RVG-system is part of the Lower Rhine 
Embayment, the youngest and northwesternmost extension of the continent-scale West and 
Central European rift system (Ziegler, 1994). Since the Oligocene, tectonics in the RVG-system 
(and other subsystems of the West and Central European rift system) is related to the 
redistribution of intra-continental stress (Kooi et al., 1989). This redistribution is part of the 
changing intra-continental stress regime, caused by the Africa-Europe continental collision that 
formed the Alps in southern Europe (Dirkzwager et al., 2000). 

The RVG system consists of several fault blocks, generally separated by faults with a SE-NW 
strike (Fig.1). Secondary faults within the blocks have a more E-W strike. Results from 
seismographic (Van den Berg et al., 1994), backstripping and subsidence analysis (Houtgast & 
Van Balen, 2000), historic (Alexandre, 1994) and palaeo-seismologic studies (trench-analysis; 
Camelbeeck & Meghraoui, 1998; Vanneste et al., 1999) indicate that the major faults of the RVG 
system have been active during the Late Quaternary, and still are active today. Strong differential 
subsidence within the RVG system started in the Late Oligocene. Since then approximately 1350 
m of sediments accumulated in the centre of the RVG system and about 200 m on blocks on the 
shoulders of the Roer Valley Graben (Zagwijn, 1989). The largest Quaternary displacements 
occurred along the Feldbiss Faultzone (cf. Houtgast & Van Balen, 2000) on the southern shoulder 
of the RVG and along the Peel Boundary Faultzone (PBF) on the northern shoulder (Van den 
Berg, 1994; Camelbeeck & Meghraoui, 1998). Houtgast & Van Balen (2000) analysed the 
Quaternary stratigraphic record of the RVG and its shoulders. They found minimum displacement 
rates along the PBF are 50 mm/kyr for the Middle Quaternary (~1.8 to ~0.5 Myr BP) and 
80 mm/kyr for the Late Quaternary (since ~0.5 Myr BP).  

The structural blocks (Peel Horst, Venlo Graben) on the northern shoulder of the RVG are most 
important for this study. The PBF is present in the subsurface of the Rhine-Meuse delta, but is not 
well mapped in the Late Quaternary sediments, because the faults have not been recognised in 
these sediments. Directly south of the Rhine-Meuse delta, the PBF that separates the relatively 
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elevated Peel Horst and the strongly subsiding RVG (Fig. 2.1) forms a pronounced scarp in the 
landscape. To the east, the Venlo Graben is slowly subsiding relative to the Peel Horst. This 
transition is less sharp expressed in the topography, but is still visible on elevation maps.  

The southeastern margin of the North Sea Basin is a tectonic hinge zone, associated with the 
uplifting Ardennes and Rhenish Massif. The subsequent transgressions and regressions 
recognised in Miocene, Pliocene and Early Quaternary marine and fluvial sediments in the RVG 
(Zagwijn, 1989) illustrate the sensitive response to base-level variations of river systems in the 
tectonic hinge zone on the longer time scale (105-106 yr). The Ardennes and Rhenish Massif are 
important sources of sediments filling the deposition centres of the southeastern North Sea Basin. 
During the Pliocene and Early Quaternary, the West Netherlands Basin and Central Netherlands 
Basin (Fig. 2.1) were deposition centres, filled with marine and deltaic fluvial sediments. In these 
basins, the Rhine and Meuse supplied sediments to the huge delta of the mega-river system 
draining the Baltic area, Fennoscandia and NW Europe into the North Sea Basin (Bijlsma, 1981). 
During the Quaternary, subsequent glaciation cycles changed the drainage pattern dramatically, 
and the Baltic river system ceased to exist. Both the Rhine and the Meuse enlarged their drainage 
basins considerably headwards. They reached their present sizes during the Middle Pleistocene 
(Quitzow, 1974; Berendsen, 1998).  

Since the Early Quaternary, the Roer Valley Graben and Lower Rhine Embayment have been 
areas of mainly fluvial deposition. In the southeastern part of the Lower Rhine Embayment a 
flight of 31 Meuse terrace levels spanning the last 4 Myr (Veldkamp & Van den Berg, 1993, Van 
den Berg, 1996) and a similar flight of Rhine terraces (Klostermann, 1992) have been preserved 
due to continuous uplift. The terraces formed during the colder periods of the Pliocene and 
Quaternary. Van den Berg (1994, 1996) used the Meuse terrace flight as a proxy for regional 
uplift. For the area near Maastricht (Fig. 2.1), this approach yielded an average uplift rate of 60 
mm/kyr over the last 3 Myr, with fluctuations in uplift rates during the Quaternary. 

To the northwest, the Lower Rhine Embayment fades into the North Sea basin. The RVG widens 
into the West Netherlands Basin (Geluk et al., 1994). In this region, the main fault direction shifts 
about 30° to ESE-WNW. Northeast of the RVG the Late Tertiary Central Netherlands Basin is 
connected to the Lower Rhine Embayment. Deep glacial scouring and the formation of ice-
pushed ridges during the Saalian make detailed analysis of the Quaternary subsidence in the 
Central Netherlands Basin difficult. The repetitive glaciations of northern Europe resulted in 
glacio-isostatic adjustments and is expected to have enhanced tectonics during the Late 
Quaternary (Stewart et al., 2000; Thorson, 2000; Maddy & Bridgland, 2000).  

Rhine and Meuse courses during the Late Quaternary 
In the Late Quaternary, the Rhine and Meuse rivers crossed the Peel Horst west of Nijmegen 
(Figs. 2.1, 2.2). The depositional record of the RVG system shows that this situation is 
exceptional: Early and Middle Quaternary fluvial deposits reach their greatest thickness in the 
Roer Valley Graben (Zagwijn, 1989), indicating that this is the main deposition centre. During 
earlier parts of the Quaternary the Rhine periodically entered the RVG in the southeast of the 
Netherlands, but during most of the time the Rhine did not enter the RVG at all, following a 
course more to the east through the Lower Rhine Embayment and the Central Netherlands Basin. 
The Meuse alternately flowed through the RVG and the Venlo Graben. Van den Berg (1994) 
suggested that the Quaternary Rhine periodically shifted its course during phases of increased 
tectonic activity in the Lower Rhine Embayment. During such periods the interplay between 
foreland compression from the Ardennes and the regional SW-NE tension in the RVG-system 
would have forced structural blocks to rise and tilt and the Rhine to shift its course 
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Figure 2.2: Late Quaternary courses of the rivers Rhine and Meuse (essentially after Zagwijn, 1974). 

(a) Middle Saalian (OIS 6), glacial maximum. During the maximum glaciation, the Rhine followed a 
course to the west and drained towards the Strait of Dover. Saalian ice reworked the Early and 
Middle Quaternary deposits of the Central Netherlands Basin. 

(b) Late Saalian – Early Weichselian. During the Saalian deglaciation the Rhine entered the IJssel 
glacial basin and drained to the NW. The Meuse presumably continued to drain westward. This 
situation persisted during the Eemian interglacial (OIS 5e) and Early Weichselian (OIS 5d-4). 

(c) Middle – Late Weichselian (OIS 3-2). In the Middle Weichselian, the Rhine retook its Saalian 
imposed course and joined the Meuse downstream of Nijmegen. In the Late Weichselian, the Oude 
IJssel (I) and Niers (II) valleys were abandoned in favor of the Gelderse Poort course (III). 

(d) Holocene. The Holocene rivers cross the Peel Boundary Fault in the central Netherlands. During 
the Holocene the Rhine and Meuse distributaries progressively backfilled the Late Weichselian 
valleys. West of the PBF in the Roer Valley Graben / West Netherlands Basin, a coastal wedge 
formed on top of the backfilled sequence.  
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Eventually, Late Quaternary glaciations have caused the Late Weichselian and Holocene Rhine 
and Meuse to cross the Peel Horst and enter the RVG almost perpendicular to the tectonic 
structures, creating the exceptional setting. In the Late Quaternary local deposits filled the RVG 
and neither the Rhine nor the Meuse flowed through it (Fig. 2.2). During the Saalian glaciation, 
the Scandinavian ice-sheets reached the Rhine valley. During its maximum extent, the Saalian ice 
sheet formed a series of ice-pushed ridges and deep glacial-basins, reworking the Early to Middle 
Quaternary fluvial sediments (Fig. 2.2a). During maximum glaciation the Rhine and Meuse were 
forced to flow westward, directly south of the ice-pushed ridges. During and after the Saalian 
deglaciation the Rhine entered and partly filled up the IJssel glacial basin (Fig. 2.2b), but in the 
Middle Weichselian this course was abandoned (Van de Meene & Zagwijn, 1978). An Eemian-
Early Weichselian hiatus in the Late Quaternary Rhine depositional record in the West 
Netherlands Basin was inferred by Törnqvist et al. (2000) using O.S.L. dating . In the Early-
Middle Weichselian, the Rhine reoccupied its western course, eroded the ice-pushed ridges near 
Nijmegen and joined the Meuse downstream (Fig. 2.2c). It is unclear what mechanism triggered 
this Weichselian shift of the Rhine back to its Saalian, glacially imposed, course. A possible 
mechanism is deflection of the Rhine to the southwest, by an up-doming fore bulge created by the 
load of the Weichselian ice cap. During the Weichselian Glacial Maximum, the nearest ice was 
located ca. 250 km to the NE (Elbe valley, Germany) and ca. 250 km to the NW (Norfolk, 
England). During the Holocene, the main Rhine-Meuse channels flowed westward (Fig. 2.2d), 
and only in the Late Holocene one distributary re-entered the IJssel valley. 

The Rhine-Meuse delta in the Late Weichselian and the Holocene 
The location of the present Holocene Rhine-Meuse delta (Fig. 2.2d) is largely inherited from the 
positions of the Late Weichselian Rhine and Meuse valleys (Berendsen & Stouthamer, 2000). 
Holocene deltaic fluvial deposits are preserved behind a beach barrier coast. These deposits cover 
the Weichselian Lateglacial valley of the Rhine and Meuse in the subsurface. They reach a 
thickness of 20 m near the coast, and about 2 m near the German border (Fig. 2.3). In the western 
parts of the delta marine erosion of the older fluvial deposits has occurred. In the lower Rhine-
Meuse delta, floodbasin fills consist largely of fresh water peat. Directly behind the barriers 
brackish clay deposits of (tidal) lagoonal environments occur. In the upper Rhine-Meuse delta, 
floodbasin fills mainly consist of fluvial clay. Sandy channels cross cut the floodbasin deposits. 
The Holocene evolution of the delta has been described extensively by Berendsen & Stouthamer 
(2000, 2001). 

During the Late Pleniglacial - Early Holocene (24–9 kyr BP, calendar years are used in this paper, 
unless indicated differently) rivers formed a series of terraces, as a result of climatic changes. The 
Meuse fluvial pattern changed from braided during the Late Pleniglacial to meandering in the 
Bølling-Allerød interstadial, to braided during the Younger Dryas stadial, and back again to 
meandering in the Early Holocene (Huisink, 1997; Tebbens et al. 1999). Similar changes are 
reported for the Rhine Valley and are inferred from deposits in the subsurface of the Rhine-
Meuse delta, although the fluvial style of Lateglacial rivers in the western part of the delta has 
never been established with certainty.  

The difference in elevation between the Late Pleniglacial and Younger Dryas terraces reaches a 
maximum of 2 meters in the subsurface of the central Rhine-Meuse delta (Berendsen et al., 1995). 
The terraces converge downstream (Törnqvist, 1998; Berendsen & Stouthamer, 2001). The 
Lateglacial rivers followed a course through the southern North Sea and the English Channel 
(Bridgland & D’Olier, 1995). During the formation of the terraces, sea level was >50 m lower, 
and the coastline was located downstream of the Strait of Dover (Gibbard, 1995). In the Late 
Weichselian, hard rock in the Strait of Dover (at 40-50 meters below present sea level) probably 
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controlled base level of the Rhine and the Meuse in the Netherlands. In that case it seems 
reasonable to assume that sea-level rise did not influence the formation of the Lateglacial 
terraces, because they are located 200-300 km upstream from Dover and are at a 60 m higher 
elevation. Vandenberghe (1995) and Berendsen et al. (1995) attribute the formation of the 
terraces to the Lateglacial climatic amelioration, which resulted in changes in sediment load and 
discharge. In contrast to the terrace flight in the southern part of the Lower Rhine Embayment, 
elevation differences between these climate-controlled terraces are not necessarily directly related 
to tectonic uplift of the area.  

During the first half of the Holocene, the Southern North Sea Basin was rapidly flooded 
(Jelgersma, 1979; Zagwijn, 1986). Rising sea level provided accommodation space for the deltaic 
deposits. An open barrier coast in front of the Holocene delta transgressed and progressively 
truncated the Rhine-Meuse valley. After ~5.5 kyr BP, sea-level rise slowed down, the barrier 
coast closed and coastal progradation set in (Zagwijn, 1986; Van der Valk, 1992; Cleveringa, 
2000). Offshore of the present coast, Early Holocene deposits in the backfilled Late Weichselian 
valleys have been eroded by waves and tidal currents in the shallow sea during the marine 
transgression (Jelgersma, 1979; Beets & Van der Spek, 2000). In the deltaic wedge behind the 
barrier coast, preservation potential was high, and only locally estuarine and fluvial erosion has 
occurred (Berendsen & Stouthamer, 2000). 

The fluvial style of the Holocene distributaries varies in time and space (Törnqvist, 1993a,b; 
Makaske, 1998). Sandy channel deposits in the delta have a decreasing width/thickness ratio and 
decreasing gradient towards the coast (Berendsen & Stouthamer, 2001). The channels frequently 
avulsed during the period 7.8-0.9 kyr BP (Törnqvist, 1994; Stouthamer & Berendsen, 2000). The 
combination of rapid base-level rise, extensive peat formation and frequent avulsion makes dating 
of individual channel belts well possible. Over 1200 14C samples have been collected and dated 
by various authors, and are summarised by Berendsen & Stouthamer (2001). 14C Dates of basal 
peat covering the steep flanks of isolated Younger Dryas eolian dunes can be used to reconstruct 
the regional rise of groundwater. The buried eolian dunes provide a compaction-free subsurface 
where the basal peat occurrence is directly related to the floodbasin groundwater level. Near the 
present coast, peat started to form approximately 9.0 kyr BP. Further eastward, on the sloping 
Late Weichselian subsurface, peat formation started later, and the groundwater level in the central 
delta was fluvial controlled (Fig. 2.3). Because basal peat forms when the average groundwater 
level is just above the surface, and groundwater level rise in the delta is directly related to base-
level rise, the derived groundwater gradients also represent longitudinal gradients of fluvial 
deltaic sediments in floodbasins (Van Dijk et al., 1991). 
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Figure 2.3: Neotectonic deformations in gradient lines of Late Weichselian fluvial sediments and 
Holocene floodbasin groundwater levels in the Rhine-Meuse delta. Late Pleniglacial and Younger 
Dryas buried terraces - the highest elevations of sand-gravel bars that form the terrace surface are 
plotted - after Stouthamer & Berendsen (2000). Depth of Laacher See pumice-layer and base of 
Allerød channels - as preserved in the subsurface of the Younger Dryas terrace - after Verbraeck 
(1990). Paleo-groundwater levels after Van Dijk et al. (1991). Groundwater levels in the PBF zone 
modified after Törnqvist et al. (1998). Location of terrace intersection after Berendsen & Stouthamer 
(2000, 2001). All ages in calendar years. Dutch Ordnance datum (N.A.P.) ≈ MSL. 
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Neotectonics in the Holocene delta 
Evidence for neotectonic influences in the Holocene delta and its Late Weichselian subsurface 
has accumulated in recent years. Indications for neotectonics are: 

Deformation of longitudinal profiles of fluvial deposits. 
- Deformations can be quantified by reconstructing gradient lines of the top of sandy channel 

deposits (GTS-lines, cf. Stouthamer & Berendsen, 2000) and by comparing them for 
deposits of different ages. Verbraeck (1990) constructed a gradient line of a 30-cm thick 
fluvially deposited pumice layer of the Laacher See eruption 13.1 kyr BP (11,063 ± 12 14C yr 
BP, Friedrich et al., 1999) within the deposits of the Allerød-Rhine (Fig. 2.3). This gradient 
line shows a deformation where the river crossed the Peel Horst. Deformed longitudinal 
profiles of Lateglacial terraces (Fig. 2.3) and Holocene channel belts in the central part of the 
delta show non-linear displacements of 1-2 m over the last 15 kyr (Stouthamer & Berendsen, 
2000). The Weichselian Meuse valley in the southern Netherlands, upstream of the Rhine-
Meuse delta (Fig. 2.2d), is comparable to the Late Weichselian subsurface in the central 
Netherlands. Van den Broek & Maarleveld (1963) mapped the upstream Meuse valley and 
constructed longitudinal profiles that show a vertical displacement of 1.5 m in the Late 
Saalian and Middle Weichselian terraces, this is attributed to post-depositional deformation 
along the PBF. 

Differential rates of shifting of the terrace intersection  
of the Pleniglacial terrace and the Holocene deposits. 
- During the Holocene, delta deposits back-filled the Lateglacial valley. Dates of basal peat 

directly overlying the Late Weichselian terrace in the subsurface mark the onset of aggrading 
floodbasin conditions and are used to trace the shifting terrace intersection (Stouthamer & 
Berendsen, 2000). Near Tiel in the central delta basal peat formation starts ~6.8 kyr BP (Fig. 
2.3). South of Tiel, basal peat formed earlier compared to the north. This implies that the 
Holocene terrace intersection was stalled in the Middle Atlantic: Holocene channels no 
longer intersected the Lateglacial valley as a front parallel to the coast or tangential to 
palaeoflow direction. Stouthamer & Berendsen (2000) conclude that the SE-NW oriented 
topographic barrier of the Peel Horst temporarily decelerated the upstream shift of the 
terrace intersection, which at ~6.8 kyr BP became aligned to this tectonic structural element 
(Fig. 2.3). 

Differential aggradation rates.  
- Reconstruction of the floodbasin aggradation rates using basal-peat age/depth relations 

indicates neotectonic displacements within the Holocene floodbasin deposits in the central 
part of the delta (Törnqvist et al., 1998; Fig. 2.3). Peat is abundant in the floodbasins in the 
western delta, but rapidly thins eastwards. This can be explained partly by the eastward 
narrowing of the delta, resulting in smaller floodbasins with more clastic deposits, but it is 
also due to subtle differences in floodbasin aggradation rates of the Roer Valley Graben and 
the Peel Horst areas (Berendsen & Stouthamer, 2001). 

Distribution of avulsion sites. 
- Avulsion is the abandonment (or partial abandonment) of a channel belt in favor of a new 

course (Allen, 1965; Stouthamer, 2001). Avulsion occurs randomly along a channel, when 
in-channel sedimentation has outrun floodbasin sedimentation, and the gradient of a new 
course through the floodbasin is in favour of the old downstream gradient. Reconstruction of 
the different generations of aggrading channel belts in the Holocene delta has revealed the 
distribution of avulsion locations within the last 7.8 kyr. In the period 5.6-1.6 kyr BP, 83% 
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of the avulsion locations are located in the PBF and Tegelen Faultzone (Stouthamer & 
Berendsen, 2000). At some of these locations channel belts avulsed more than twice during 
the Holocene: random avulsions are clustered at the nodal sites Tiel, Wijk bij Duurstede and 
Ochten (Fig. 2.2d). These nodal sites mark the transition of the upper Rhine-Meuse delta to 
the lower Rhine-Meuse delta and coincide with the PBF and Tegelen Faultzone (Stouthamer 
& Berendsen, 2000). The concentration of avulsions in the central delta is explained by the 
stalled back-filling and differential aggradation rates mentioned above: The neotectonic 
component in relative subsidence is larger in the lower delta than in the upper delta. This 
increases floodbasin gradients in the upper-lower delta transition zone, making it the most 
favourable avulsion location.  

 

2.2 New results from longitudinal profiles in the Maaskant area 

 
Field data 
The Maaskant is the part of the Rhine-Meuse delta that directly borders the Peel Horst (Fig. 2.4). 
Longitudinal profiles of Late Weichselian terraces in the Maaskant were created to trace and 
quantify neotectonic deformations in the youngest sediments. The source data for this study is a 
subset of >4000 hand corings selected from the database of the Department of Physical 
Geography, Utrecht University (Berendsen & Stouthamer, 2001), containing over 200.000 
lithological borehole descriptions. Cores were described in the field at 10-cm intervals with 
regard to texture, grain size, gravel content, organic matter content, colour, Fe-oxide content, 
CaCO3 content, groundwater levels, (palaeo-) soils, stratigraphy and other characteristics. The 
standard error in combined surface elevation and depth within a borehole description is 0.15 m. 
Prior to constructing the longitudinal profiles, the palaeogeography of this area was reconstructed 
in detail. 

The Maaskant area (ca. 135 km2) is bordered by the embanked floodplain of the River Meuse in 
the north, west and east. The Meuse channel is highly sinuous, but during the 20th century many 
meanders have been cut off for water management and navigation reasons. In the Maaskant, the 
Late Weichselian fluvial terraces are partly covered by Lateglacial eolian dunes and coversands. 
Holocene Meuse channels locally eroded Late Weichselian sediments and Holocene floodbasin 
peat and clays partly cover the Late Weichselian subsurface.  

 
Reconstruction of Late Weichselian palaeogeography 
In the western part of the study area, Holocene floodbasin sediments are up to 6 m thick and the 
Pleistocene subsurface occurs at 1-2 m below Dutch Ordnance datum (~ mean sea level). In the 
east of the study area the Holocene floodbasin deposits are 2-3 m thick and the top of Pleistocene 
deposits is at 4-5 m above O.D. In the southern part of the Maaskant, the Holocene deposits 
wedge out to zero thickness, and coversands occur at the surface (Fig. 2.4). 
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Four Late Weichselian terrace levels were recognised (Fig. 2.4). Residual channel fills in the 
terraces are abundant in the area, some contain datable organic deposits, but few have been dated 
in this region. Therefore our age control for the four recognised terrace levels is based on 
stratigraphic correlation. Upstream in the Meuse valley a very similar series of four terraces is 
found (Huisink, 1997, 1999a; Tebbens et al., 1999) and well dated. Our age estimates are based 
on the very similar lithostratigraphy of the terraces in that region. The four terrace levels are 
dated there as Middle Pleniglacial, Late Pleniglacial, Bølling/Allerød and Younger Dryas 
respectively, although the exact dates (± 0.6 kyr) of the formation, abandonment and style 
transitions within the latter two terrace levels has been debated (Tebbens et al., 2000). For reasons 
of convenience, in this paper we will use the chrono-stratigraphy to name the terraces. 

In the study area, the four terraces were discriminated on the basis of elevation, terrace-surface 
morphology (channel scars), stratigraphy and lithology of the terrace fragments. The Middle 
Pleniglacial terrace is the highest elevated terrace and is generally overlain by coversands. In the 
borehole descriptions the Middle Pleniglacial terrace is not clearly recognised because its fining 
upward surface grades into overlying coversands. Still, in many boreholes in the east of the study 
area, we found a sharp transition of fine coversands to much coarser fluvial sand and gravel, 
plotting above the lower terrace levels, that are easier recognised because they are covered with 
loam (see below). It is uncertain how many Middle Pleniglacial and older levels are present in the 
data. In the eastern part of the Maaskant, the level can be followed upstream to Pleniglacial and 
older levels found in the Meuse Valley (Huisink, 1999b; Tebbens et al., 1999). Downstream in 
the central Maaskant area, pre-Weichselian fluvial deposits locally form the higher terrace level. 
Because of the large discontinuity and lacking age control, we did not construct longitudinal 
profiles for the highest level. 

The lower three terraces (Late Pleniglacial, Bølling/Allerød, Younger Dryas) are covered by a 
0.2-0.8 m thick silty clay and loam layer. This loam layer is a Late Weichselian – Early Holocene 
floodplain deposit, described as the Wijchen Member of the Kreftenheye Formation (cf. 
Törnqvist et al., 1994). It is widespread in the entire Rhine-Meuse delta. The Wijchen Member 
formed during the Late Weichselian and Early Holocene as an overbank deposit on abandoned 
terraces during floods from incised younger rivers and forms a diachronic marker. During the 
Bølling/Allerød interstadial fluvial style changed from braided to meandering. The 
Bølling/Allerød level is discriminated from the Late Pleniglacial braided terrace by its lower 
elevation and the presence of curved, meandering channel scars.  

Inland dunes have developed during the second half of the Younger Dryas (Berendsen et al., 
1995; Kasse, 1995). Usually a thin Wijchen Member loam is found underlying the dunes. 
Younger Dryas channels were the source area for these dunes – Younger Dryas dunes rarely 
cover Younger Dryas terraces, they generally cover the older terraces (Fig. 2.4). When a Wychen 
Member loam is intercalated between dune and terrace deposits, it indicates a Late Pleniglacial-
Allerød age of the terrace. The Younger Dryas terrace level is found at the lowest level. Locally 
Wijchen member deposits can be absent in the Younger Dryas valleys, because Early Holocene 
channels flowed through the valley and laterally reworked the deposits. In the Maaskant area, a 
narrow Younger Dryas valley (0.5-0.8 km wide) was traced in the eastern and central parts (Fig. 
2.4). The narrow Younger Dryas valley was either formed by the Younger Dryas River Raam (cf. 
Pons, 1957) or as a secondary channel of the Meuse. During the Early-Middle Holocene the small 
River Raam flowed through this valley. The main Younger Dryas Meuse valley was located in 
the northeast, outside the study area (Berendsen et al., 1995). In this main Younger Dryas valley 
deep Early Holocene Meuse incisions occur (Berendsen et al., 1995), but there is no indication for 
deep Early Holocene incision by the Meuse in the study area. The southern edge of a ~1.5 km 
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wide Younger Dryas valley roughly coincides with the location of the present Meuse channel 
along the north of the Maaskant (Fig. 2.4). 

Construction of the longitudinal profiles 
Longitudinal profiles of Late Weichselian terraces were made to test the hypothesis of the 
influence of neotectonics on fluvial sedimentation in the Rhine-Meuse delta. To account for the 
irregular terrace topography, and to reduce variance in the data set, we selected the local maxima 
of the tops of sandy channel deposits to construct the longitudinal profiles (GTS lines, cf. 
Berendsen & Stouthamer, 2000). These points are presumed to represent the upper levels of sand-
gravel bars in the rivers that formed the terraces. The reconstructed gradient lines can be related 
to the river gradient at bankfull discharge (Berendsen & Stouthamer, 2000). We projected the 
selected points on a curved central axis for each terrace, and then collapsed the four profiles to 
one mean axis through the study area (Fig. 2.4). We manually selected reaches of 4-10 km length 
that showed different trends, and calculated the gradients by linear regression. For each selected 
reach, cross-sections perpendicular to the projection axis were used to verify litho-stratigraphic 
evidence for the different terrace levels, thus excluding propagated effects of errors in the 
palaeogeographic reconstruction. In the eastern part of the Maaskant, fragments of the Late 
Pleniglacial, Bølling/Allerød and Younger Dryas terrace levels are preserved. In the western part 
only the Late Pleniglacial level is widely preserved: the downstream continuations of the younger 
terraces are located to the north, outside the study area. Longitudinal profiles and gradients for the 
terrace levels and the Late Holocene Meuse are shown in Fig. 2.5. 

Deformations of longitudinal profiles 
The longitudinal profiles (Fig. 2.5) show deformations that can be attributed to neotectonic 
movements during and after the formation of the terrace levels. Neotectonics seem to have 
influenced the profiles in three ways: 

1. The Weichselian Lateglacial longitudinal profiles (Fig. 2.5a) show deformations both as an 
abrupt step (at x=20) and as a bulge (east of x=20). The profile of the Late Holocene Meuse 
does not show any deformation. This leads us to believe that the irregularities are mainly 
caused by post-depositional neotectonic deformation. The sharp displacement at x=20 is 
interpreted as the PBF, and indicates that the main displacements between the RVG and the 
Peel Horst in this region occurred along one single fault (or a very narrow faultzone). The 
irregularities in the eastern parts of the profiles are interpreted to be caused by neotectonic 
movements in the Tegelen Faultzone. Displacements are smaller than along the PBF, and 
probably occurred along more than one fault (Fig 5). Due to the oblique crossing of the 
terraces through this faultzone, the transition between the Peel Horst and Venlo Graben is less 
abrupt. 

2. Differences in relative elevations of the three Weichselian Lateglacial terraces (Fig. 2.5b) 
reach a maximum in the central part of the study area. This reflects the differences in relative 
movement rates between the Peel Horst and the Venlo Graben in the period between the Late 
Pleniglacial and the onset of the Holocene. 
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Figure 2.5: Longitudinal profiles of Lateglacial terrace surfaces in the Maaskant area. The highest 
elevations of sand-gravel bars are plotted. The profiles are deformed as they cross the Peel Horst. 

(a) Deformed gradient lines of the Late Pleniglacial, Bølling/Allerød and Younger Dryas terraces 
compared to the Late Holocene profile of the river Meuse.  

(b) Relative difference in elevation of the Lateglacial terrace surfaces.  
(c) Quantified local and regional displacements in the Late Pleniglacial terrace. The local 

displacement is the offset at the main fault. The regional displacement was estimated from the 
largest deviations from a linear trend. 
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3. Local gradients of the Late Pleniglacial terrace (Fig. 2.5a) generally are highest in the central 
area (0.63 m/km), and lowest in the west (0.29 m/km). In the east, gradients are intermediate 
and show more variation (0.20-0.51 m/km). The Bølling/Allerød and Younger Dryas terraces 
show similar variations. In contrast, the Late Holocene Meuse is decreasing from 0.23 m/km 
in the east to 0.11 m/km in the west: a normal concave-up longitudinal profile controlled by 
sea level, without indication of tectonic deformation in the active river gradient. The absence 
of deformation in the present river, compared to the convex-up trend in the Weichselian 
Lateglacial terraces leads us to believe that the steeper gradients in the central part are mainly 
caused by post-depositional neotectonic deformation. 

 
Additional neotectonic indications 
Additional indications for neotectonic influence on fluvial sedimentation have to be taken into 
account to localise the position of faults and quantify the deformations in the longitudinal 
profiles. From the palaeogeographic reconstruction these additional indications were deduced: 

1. Deflected Meuse valleys. During the Pleniglacial, the Rhine and Meuse joined their courses 
upstream of the Maaskant area (Fig. 2.2c). The general orientation of the Weichselian Meuse 
was SE-NW, aligned to the Venlo Graben (Fig. 2.4). The Pleniglacial Rhine had an E-W flow 
direction through the Niers valley, but abandoned this course before the end of the Allerød 
(Van de Meene & Zagwijn, 1978; Berendsen et al., 1995), and took a new course through the 
Gelderse Poort (Fig. 2.2c). Since that time the Rhine joined the Meuse near Tiel (Fig. 2.2d). 
Within the Pleniglacial valley, the incised series of Bølling/Allerød, Younger Dryas and 
Early Holocene Meuse-valleys show a progressive shift towards the northeast. In the eastern 
part of the Maaskant the transitional Bølling/Allerød terrace is preserved, with a single 
narrow Younger Dryas valley incised in it. Further to the northeast a Bølling/Allerød was 
never recognised, Younger Dryas valleys are wider and Early Holocene incision is present 
(Berendsen et al., 1995). This northeastward deflection (cf. Holbrook & Schumm, 1999) 
seems to be caused by the subsidence of the Venlo Graben and the relative uplift of the Peel 
Horst. A similar deflection is observed within the stacked Cromerian-Weichselian Meuse-
deposits of the Peel Horst and Venlo Graben, which is a response to tilting of the blocks (Van 
den Berg, 1996). The larger Late Weichselian Meuse channels cross the Peel Horst, but 
upstream of the Peel Horst smaller Meuse channels in the Venlo Graben rejoin the larger 
Meuse channels. Downstream of the Peel Horst, where the Allerød, Younger Dryas and 
Holocene channels of Rhine and Meuse joined, no deflections could be recognised.  

2. Fault-related alignments of terrace margin scarps. In the eastern part of the study area, the 
Meuse crosses the faultzone between Venlo Graben and Peel Horst at a low angle. 
Differences in bank substrate on both sides of the faults promoted downstream migration of 
the braided river in favour of lateral migration, and aligned the terraces to the fault pattern. 
Late Holocene, westward migrating meanders of the Meuse are aligned to the same faults. 
Part of these Holocene alignments might be the result of differences in bank material due to 
the inherited terraced subsurface. Independent indications for the presence of faults along 
these alignments are hydro-chemical features such as iron oxides far below the groundwater 
table. In the eastern Maaskant many corings with such characteristics were found along these 
alignments. 
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3. Preservation of terrace remnants. In the eastern part of the study area, terrace fragments are 
frequently preserved as islands within younger channels, while further downstream less 
fragments occur. A similar pattern of preservation is found in the upstream Meuse valley near 
Roermond (Fig. 2.1), where the Meuse also crosses the Peel Horst: maps show a straight and 
narrow Weichselian valley across the Peel Horst, and a much wider valley with meanders 
both upstream and downstream of this reach. Van den Broek & Maarleveld (1963) attribute 
the change in valley width to neotectonic influence. Coversands and Younger Dryas eolian 
dunes generally overlie the Pleniglacial and older terrace remnants. The spatial distribution of 
dunes reflects the spatial distribution of underlying terrace fragments. Dune complexes are 
much smaller in the west than in the central and eastern parts (Fig. 2.4). In the Maaskant, the 
spatial distribution of dunes indicates a dissected, multiple terrace level valley in the east, and 
a single terrace level in the west. Channels in the subsiding setting of the RVG were more 
effective in eroding laterally compared to their upstream parts in the relative uplifted setting 
of the Peel Horst. The Wijchen Member on the Late Pleniglacial terrace in the central 
Maaskant is very thin, compared to the area further north. Stouthamer & Berendsen (2000) 
attribute this to a relatively elevated position during the deposition of the overbank loam.  

 
Quantifying neotectonics from longitudinal profiles 
Neotectonic deformations can be quantified using relative displacements within the longitudinal 
profiles (Table 2.1).  

The Pleniglacial terrace is the best-preserved terrace over the whole study area and used for 
quantitative analysis. The offset along the PBF is 1.38 ± 0.21 m for the Late Pleniglacial terrace 
(Fig. 2.5c). This local offset is a minimum estimate for the displacement of the Peel Horst relative 
to the RVG. The regional relative displacement is the tectonic offset between the most upthrown 
and most downwarped locations. This includes effects of tilting and movements along 
unrecognised minor faults, and can be considered a maximum estimate of differential movements. 
To estimate this regional displacement, an initial profile needs to be assumed. The shape of this 
initial profile is arbitrary. In our case we cannot simply use the present profile as an initial profile 
(see Discussion). We quantified neotectonic displacements using a linear regression over all 
datapoints of the Late Pleniglacial terrace (Fig. 2.5c), that was abandoned 15 kyr BP (Berendsen 
et al. 1995; Huisink 1997). Systematic deviations from the regression represent the displacements 
since 15 kyr BP. Summing the largest deviations on both sides of the PBF results in a maximum 
displacement of 2.28 ± 0.36 m. For the Peel Horst – Venlo Graben transition, a maximum value 
of 1.61 ± 0.36 m was found.  

The use of an initial linear profile implies that deformation only occurred after deposition. This is 
not necessarily true, because the profile may initially have been slightly convex-up. In that case 
the relative displacements are smaller than the maximum values that we quantified. Averaged 
over 15 kyr rates of relative displacement are 0.09-0.15 mm/yr for the Peel Boundary Fault and 
0.02-0.11 mm/yr for the Tegelen Faultzone (Table 2.1). For the area north of the river Waal, 
Stouthamer & Berendsen (2000) and for the southern part of the Netherlands, Geluk et al. (1994), 
Van den Berg (1994, 1996) and Houtgast & Van Balen (2000) reported similar values, based on 
independent data. 
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Table 2.1: Relative displacement rates quantified from deformations   
of the longitudinal profile of the Late Pleniglacial terrace. 

Relative displacement (m)  Displacement rate (mm/yr) Late Pleniglacial terrace 

(abandoned 15 kyr BP) Estimate Std.Err.  Estimate Std.Err.  

Roer Valley Graben – Peel Horst: Peel Boundary Fault zone 

 At fault (minimum estimate) 1.38 ± 0.21  0.09 ± 0.01  
 Regional (maximum estimate)* 2.28 ± 0.36  0.15 ± 0.02  

Peel Horst – Venlo Graben: Tegelen Fault zone 

 At faults (minimum estimate)** < 0.30* ± 0.21  0.02 ± 0.01  
 Regional (maximum estimate)* 1.61 ± 0.36  0.11 ± 0.02  

*) Calculated as the maximum difference of deviations from a linear regression applied to the data 
points of the Late Pleniglacial longitudinal profile (Fig 2.5a).  

**) Displacements along single faults of the Tegelen Fault zone are within the vertical resolution of our 
data. 

 

2.4 Discussion 

Quaternary fluvial terraces are frequently used to quantify tectonic rates. Rates are usually based 
on elevation differences between the surfaces and/or bases of subsequent terrace levels that are 
related to cyclic Quaternary glaciations. Along the Meuse near Maastricht (Fig. 2.1), Van den 
Berg (1994) used this approach, yielding mean tectonic rates for the Late Tertiary and 
Quaternary. Age differences between subsequent Quaternary terrace levels are 100-500 kyr, and 
reconstructed tectonic rates are mean rates over periods covering a similar time. In contrast, we 
focussed on the surfaces of a series of cut-terraces formed within the Weichselian Pleniglacial 
terrace during post glacial climatic amelioration. Age differences between the terraces are small 
(1-3 kyr, Huissink, 1999; Tebbens et al., 1999, 2000), post-depositional neotectonic deformation 
along the faultzones occurred since 15 kyr BP. Essentially, we focussed on longitudinal gradients 
of the Weichselian terrace level, rather than on elevation differences between separate terrace 
levels. Our approach concentrates on spatial variation in uplift rates rather than on fluctuating 
trends at a single location. 

Holbrook & Schumm (1999) reviewed different aspects of fluvial response to tectonic 
deformation and presented them as a ‘collection of tectonic indicators’. According to them 
deformed longitudinal profiles are the strongest indicators of tectonic influence, though a tectonic 
interpretation should be strengthened by accumulating as many indicators as possible, eliminating 
alternative explanations for each of them. We treated the indicators described in this paper 
accordingly. In the Rhine-Meuse delta we found neotectonic indications preserved in the incisive 
systems of the Weichselian Lateglacial, with supportive indications from the Holocene systems. 
For the Maaskant, the deformed longitudinal profiles of the Lateglacial terraces are the strongest 
neotectonic indicators. They can be used to quantify neotectonic movements along the recognised 
faults. 

In this study, the correlation of terrace fragments is based on height, stratigraphy and 
geomorphology only, and some parts of our palaeogeographic reconstruction may remain 
disputable. We quantified displacement rates using the most-widespread, best-recognised Late 



 34 

Pleniglacial level. Our results in terms of displacement rates are dependent on the correlated Late 
Pleniglacial age. Its date of abandonment was taken from the well-dated chronostratigraphic 
framework of the Rhine-Meuse delta. Organic matter is rare in Late Pleniglacial deposits. From 
an excavation in the upstream Meuse valley, Tebbens et al. (1999) conventional radiocarbon-
dated twigs and leaves exposed in a sandy channel fill, covered by a Bølling dated loam. The 
samples (GrN-21881, GrN-21882) yielded 13,280 respectively 13,780 ± 70 14C yr BP, which is 
calibrated to 15,700-16,750 cal yr BP. Huisink (1999a) AMS dated a similar sample ~1 kyr 
younger (GrA-7484, 12,390 ± 100 14C yr). For the downstream Rhine-Meuse delta, Berendsen & 
Stouthamer (2001, their app. 1) mention 14 other terminus ante quem dates supporting the Late-
Pleniglacial age. The date of abandonment of the Late Pleniglacial terrace in this study is set at 15 
kyr BP. This is a minimum age, giving a maximum estimate when used to calculate displacement 
rates. 

Another assumption that was made is that the initial Late Pleniglacial longitudinal profile was 
graded (i.e. had a linear profile without any initial neotectonic deformation). At present, the 
Meuse has a concave-up profile across the Peel Horst, but it may not have developed such a 
profile until as late as ca. 5.5 kyr BP, when sea level started to influence the river profile as far 
upstream as the study area. The possibility cannot be ruled out, that older profiles initially were 
neotectonically deformed, although the main channels of the Late Pleniglacial Rhine-Meuse 
probably had a higher stream power, compared to the Late Holocene Meuse, which implies that 
they may have been able to maintain a graded profile. In conclusion, the steeper gradient over the 
Peel Horst is not necessarily caused by post-depositional tilting only, but may partly be due to 
different rates of subsidence during deposition (syn-depositional deformation). That neotectonics 
influenced Late-Weichselian channels is clear from the channel deflections and fault alignments 
observed in the palaeogeographic reconstruction. At-fault displacements are purely post 
depositional, hence the minimum rates are insensitive to syn-depositional deformation. A syn-
depositional component in longitudinal profile deformation would lower the maximum estimated 
rate (Table 2.1), because it is based on regional elevation differences. The large variations in local 
gradient (0.3-0.7 m/km, Fig. 2.5a) within the constructed longitudinal profiles may indicate that a 
combination of syn- and post-depositional deformation has occurred.  

In general, terraces tend to develop and are preserved better in uplifted regions than in regions of 
subsidence (Veldkamp & Van den Berg, 1993; Holbrook & Schumm, 1999). In the Rhine-Meuse 
delta, the Late Weichselian formation of terraces is of climatic rather than of tectonic origin, but 
the terrace levels are separated most over the Peel Horst (Fig. 2.5b), and converge in the Roer 
Valley Graben (Törnqvist, 1998). In the Venlo Graben, the alignment of terrace borders is 
associated with fault lines. Post-depositional deformation in combination with an oblique crossing 
of a faultzone locally caused Lateglacial terraces to become more separated in the east than in the 
central part. This is reflected in the irregularities in the eastern part of the Late Weichselian 
longitudinal profiles. However, quantification using longitudinal profiles in this case is not easy, 
due to the fact that the terraces are partly aligned to individual faults and cross the Tegelen 
Faultzone at a low angle. Due to the projection of several terraces on one central axis, vertical 
elevation differences along a single fault are ‘smeared out’ over a larger downstream distance. A 
combination of cross sections and longitudinal sections (3D approach) should be used to quantify 
neotectonic deformation in this region. Comparing terrace-level elevations may also result in 
better estimates of differential movements in the Tegelen Faultzone. In our case the quantified 
elevation differences in the eastern part are close to the vertical accuracy of our data set. 
However, results are promising and more detailed profiling, incorporating more accurate leveling 
and extra diagnostic features for the different terrace levels (dating, mineralogy), can be applied 
to further quantify neotectonic activity since the Late Pleniglacial in this region. 
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The 15 kyr timeframe that can be studied using Late Weichselian and Holocene deposits in this 
region is close to the maximum estimated recurrence interval of large earthquakes with a Richter 
magnitude exceeding the Roermond-1992 earthquake (Camelbeeck & Meghraoui, 1998). We 
know that movements along the Peel Horst are partly caused shockwise by episodic earthquakes 
like Roermond-1992, but constant tectonic creep might also cause a significant part of the vertical 
movements. We quantified relative displacements, in an area that was subsiding over the whole 
Quaternary. Because the structural blocks within the study area are located in the hinge zone of 
the North Sea Basin, shifts between net uplift and net subsidence can be expected over longer 
time scales. Because of the non-linearity of neotectonic movements and events, on shorter time 
scales like the 15 kyr of this study, estimated movement rates can also vary considerably from 
average rates over longer time scales. Whether it is just “normal” tectonics or a combination with 
glacial tectonics (cf. Thorson, 2000) that drives the Late Quaternary displacement is not 
differentially recorded in fluvial sediments. Comparing neotectonic movements in more river 
valleys, scattered over NW-Europe, and comparing Early Quaternary to Late Quaternary 
situations is needed to break down fluvial recorded net vertical displacements into different 
driving components. Tectonic modellers can use the results from the Rhine-Meuse fluvial archive 
as validation data to help answer these questions. 

2.5 Conclusions 

Neotectonic movements have caused differential subsidence in the central Netherlands during the 
Late Quaternary. In literature, direct evidence for seismic activity is available from 
palaeoseismology (trenches), historic sources and modern seismic monitoring. For the central 
Netherlands, average displacement rates over widely ranging time scales are available from 
seismology, backstripped cores, the Rhine-Meuse fluvial archive and modern levelling. Within 
the Neogene, the Late Quaternary is a phase of above-average displacement rates (Van den Berg, 
1996). The Late Quaternary is also the period of major glaciations in the North Sea Basin. The 
Quaternary Rhine and Meuse periodically shifted courses in response to both tectonics and 
glaciation. Possibly, the latest major shift of the Rhine was triggered by Weichselian fore bulge 
glacial tectonics. 

Neotectonic influences are recorded in the sediments of the Lateglacial and Holocene Rhine-
Meuse system as secondary effects in a sedimentary wedge that is primarily controlled by sea-
level rise and climate change. As a result of Late Pleistocene glaciation, downstream of the Peel 
Horst the Holocene delta widens into the West Netherlands Basin and the northern part of the 
RVG. This is an exceptional situation compared to most other periods of the Quaternary, during 
which the Rhine flowed parallel to the Peel Horst rather than across. Upstream of the Holocene 
delta, in the Venlo Graben, Weichselian Lateglacial valleys follow the main structural trend. 
During the Weichselian Lateglacial, climatic amelioration and river incision resulted in the 
formation of a series of terraces. Their gradients were affected by post-depositional vertical 
displacements of the Venlo Graben, Peel Horst and Roer Valley Graben. Neotectonics also 
caused Late Weichselian Meuse channels in the southeast Rhine-Meuse delta to be deflected 
around the relatively uplifted Peel Horst. Neotectonic deformations were quantified from 
deformed longitudinal profiles of the Weichselian Lateglacial terrace levels. For the study area, 
average displacement rates over the past 15 kyr are calculated to be 0.09-0.15 mm/yr at the PBF 
and 0.02-0.11 mm/yr at the Tegelen Faultzone. This is in agreement with earlier estimates of 
Late-Quaternary displacement rates for adjoining areas.  
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Abstract 

In the central Netherlands, the Rhine follows a course imposed by Late Quaternary glaciation, 
forcing it to cross several tectonic blocks of the Roer Valley Graben system before entering the 
south-eastern North Sea Basin. Holocene sea-level rise resulted in the formation of a coastal 
prism (Holocene Rhine-Meuse delta). Across the Peel Boundary Faultzone (PBF) in the central 
delta, differences in subsidence between the downstream Roer Valley Graben and its upstream 
shoulder influenced fluvial deposition. This study aims to identify the sedimentary response 
upstream and downstream of the PBF and use that to quantify differential subsidence rates. The 
local identification and quantification of the subsidence component within deltaic relative base-
level rise, may serve to determine to what extent coastal prism aggradation and resulting 
architecture are controlled by downstream sea-level rise, local tectonics and discharge coming 
from upstream. 

A floodbasin-section showed both syn-depositional and post-depositional tectonic effects in the 
Late Glacial to Holocene (OIS 2, 1) sedimentary record and revealed an active fault of the Peel 
Boundary Faultzone. Differential subsidence across the PBF is quantified for the Last Glacial 
Maximum subsurface (averaged rate ~0.06 m/kyr over the last 15,000 years). The offset in 
Holocene basal peat yields a similar value (0.03-0.07 m/kyr, averaged over the last 7,000 years). 
Groundwater-level rise in the study area (as reconstructed from series of radiocarbon-dated basal 
peats) is used to quantify subsidence by comparison with relative sea-level rise at the river mouth. 
High rates of subsidence between 7.0-5.5 kyr cal BP together with syn-depositional sedimentary 
evidence suggest the last major activity (paleo-earthquakes) along this fault occurred in the 
Middle Holocene. The timing of this and earlier fault-activity may be related to the deglaciation 
and sea-level rise history. The results imply that Early-Middle Holocene deltaic back-filling 
should not solely be attributed to downstream relative sea-level rise dominating upstream 
controls, but that local differential subsidence is an independent control too. Similar effects of 
differential subsidence in coastal prism sedimentary architecture can be expected in other coastal 
prisms too. 
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3.1 Introduction 

This study focuses on the response of the river Rhine to differential subsidence across fault zones 
in the central Netherlands. The study area (Fig. 1) is part of the coastal prism that formed during 
Holocene sea-level rise towards the present high stand and covers the active Peel Boundary Fault 
zone (PBF). The PBF is related to structural blocks of the Lower Rhine Embayment, an intra-
continental rift system that grades into the southern North Sea Basin (West Netherlands Basin, 
Fig. 1, Geluk et al., 1994). It has a main normal fault that extends from the surface to a depth of 
≥17 km (Camelbeeck & Meghraoui, 1998). Late Quaternary Rhine channels traversed the PBF as 
they entered the Roer Valley Graben (RVG, the main depocentre of the Lower Rhine 
Embayment) from the Northeast. South of the Rhine-Meuse delta, the PBF-zone is narrow (less 
than 1 km wide) and separates the RVG from the Peel Block that forms a topographic high. In the 
central Rhine-Meuse delta the faultzone widens and is less well defined. The study area covers 
the north-western extension of the RVG, PBF and Peel Block (Fig. 1A). 

The PBF is of Paleozoic age, was reactivated in the Tertiary and has been active since (Fig. 1B). 
Studies showing Late Quaternary and Holocene activity include: seismic monitoring and 
earthquake hypocentre calculations (Ahorner, 1992), shallow seismographic surveying (Van den 
Berg et al., 1994), historic seismology (Alexandre, 1994), palaeo-seismologic studies in trenches 
and back-stripping of cores (Houtgast & Van Balen, 2000) and palaeogeographic studies (Van 
den Berg, 1994; Berendsen & Stouthamer, 2000; Houtgast et al. 2002; Cohen et al., 2002). 
Monitoring of seismicity and screening of historic sources yielded estimates of earthquake 
activity (max. local Richter magnitude observed: 5.8 ± 0.1, Roermond-1992) for the last 100-
1,000 years. Palaeo-seismologic cover a wider temporal range (along the RVG typically up to 
200,000 years) and used exposures in trenches dug over topographic fault-scarps (Camelbeeck & 
Meghraoui, 1998, Vanneste et al., 1999, Lehmann et al., 2001; Van den Berg et al., 2002). These 
studies generally are conducted outside the Rhine-Meuse delta, in the RVG and upstream along 
the Meuse valley (Fig. 3.1). The delta itself is unsuitable for trenching because the groundwater 
table is near the surface. Moreover, the exact locations of faults with Holocene offset are 
unknown. Yet, the Late-Glacial-to-Holocene fluvial record in the study area is continuous, and 
covers the north-western extensions of the PBF (Cohen et al., 2002). This setting offers 
opportunities to quantify tectonic deformation and fill the gap between studies based on seismic 
monitoring and palaeo-seismologic interpretations of trenched Quaternary sediments, while 
exploring the fluvio-deltaic sedimentary response to differential subsidence. 

Site selection: Holocene floodbasins 
Although low-gradient channel belts preserved in the Rhine-Meuse delta indicate neotectonic 
activity (deformations in longitudinal profiles, asymmetric meander belts, distribution of avulsion 
sites; see Verbraeck, 1990; Berendsen & Stouthamer, 2000; Stouthamer & Berendsen, 2000; 
Stouthamer, 2001), it is hard to accurately quantify post-depositional vertical deformation from 
channel belt deposits. Quantification of aggradation rates by Törnqvist et al. (1998) and timing of 
the upstream migration of back-filling by Berendsen & Stouthamer (2000, 2001) demonstrated 
that differential subsidence is recorded in the floodbasins. In contrast to channel belts, fluvio-
deltaic floodbasins are a stable sedimentary environment: variation in surface elevation occurs 
over larger distances and the record is essentially continuous. Therefore, floodbasins are a more 
suitable environment to offer proxies for quantifying vertical neotectonics than channel belts, and 
hence this study focuses on the floodbasin sedimentary record. 
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Figure 3.1: Geological setting of the central Rhine-Meuse delta. (A) Map of present delta and main 
neotectonic units. (B) Cartoon of subsurface neotectonic structure showing a strongly generalised 
cross-section. Base of Quaternary (base Maassluis Formation) after Zagwijn & Van Staalduinen 
(1975). Base of Miocene (base Breda Formation) after Zagwijn (1989). 
 

Rising sea level is the primary control on aggradation rates within the floodbasins: the main body 
of the Rhine-Meuse coastal prim was deposited during Middle Holocene back-filling in direct 
response to the rising sea level (Van Dijk et al., 1991; Törnqvist, 1993). During this sea-level rise, 
accommodation exceeded sedimentation: floodbasin peat could form extensively because of the 
relative absence of sediment. Curves of groundwater level rise quantify aggradation at distal 
floodbasin locations. Accurately quantifying aggradation rates in floodbasins is only possible 
where compaction is near zero and hence can be neglected. Such sites (i.e. peat-covered flanks of 
buried eolian dunes, Jelgersma, 1961; Van de Plassche, 1982, Van Dijk et al., 1991; Törnqvist et 
al., 1998) are available so the compaction problem can be avoided. In the inland parts of the delta 
upstream controls (discharge of water and sediment) interplay with the downstream controls, as is 
shown by the longitudinal gradient of isochrones within floodbasin peat (Van Dijk et al., 1991; 
Blum & Törnqvist, 2000, their Fig. 24). Towards the Late Holocene, the rate of sea-level rise 
decreased. This is reflected by changes in fluvial style and increased clastic floodbasin 
sedimentation (Törnqvist, 1993; Berendsen & Stouthamer, 2001) and points to upstream controls 
becoming more significant and of influence further downstream.  

Neotectonic activity causing locally higher subsidence rates is a secondary control in this delta. 
Reach-to-reach variation in sedimentary response to local subsidence conditions can be identified 
separately from general response to upstream (discharge change) and downstream (relative base-
level rise) controls, which have an impact over the whole delta. Local tectonic control (Fig. 3.2) 
can lead to anomalies in subsurface elevation, sedimentary facies and aggradation rates in a 
longitudinal direction, that can not be attributed to the primary controls. Post-depositional 
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Figure 3.2: Differential subsidence as a tectonic control in deltaic fluvial floodbasins. Both post-
depositional and syn-depositional controls can be identified. (A) Differential subsidence affects the 
graded slope of the river during deposition and causes local offsets at faults after deposition. (B) 
Differential subsidence affects the sedimentary architecture, causing local deviations from the general 
longitudinal trend in coastal-prism sedimentary architecture. (C) Differential subsidence affects 
accommodation. Buried dune sites allow the quantification of floodbasin aggradation rates, using age-
depth relations of basal peat datings as a proxy for the rising groundwater (GW) level (Jelgersma, 
1961; Van de Plassche, 1982; Van Dijk et al., 1991). Differential subsidence makes groundwater rise 
curves diverge back in time. 
 
 

tectonic displacement can be quantified from deformed surfaces (Fig. 3.2A). Tectonic effects in 
the floodbasin sedimentary architecture, e.g. recorded by the distribution of organics and clastics 
within the sequence (Fig. 3.2B) are useful when tracing faults, but are not suitable to quantify 
activity. Diverging curves of groundwater-level rise (Fig. 3.2C) quantify differential subsidence 
(i.e. relative movement between tectonic blocks). For two nearby sites absolute rise of 
groundwater levels is equal, while subsidence may differ significantly. 
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Aims and approach 
Since fault-activity and fluvial deposition in the Rhine-Meuse delta occurred simultaneously 
during the Late Glacial and Holocene, a sedimentary response reflecting tectonic-alluvial 
interplay can be expected in the shallow subsurface. For the central Rhine-Meuse delta, 
indications for Holocene tectonics have been reported by Törnqvist et al. (1998), focussing on 
aggradation rates, and by Berendsen & Stouthamer (2000); Stouthamer & Berendsen (2000); 
Stouthamer (2001), focussing on avulsion history. This study aims to identify this sedimentary 
response upstream and downstream of the PBF and use it to quantify differences in rates of 
subsidence. Specific aims of this study are: 
(a) To trace active faults of the PBF-zone within Holocene coastal prism and the Late-Glacial 

subsurface. In order to recognise sedimentary features related to differential subsidence, a 
solid framework for the sedimentary architecture of the study area is needed. For this 
purpose, a database of over 200,000 borehole descriptions and 1250 14C dates is available. 

(b) To quantify differential subsidence over time and space and constrain the timing of activity in 
relation to the fluvial response and discuss if displacements are related to gradual tectonic 
creep or to episodic events (displacement related to earthquakes).  

(c) To discuss interplay between local tectonic control and downstream and upstream controls, as 
well as its implications for coastal prism aggradation. 

3.2 Geology of the study area 

Through most of the Quaternary, the Rhine valley in the Netherlands was oriented SE-NW, 
following the structural trend. However, since OIS 6 (Saalian glaciation) the Rhine has essentially 
followed an E-W course, bordered to the north by relict ice-pushed ridges (Fig. 3.1). Thus, the 
river followed a glacially imposed course, transverse to the structural trend, forcing it to cross 
relatively stable blocks before entering the Roer Valley Graben in the study area (Cohen et al., 
2002). An alluvial valley formed during OIS 4-2 (Törnqvist et al., 2000; Wallinga, 2001) as sea 
level had dropped considerably, exposing the North Sea floor and extending the Rhine river 
several hundreds of kilometres (Gibbard, 1995). In the Late Glacial (OIS-2/1 transition), rivers 
have incised in response to climatic amelioration. In the Middle-Holocene this was followed by 
back-filling and the formation of a coastal prism, creating well preserved and datable deposits for 
each subsequent stage in the delta evolution (Fig. 3.3, 3.4).  

In the study area, Middle to Late Holocene deposits fill the Late Glacial palaeovalley and reach a 
thickness of 4 m in the east to 8 m in the west. The present surface has a gentle westward slope 
(~0.10 m/km) compared to the steeper Late Glacial (OIS 2) subsurface (~0.30 m/km). Upstream 
of the study area, the coastal prism thins. Downstream of the study area, the valley-fill thickens 
and spreads over older deposits to the north and south, reaching a width of over 40 km (Fig. 3.1).  

Sedimentary architecture of the coastal prism 
The coastal prism in the study area consists of fine floodbasin deposits (intercalated beds of clay, 
silty clay, humic clay and peat) that are intersected by sandy channel belts and associated smaller 
channels (including some crevasse channels). Widespread peats and clayey-peats occur in the 
central (‘distal’) parts of Middle Holocene floodbasins, representing times when regional 
groundwater rise outran clastic deposition. Local intercalated clayey beds occur within these 
generally peaty floodbasins, which could be traced laterally to channel belt deposits (levee and 
crevasse-channel deposits). At the base of the Holocene sequence a clayey peat is found. Its 
presence indicates the onset of aggradation, as the basal peat formed when groundwater level rose 
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above the valley surface. Basal peat dates from the study area range between 7.2 and 6.8 kyr cal 
BP. Isolated patches of older basal peat are also found (i.e. a strongly humic clay conventionally 
dated 8.5 kyr cal BP, Hofstede et al., 1989). These patches represent wet environments in small 
lows on the Early Holocene floodplains, inherited from the underlying surface morphology. 
Floodbasin peat post-dating 4.0 kyr cal BP is rare in this part of the Rhine-Meuse delta. The 
Holocene record can be subdivided into two major units: a clay dominated upper unit of Late 
Holocene age and a 2-4 m thick, clay-peat interbedded lower unit of Middle Holocene age (Fig. 
3.4, unit B). A stacked system of channel belts is embedded in the Middle Holocene floodbasin 
deposits (Fig. 3.4, unit A), that by ~5.3 kyr cal BP was fully abandoned. Its deposits were covered 
by widespread peat, while the main Rhine discharge was routed north of the study area (see 
Berendsen & Stouthamer, 2001). Deposition of the upper 2 m of floodbasin clay (Fig. 3.4) starts 
~4.9 kyr cal BP, and coincides with Late Holocene decreased aggradation rates.The abundant 
Late Holocene clay is attributed to changes in sediment discharge caused by both climatic change 
and human deforestation in the Rhine drainage basin and frequent nearby avulsions (Stouthamer 
& Berendsen, 2000) that brought a series of distributary channels into existence in the area (Fig. 
3.4, unit C). The present ‘Lek’ and ‘Linge’ channels (Fig. 3.3) are the human-controlled end 
members of these Late Holocene channels. 

Late Glacial (OIS 2, Late Weichselian) subsurface  
The reconstruction of the surface of the Late Weichselian (OIS 2, Figs. 3.3, 3.4) is primarily 
based on archived lithological borehole descriptions. Various criteria were applied, discriminating 
a Last Glacial Maximum (LGM, OIS 2) terrace and incised Late-Glacial and Early-Holocene 
(transition OIS 2/1) channel belts. These include geometric and lithostratigraphic relationships as 
well as sedimentary and pedogenetic features. The main criteria were: the relative elevation of the 
top of channel deposits; the lithology of these deposits, the presence, relative elevation, thickness, 
lithology and structure of the floodplain loam covering the channel deposits (Wijchen-member, 
see below), the spatial distribution and thickness of the oldest floodbasin clay beds and 
longitudinal continuity of channel belts (see Cohen et al., 2002). The highest parts of the 
subsurface (Fig. 3.4, unit 1) form a terrace dating to the LGM (OIS-2). Incised channel belts date 
to the OIS-2/1 transition (Fig. 3.4, unit 2) and have surfaces at ~1.5 m below the LGM terrace 
(Fig. 3.4). The Wijchen Member (Törnqvist et al., 1994) forming the top of the LGM terrace is a 
~0.50 m thick clay-loam with admixed coarse sand. This deposit is an important stratigraphic 
marker in the Rhine-Meuse delta, and represents floodplain deposition during the OIS 2/1 
transition, prior to the onset of Holocene aggradation. Scattered over the study area, isolated 
inland dunes of Late Glacial age (Kasse, 1995; Berendsen & Stouthamer, 2001) occur on top of 
the LGM terrace, along the younger incised channel belts. The Late-Glacial surface is similar to 
upstream areas, where the OIS-2 terrace geomorphology is still preserved (Berendsen et al., 1995; 
Huisink, 1997; Tebbens et al., 1999; 2000). The reconstruction further suggests that Early 
Holocene meandering channels reworked the preceding OIS-2/1 channel belt and at some 
locations laterally cut into the superelevated OIS-2 terrace, similar to Early and Middle Holocene 
meander scars found upstream along the Rhine near the Dutch-German border (Klostermann, 
1992; Berendsen & Stouthamer, 2001). 

____________ 

Figure 3.3 (next pages): Geological framework of the study area. This figure integrates new mapping 
of the Late Glacial, Early and Middle Holocene channel deposits at the base of the coastal prism with 
previous mapping of Middle and Late Holocene systems by: Verbraeck (1984), Hofstede et al. (1989), 
Makaske (1998), Stouthamer (2001). Names of channel belts refer to Berendsen & Stouthamer (2001). 
A correlation of NW European terrestrial chronostratigraphy with marine (SPECMAP, Martinson et al., 
1987) and Greenland ice core (following Walker et al., 1999) oxygen isotope stages is provided. 
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Figure 3.4: Generalised N-S cross section. The Late Glacial subsurface of the study area is 
characterized by two main levels: (1) a higher Late Glacial Maximum level (abandoned 
braidplain terrace), overlain by Late Glacial overbank deposits (Wijchen Member) and 
locally Late Glacial dunes; (2) a lower Late Glacial level (incised in the LGM deposits). 
   (continued on next page) 

 

3.3  Methods 

Field activities in the summer of 1999 and 2000 consisted of collecting 70 additional hand 
corings (auger holes). Using the methodology described by Berendsen & Stouthamer (2001), 
cores were described in the field at fixed intervals of 10 cm. Cores were systematically numbered 
and the geographical location (± 5 m, Dutch coordinate system) and surface elevation (± 0.1 m, 
relative to O.D. = NAP ≈ mean sea level) was registered. At locations where radiocarbon samples 
were taken, surface elevation and sample depth were obtained though leveling, with an accuracy 
of ± 2 cm. Fieldwork concentrated on two sites: (1) at the buried Late Glacial dune ‘Treeft’ 
(Figs. 3.3, 3.5) where basal peat samples were collected to reconstruct Holocene aggradation 
rates, and (2) along a longitudinal transect (Figs. 3.3, 3.6) in which the effects of neotectonic 
activity were studied. 

Radiocarbon dating groundwater-level index points 
Eleven basal peat samples were collected from 30-50 cm long cores spanning the transition of the 
Late-Glacial subsurface to Holocene basal peat. The basal peat in the core was cut in 1-cm thick 
slices starting 2 cm above the interface with underlying substrate and organic macrofossils were 
selected using a 150-µm sieve. Specific macrofossils, mainly Alnus nuts (following Törnqvist et 
al., 1998) were radiocarbon dated at the R.J. van der Graaff laboratory, Utrecht University, using 
the accelerated mass spectrometry (AMS) dating technique. 
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… The local Holocene alluvial architecture is characterised by (A) an Early-Middle Holocene complex 
of aggrading channel belts; (B) widespread floodbasin peat with interbedded clay (dating ~7.3 - 4.9 kyr 
cal BP), covering the Late Glacial surface and partly covering the Early-Middle Holocene channel-belt 
complex; (C) two Late Holocene channel-belt complexes of main delta distributaries in the north and 
south.  
  

 

The age and depth of 21 basal peat samples (12 earlier dated samples, 9 samples collected for this 
study) were used as a proxy for groundwater level (Fig. 3.7). Each basal peat sample directly 
indicates a palaeo-groundwater level. The largest source of uncertainty in this proxy is the 
tolerance of the dated plant species to variations of the groundwater level. Age and depth errors 
related to the sampling are of minor importance. Törnqvist et al. (1998) estimate the vertical 
accuracy of AMS-dated Alnus peat as a proxy for average groundwater levels in the floodbasin at 
± 10 cm, with a bias towards levels slightly above the sample, because of its preservation as peat. 
At our dune site ‘Treeft’, the difference in elevation of some of the samples is < 30 cm, and the 
resulting dates do not overlap within a range of one standard deviation. This indicates that a 
vertical accuracy of 20 cm for this proxy is a fair estimate, at least for the period of relatively 
rapid groundwater rise in the Middle Holocene. Table 3.1 presents all the radiocarbon dates used 
in this paper.  

Series of dates from Holocene peat, overlying the flanks of isolated inland dunes can be used to 
reconstruct the rise of groundwater. Age and depth of basal peat dates plot as groundwater-index 
points on groundwater rise curves. This method was first applied to quantify relative sea-level 
rise from near-coastal sites (Jelgersma, 1961; Van de Plassche, 1982). Later it was used in inland 
fluvial floodbasins (Van Dijk et al., 1991). The location of the basal peat, directly overlying dune 
sand, virtually excludes effects of post-depositional compaction and the elevation of the basal 
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peat samples directly represents the regional groundwater-table elevation at the time of peat 
formation. Alternatively, dates from basal peat overlying the LGM terrace are used as 
groundwater index points. Prior to the formation of this peat, the terrace surface was 
superelevated above regional groundwater levels for a considerable period of time. The Wijchen 
Member loam on top of the LGM terrace represents a period of 3-6 cal kyr between abandonment 
(~15 kyr cal BP) and Middle Holocene peat formation (~7 kyr cal BP). The structure of the Late 
Glacial loam indicates pedogenesis (i.e. lessivage). The 0.5-m thick loam is assumed to have 
compacted to this thickness mainly during stages of active pedogenesis and subaerial exposure, 
and did not compact after burial. The loam on average has the same thickness all over the Rhine-
Meuse delta, no matter if it is buried by 15 meters of Holocene clay and peat, by 5 meters of 
Holocene clay or is hardly buried at all and still partly subaerially exposed (Berendsen & 
Stouthamer, 2001). Hence, compaction of the loam after the peat formed can be neglected and 
basal peat samples from this type of location can be used as groundwater-indicators, similar to 
basal peat at dune flanks. 

Groundwater levels prior to the onset of aggradation can not be reconstructed using basal peat 
levels, but some general estimates can be made based on subaerial pedogenetic features in the 
Wijchen Member and based on the preservation of in-fills of Late Glacial residual channels. The 
Wijchen Member pedogenetic features point to groundwater-levels (before the onset of 
aggradation) that must have been at least 0.5 meter below the surface for some time. Residual 
channels filled with Late Glacial and Early Holocene peat and gyttja in oxbow lakes have been 
locally preserved and indicate a minimum Early Holocene groundwater level of 0.5-2.0 m below 
the LGM terrace surface (Cohen, in prep.). Thus, unlike sea level, the groundwater-level was not 
tens of metres below the present level in the Early Holocene, but at max. 1-2 meters below the 
OIS-2/1 valley surface, as was also expected given hydrological considerations on groundwater 
and fluvial discharge (De Vries, 1974). 

3.4 Site descriptions 

For the ‘Zandberg’ inland dune, centrally located in the study area, series of samples were 
available (Table 3.1; Van Dijk et al., 1991; Törnqvist et al., 1998). More basal peat samples were 
collected in its vicinity, as well as at new sites to expand the age-depth range and increase spatial 
coverage and temporal resolution of reconstructed aggradation rates.   

Buried dune site ‘Treeft’ 
Five basal peat samples were collected from the flanks of the buried eolian dune ‘Treeft’ (Fig. 
3.5) in the western part of the study area (Fig. 3.3). All samples are used as groundwater-index 
points. Samples 1, 2 and 3 (Table 3.1) at the western flank and sample 5 at the eastern flank are 
taken from a clayey peat layer on-lapping the dune between –0.5 and +1.0 m. The presence of a 
palaeosol directly beneath these samples suggests an undisturbed contact between peat and 
subsurface. Disturbed basal-peat contacts (i.e. resulting from slumps along steep dune flanks) 
were avoided because macrofossils at such locations are not in-situ and thus do not represent the 
groundwater level. Sampling from local depressions was avoided by drilling cores at distances 
less than 5 m. Local depressions have to be avoided, because peat formation here may have 
started earlier (Van de Plassche, 1982; Törnqvist et al., 1998). The lowest-elevated sample 4 
(Table 3.1; Fig. 3.5; -2.20 m) dates basal peat that formed at a relatively high-elevated location on 
the Late Glacial surface.  
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Figure 3.5: Sample locations at site ‘Treeft’. Holocene peat directly overlying a Late Glacial inland 
dune was dated at five locations to reconstruct groundwater-level rise. An earlier dated sample 
(sample 6; Makaske, 1998) is used as an additional (indirect, projected) groundwater-level index point. 

 
 

At the ‘Treeft’ site, the transition (at 1 m + O.D, Fig. 3.5) between the peat-clay intercalated 
lower unit and the clayey upper unit  marks the beginning of activity of the nearby ‘Hennisdijk’ 
channel belt (Fig. 3.3), that was dated by various authors (Verbraeck, 1984; Makaske 1998). 
Sample 6 (Table 3.1; Makaske, 1998) is from a humic clay layer that can be traced across the 
section. At the western flank it intersects the dune at 1.5 m +O.D., indicating a groundwater level 
at that stratigraphic position just before the ‘Hennisdijk’ channel formed. Since this elevation is 
indirectly derived from laterally tracking a lithological transition, this index point is less accurate 
than directly dated basal peat samples.  
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Table 3.1: Radiocarbon-dated samples  
No. Lab. code Date ± 1σσσσ 

[14C yr BP] 
1σ calendar age range 
[yr cal BP]  

Sample name Coordinates, surface 
elevation [km] / [m]  

Sample depth  
[m ± O.D.] … 

Buried dune site 'Treeft' (Fig. 3.5, Fig. 3.7)     

1 
* 

UtC 10021 5654 ± 44 6490-6400, 6365-6360 Treeft-1 148.611 / 436.265 
2.47 m +NAP 

0.77 m -NAP  

2 
* 

UtC 10022 5059 ± 42 5900-5740 Treeft-2 148.621 / 436.265 
2.60 m +NAP 

0.64 m +NAP  

3 
* 

UtC 10023 4797 ± 47 5590-5575, 5540-5475 Treeft-3 148.627 / 436.264 
2.34 m +NAP 
 

0.99 m +NAP  

4 
* 

UtC 10024 6153 ± 42 7160-7120, 7090-6970, 
6960-6950 

Treeft-4 148.925 / 436.450 
2.77 m +NAP 

2.20 m -NAP  

5 
* 

UtC 10025 5213 ± 45 5990-5920 Treeft-5 148.830 / 436.270 
3.05 m +NAP 

0.16 m +NAP  

6 
* 

UtC 4643 3818 ± 42 4290-4270, 4260-4140, 
4110-4090 

Schoonre- 
woerd-7 

148.865 / 437.940 
2.50 m +NAP 

0.24 m +NAP  

Longitudinal transect 'Maurik-Buren' (Fig. 3.6, Fig. 3.7)    

7 UtC 10747 4850 ± 60 5640-5630, 5610-5580, 
5500-5490 

Maurik-1 156.667 / 438.169 
4.21 m +NAP 

1.67 m +NAP  

8 
* 

UtC 10748 6227 ± 44 7240-7155, 7130-7090, 
7080-7025 

Maurik-2 156.667 / 438.169 
4.21 m +NAP 

0.87 m -NAP  

9 UtC 10749 5179 ± 48 5990-5970, 5950-5910 Maurik-3 157.237 / 438.729 
3.71 m +NAP 

0.94 m +NAP  

10 
* 

UtC 10792 6060 ± 36 6950-6860, 6820-6800 Maurik-4 157.237 / 438.729 
3.71 m +NAP 

0.72 m -NAP  

11 
* 

UtC 10750 6299 ± 36 7270-7210, 7190-7180, 
7170-7160 

Maurik-5 156.160 / 437.527 
4.03 m +NAP 

1.49 m -NAP  

12 
* 

UtC 10751 6167 ± 42 7180-7170, 7160-7110, 
7100-6990 

Maurik-6 154.146 / 436.494 
3.44 m +NAP 
 

1.28 m -NAP  

13 UtC 6717 4250 ± 70 4880-4800, 4770-4630 Buren 153.023 / 435.450 
3.90 m +NAP 

2.31 m +NAP  

14 UtC 6846 4376 ± 37 4970-4860 Zoelen-244 156.230 / 437.870 
3.50 m +NAP 

1.74 m +NAP  

15 GrN 12468 7700 ± 110 8600-8380 Broek-I 156.490 / 439.540  
3.30 m +NAP 

1.94 m -NAP  

Buried dune site ‘Zandberg' (Fig. 3.4, Fig. 3.7)     

16 
* 

GrN 11475 5895 ± 35 6755-6715, 6710-6665 Zandberg-2 152.308 / 440.387 
3.99 m +NAP 

0.71 m -NAP  

17 
* 

GrN 11473 5335 ± 40 6180-6160, 6150-6090, 
6080-5990 

Zandberg-4 152.351 / 440.339 
3.79 m +NAP 

0.27 m +NAP  

18 
* 

GrN 11472 5240 ± 60 6170-6140, 6120-6040, 
6020-5920 

Zandberg-5 152.378 / 440.307 
3.82 m +NAP 

0.86 m +NAP  

19*) GrN 11471 4575 ± 40 
(rejected) 

 Zandberg-6 152.385 / 440.290 
3.85 m +NAP 

1.08 m +NAP  

20 
* 

GrN 11470 4840 ± 70 5660-5570, 5550-5470 Zandberg-7 152.394 / 440.288 
3.88 m +NAP 

1.51 m +NAP  

21 GrN 11469 11700±100 13,840-13,740  
13,710-13,470  

Zandberg-10 152.621 / 440.044 
3.99 m +NAP 

2.20 m -NAP  

22 
* 

UtC 3944 4200 ± 260 5300-4350 Zandberg I-1 152.387 / 440.281 
3.63 m +NAP 

1.68 m +NAP  

23 
* 

UtC 3945 4850 ± 40 5650-5580, 5510-5480 Zandberg II-1 152.383 / 440.285 
3.57 m +NAP 

1.30 m +NAP  

24 
* 

UtC 3946 5220 ± 70 6170-6140, 6120-6070, 
6060-6040, 6030-5900 

Zandberg III-1 152.37 / 440.300 
3.57 m +NAP 

0.86 m +NAP  

25 
* 

UtC 3947 5660 ± 80 6540-6390, 6380-6310 Zandberg V-1 152.326 / 440.354 
3.62 m +NAP 

0.21 m +NAP  

26 
* 

UtC 3948 5880 ± 260 7050-6400 ZandbergVI-1 152.287 / 440.400 
3.84 m +NAP 

0.53 m -NAP  

27 
* 

UtC 4164 5660 ± 60 6500-6390, 6380-6340, 
6330-6310 

ZandbergVI-2 152.287 / 440.400 
3.84 m +NAP 

0.52 m –NAP  

Abbreviations:      NAP = Dutch Ordnance Datum  ≈ mean sea level … 

*)  Sample 19 gives an anomalous date for its depth position, most probably due to a not in-situ position of the sampled 
peat on a slumped part of the steep dune flank. Van Dijk et al. (1991) originally rejected (continued on next page) 
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(continued) 

… 
Source material and 

stratigraphic position 
Dated material  
Seeds, fruits, nuts, leaves, buds 

References to  
full site descriptions 

    

 Basal Alnus peaty clay 
on LG eolian dune 

6 Alnus glutinosa, nuts; 1 Solanum dulcamara, seed; 4 Urtica dioica, 
fruits; 3 leaf fragments; 98 bud scales; 4 buds. 

this paper, Fig. 3.5 

 Basal Alnus clayey peat 
on LG eolian dune 

16 Alnus glutinosa, nuts; 1 Alisma plantago aquatica, fruit; 1 Typha, 
fruit; 1 Lycopus eurpaeus, mericarp; 2 buds; 91 bud scales. 

this paper, Fig. 3.5 

 Basal Alnus clayey peat 
on LG eolian dune 

16 Alnus glutinosa, nuts; 2 Alisma plantago aquatica, fruits; 1 Oenanthe 
aquatica, mericarp; 1 Typha, fruit; 1 Carex riparia, nut; 4 Urtica dioica, 
fruits; 4 leaf fragments; 1 bud; 11 bud scales. 

this paper, Fig. 3.5 

 Strongly humic clay  
on LG terrace 

2 Alnus glutinosa, cones; 11 Alnus glutinosa, nuts; 10 bud scales. this paper, Fig. 3.5 

 Basal Alnus clayey peat 
on LG eolian dune 

2 Solanum dulcamara, seeds; 4 Alisma plantago aquatica, fruits; 1 
Oenanthe aquatica, mericarp; 39 bud scales. 

this paper, Fig. 3.5 

 Humic Clay, underlying 
Holocene silty clay 

4 Scirpus, seeds; 1 Solanum, seeds. Makaske (1998), 
his App. 4-[13] 

    

 Alnus/Phragmites  peat 
underlying Holocene clay 

4 Alnus glutinosa, nuts; 50 Typha, fruits; 10 Carex rostrata, nuts; 1 
Oenanthe aquatica, mericarp. 

this paper, Fig. 3.6 

 Basal Alnus clayey peat 
on LG terrace 

5 Carex rostrata, nuts; 3 Solanum dulcamara, seeds; 19 budscales; 3 
abcission layers. 

this paper, Fig. 3.6 

 Alnus peaty clay 
underlying Holocene clay 

6 Alnus glutinosa, nuts; 3 Solanum dulcamara, seeds; 1 Carex rostrata, 
nut; 7 Oenanthe aq., mericarps; 1 Utrica diocia, fruit; 4 leaf fragments. 

this paper, Fig. 3.6 

 Basal Alnus clayey peat 
on LG terrace 

24 Alnus glutinosa, nuts. this paper, Fig. 3.6 

 Basal Alnus peat 
on LG terrace 

2 Alnus glutinosa, nuts; 9 Urtica diocia, fruits; 2 Solanum dulc., seeds; 12 
Oenanthe aq.; 3 Alisma plant. aq., fruits; 6 Carex sp., nuts; 1 bud scale. 

this paper, Fig. 3.6 

 Basal Alnus clayey peat 
on LG terrace 

5 Alnus glutinosa, nuts; 12 Polygonum, fruits; 1 Carex rostrata, nut; 100 
Alisma pl.. aq., fruits; 1 Ranunculus scleratus, fruits; 14 Oenathe aq., 
mericarps; 2 leaf fragments; 1 bud scale. 

this paper, Fig. 3.6 

 Peat, underlying  
Holocene clay 

90 Ranunculus sceleratus, fruits; 5 Alnus, nuts this paper, Fig. 3.6 

 Peat, underlying  
Holocene clay 

9 Alnus glutinosa, nuts; 2 Oenanthe, mericarps this paper, Fig. 3.6 

 Stongly humic clay 
on LG terrace 

* bulk sample * Hofstede et al. (1989), 
their Fig. 2 

    

 Basal Alnus peat 
on LG eolian dune 

* bulk sample * Van Dijk et al. (1991), 
their Fig. 6 

 Basal Alnus peat 
on LG eolian dune 

* bulk sample * Van Dijk et al. (1991), 
their Fig. 6 

 Basal Alnus peat 
on LG eolian dune 

* bulk sample * Van Dijk et al. (1991), 
their Fig. 6 

 Basal Alnus peat 
on LG eolian dune 

* bulk sample * Van Dijk et al. (1991),  
their Fig. 6 

 Basal Alnus peat 
on LG eolian dune 

* bulk sample * Van Dijk et al. (1991), 
their Fig. 6 

 Peat underlying  
LG eolian dune 

* bulk sample * Van Dijk et al. (1991),  
their Fig. 6 

 Basal Alnus peat 
on LG eolian dune 

5 Alisma plantago, fruits Törnqvist et al. (1998),  
their Fig. 4 

 Basal Alnus peat 
on LG eolian dune 

2 Carex sp., nuts Törnqvist et al. (1998),  
their Fig. 4 

 Basal Alnus peat 
on LG eolian dune 

1 Carex rostrata, nut; 1 Carex sp. nut;  
1 Solanum dulcamara, seed 

Törnqvist et al. (1998),  
their Fig. 4 

 Basal Alnus peat 
on LG eolian dune 

17 Ranunculus sceleratus, fruits Törnqvist et al. (1998), 
their Fig. 4 

 Basal Alnus peat 
on LG eolian dune 

14 Alnus glutinosa, nuts Törnqvist et al. (1998), 
their Fig. 4 

 Basal Alnus peat 
on LG eolian dune 

33 Alnus glutinosa, nuts Törnqvist et al. (1998),  
their Fig. 4 

… LG = Late Glacial (OIS-2) Dates 1-6 and 13-27 are also documented in Berendsen & Stouthamer (2001), their Apps. 1 & 2. 

… samples 18 and 20, as being too old, but later AMS datings (sample 23, 24; Törnqvist et al., 1998)  reconfirmed those 
dates, making sample 19 the one to be rejected. 
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Figure 3.6: Detailed longitudinal section through the Holocene floodbasin sequence. The floodbasin 
sequence consists of a lower unit of interbedded clay and peat and a clay-dominated upper unit. The 
lower unit is clay-dominated in the downstream part, and peat-dominated in (continued on next page) 
 
 
Longitudinal section  
To trace the PBF-zone within the Holocene sediments and Late Glacial subsurface, a 7-km long 
longitudinal section was cored, at a location based on the available data (Fig. 3.3). The section 
aimed: (1) to traverse mainly distal floodbasin deposits, as far away as possible from Holocene 
channels; (2) to cover a relatively old patch of the Late Glacial subsurface; (3) to cover a large 
distance both upstream and downstream from the approximate position of the PBF. The section is 
located parallel to the present channels ‘Lek’ and ‘Linge’ (Fig. 3.3) and terminates at the 
subrecent ‘Ommeren’ and ‘Buren’ channel belts (Figs. 3.3, 3.6). It was constructed using new 
cores and additional selected cores from the database. In four cores clayey basal peat was 
sampled to obtain radiocarbon dates for the onset of aggradation along the section (sample 8, 10, 
11, 12; Table 3.1). Four additional peat samples were used to further date the floodbasin sequence 
(sample 7, 9, 13, 14; Table 3.1).  

Within the section several smaller channel belts and crevasse channels of Middle Holocene age 
are recognized that have coexisted with the ‘Maurik’ and ‘Zoelmond’ (Fig. 3.3) channel belts, 
and some Late-Holocene crevasse channels were also recognized. The main part of the section 
consists of floodbasin deposits, with the earlier described Middle Holocene clay-peat-intercalated 
lower unit (-1 to +2 m) and Late-Holocene clay-dominated upper unit (>2 m).  Following the 
radiocarbon dates (Table 3.1) the Middle Holocene unit formed between 7.2 kyr cal BP and 4.9 
kyr cal BP, covering the period of highest Holocene aggradation rates in this area. 
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… the upstream part. An abrupt change in facies is observed 200 m west of the 
Amsterdam-Rhine canal, and coincides with an irregularity in the LGM subsurface. 
At this position an active fault is inferred. 

3.5 Results 

Fault-displacement in the longitudinal section 
To find the Late Glacial and Holocene-active faults of the PBF zone, we looked for longitudinal 
change in sedimentary facies and vertical deformations of isochrone surfaces within the coastal 
prism (see Fig. 3.2). Three indications for neotectonic activity were found in the longitudinal 
section (Fig. 3.6): 
(1) East of the Amsterdam-Rhine canal, the lower floodbasin unit consists predominantly of peat, 

while to the west clay beds are intercalated in the peat (Fig. 3.6). This is in contrast with the 
general downstream trend in the Rhine-Meuse delta, which is a downstream decrease in 
clastics and increase in peat (Törnqvist, 1993; Berendsen & Stouthamer, 2001). The 
floodbasin clays intercalated in the peat are the distal ends of the crevasse splays of crevasse 
channels that are also recognized in the lower floodbasin unit. Alternative ways of sediment 
delivery like discharge overtopping the levee instead of breaching it, will have contributed 
sediment too, but the number of crevasse channels and the lateral grading into distal clayey 
splays and floodbasin clayey peat points to splay formation as the most important contributor. 
The local, abrupt change of facies seems to be related to differences in aggradation rates in 
the upstream and downstream part of the section: Clastic sediment entering the floodbasin 
from the surrounding channels was preferentially deposited in the most subsiding area 
(similar to Fig. 3.2B). This does not necessarily imply that fault activity caused breaching and 
created crevasse splays, but apparently splays preferentially developed in the more subsiding 
area. 
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(2) Middle Holocene aggradation over the lower parts of the LGM (OIS 2) terrace surface started 
around 7.2 kyr cal BP (Sample 8, 11, Table 3.1) and some 100 years later covered the higher 
parts of the surface (Sample 10, 12). The four basal peat samples in the section thus all yield 
similar ages (7.2-6.9 kyr cal BP, Table 3.1), but the downstream samples (11, 12) and 
upstream samples (8, 10) differ ~0.60 m in elevation (Fig. 3.6). This elevation difference 
occurs over a short distance (2 km between the mean coordinates of both sample pairs) and 
the apparent gradient in the 7.1 kyr cal BP groundwater level is high (0.3 m/km) compared to 
later Holocene gradients (0.1-0.2 m/km, Van Dijk et al., 1991). The lateral continuity of the 
basal peat and its macrofossil composition suggests that the paleo-groundwater level was 
fluvially controlled and had a gradient that only changed very gradually over space. It is 
therefore concluded that the present ~0.60-m basal-peat elevation difference is anomalous: 
After the peat formed, downstream samples must have subsided relative to upstream samples 
(post-depositional deformation, as in Fig. 3.2A). Not all of the ~0.60-m sample offset can be 
attributed to vertical deformation, corrections should be made (see below).  

(3) One of the major irregularities in the buried LGM (OIS-2) terrace coincides with the 
longitudinal facies change in the overlying Holocene sequence and the palaeo-groundwater 
age-depth anomaly at the onset of aggradation. The top of the Late Glacial surface was 
mapped in a 4-km wide zone along the section. The offset could be traced for about 2 km 
perpendicular to the transect of Fig. 3.6 and was found to crosscut the LGM (OIS 2) terrace 
as well as the Late Glacial (OIS 2/1) channel belt (Fig. 3.3). The upstream side is about 
0.7-1.0 m higher than the downstream side. The NW-SE direction matches the strike of the 
faults known from the deeper subsurface (Van Montfrans, 1975). It is concluded that the 
irregularity marks one of the faults of the PBF that was active during the last 15 kyr, dividing 
the section into an upstream reach that was relatively elevated and a downstream reach that 
was relatively subsiding (similar to Fig. 3.2A).  

Because these three phenomena occur at the same location, combined with known existence of 
faults at depth, this leads us to conclude that differential subsidence in the study area not only 
caused post-depositional deformation along the inferred fault, but also was a syn-depositional 
control over the last 15,000 years.  

Reconstructed groundwater level rise 
Holocene groundwater level rise reflects increasing accommodation space (Van Dijk et al., 1991; 
Blum & Törnqvist, 2000). Curves representing regional (floodbasin) groundwater level rise are 
presented in an age-depth graph (Fig. 3.7). All curves essentially have the same sigmoid shape: 
rise is increased but relatively slow prior to the onset of extensive basal peat formation (7.2 kyr 
cal BP). The most rapid rise occurred after the onset of basal peat formation, and rates decreased 
after 5.5 kyr cal BP. The difference in elevation between individual curves primarily is the effect 
of the river gradient: like the water level gradient in the active channels, the groundwater level in 
the floodbasins between the channels is higher at further upstream sites (Van de Plassche, 1982; 
Van Dijk et al. 1991). To draw the curves, all dates from site ‘Treeft’ (Fig. 3.5) and from the 
longitudinal section (Fig. 3.6) were accepted as correct. The previously published dates of the 
‘Zandberg’-site (Van Dijk et al. 1991, Törnqvist et al. 1998) and surrounding area (Hofstede et 
al., 1989) were all accepted, except one sample that was rejected because it was clearly too young 
(date 19; Table 3.1).  
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Figure 3.7: Groundwater-level rise. Age-depth plot of radiocarbon dated basal peat. The age-depth 
relation for basal peat is a direct proxy for the yearly-average palaeo-groundwater level in the fluvial 
floodbasin. Basal peat samples are used as groundwater-index points, with standard deviation error 
boxes. The width of the error box represents the maximum and minimum of the calibrated calendar 
age-range (Table 1), with the index point plotted at the mean of the largest calibrated-age sub-range. 
Heights of error boxes (following Törnqvist et al., 1998): 0.15 m for AMS dated samples in series, 0.25 
m for isolated AMS-dated samples, 0.35 m for conventionally dated samples in series, 0.50 m for 
isolated conventionally dated samples. Of this height, 2/3 is above the index point and 1/3 is below it, 
incorporating bias towards palaeo-groundwater levels slightly above the preservation depth of the 
sampled peat. Age-range probability histograms for individual samples were created using the OxCal 
Program (Bronk Ramsey, 1995; version 3.5) and the latest calibration data set (Stuiver et al., 1998). 

 
The upstream curve covers the 8.5-6.5 kyr cal BP period, and represents the stage prior to 
extensive basal peat formation, when peat formation only occurred locally (date 15). The ‘Treeft’ 
and ‘Zandberg’ sites cover the period 7.5-4.0 kyr cal BP and show that by ~7.0 kyr cal BP 
(sample 4, 8, 10-12) groundwater level had risen above the OIS-2 valley surface. The steep curve 
between 7.0 and 5.0 kyr cal BP represents the stage of most rapid groundwater-level rise, with 
widespread peat formation in the distal parts of the floodbasin, and crevasse-splay deposition (see 
above) downstream of the inferred fault (Fig. 3.6). After 5.7 kyr cal BP rates decreased towards 
an approximately linear rate of 0.5 m/kyr. After 4.0-kyr cal BP peat is absent in the floodbasins, 
hence no basal peat index points are available from this period.  
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The ‘Treeft’ site is located 5 km downstream of the ‘Zandberg’ site. Groundwater levels at 
7.0 kyr cal BP differ by ~1.2 m between the two sites (Fig. 3.7), yielding a floodbasin 
groundwater gradient of ~0.2 m/km, approaching the valley gradient of the OIS-2/1 floodplain 
(0.25–0.30 m/km). At this time, aggradation had just set in and channel belts in the study area 
were adapting their gradient that was inherited from the Late Glacial valley to a lower, sea-level 
influenced gradient (~0.1 m/km) of the coastal prism (Van Dijk et al., 1991). The groundwater 
curves show that by 6.0 kyr cal BP the floodbasin gradient had decreased to ~0.1 m/km and 
remained constant since. 

3.6 Quantified differential subsidence 

Vertical displacements along the inferred fault in the longitudinal section (Fig. 3.6) are quantified 
for two stratigraphic levels of known age, respectively the palaeo-groundwater level in Middle 
Holocene basal peat (Table 3.2) and the level of top-of-channel deposits in the LGM (OIS 2) 
buried terrace (Table 3.3).  

Vertical displacement rates, Middle-Holocene basal peat 
The elevation difference in the 7.3-7.0 kyr cal BP basal peat (Figs. 3.6, 3.7: samples 8, 10-12) is 
~0.60 m, but only part of this difference is a tectonic offset. To calculate fault displacement from 
the elevation difference between basal peat samples (sample-offset), a correction is made for (1) 
the syn-depositional downstream groundwater gradient between the samples: the ‘gradient’ offset 
and (2) for differences in age between the samples: the ‘age difference’ offset (Fig. 3.8). 

(1) The gradient offset (Fig. 3.8) is calculated by multiplying the known sample-distance with a 
presumed gradient. This gradient ranges between the valley gradient (0.30 m/km) of the OIS-
2/1 floodplain and the present (0.10 m/km) groundwater gradient (Van Dijk et al., 1991). The 
steeper the presumed paleo-groundwater gradient, the lower the displacement rate. Inferring 
the presence of a fault also introduces the possibility of additional local fault-related 
hydrologic effects. However in this case of longitudinal gradients in a fluvial floodbasin, with 
an average groundwater table at/above the surface and with high-permeable sand-gravel on 
either side of the fault in the first meters below the surface, we neglected such effects. 

(2) The calibrated calendar age ranges of the basal peat datings (samples 8 and 11 in particular) 
on either side of the fault partly overlap in age range. This may indicate a single paleo-
groundwater level (zero age-difference) but may also allow for an age difference of up to 200 
years. Because of the back-filling setting causing the peat to form, it is probable that the 
downstream sample is older and the upstream sample is younger. For a range of presumed 
age differences, the ‘age-difference’ offset is calculated by multiplying age-lag with the rate 
of groundwater rise in the study area (0.8 m/kyr between 7.3-7.0 kyr cal BP, based on Fig. 
3.7). A larger presumed age difference yields a lower displacement rate estimate. 
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Figure 3.8: Vertical displacement of basal peat. Calculation of the vertical displacement (tectonic 
offset) in palaeo-groundwater levels indicated by the basal peat. The gradient offset and age-
difference offset between the groundwater levels were present at the time the peat was formed (‘syn-
depositional’ situation). By subtracting these offsets from the present sample offset, the tectonic offset 
can be estimated.  
 

Estimates for vertical displacement rates of the basal peat are made for different combinations of 
values covering a realistic range for groundwater gradient and age-difference (Table 3.2). A first 
estimate is based on the oldest dates on either side of the inferred fault, samples 8 and 11. Both 
are from relative lows in the buried LGM (OIS 2) terrace (Fig. 3.6) and are therefore directly 
comparable groundwater index points. Alternatively, an estimate based on the means (age, depth) 
of sample-pairs on either side of the fault is made, for the 7.1 kyr cal BP groundwater level. This 
is a slightly younger level compared to the first approach and therefore its groundwater gradient 
probably was slightly lower. Furthermore, as an effect of averaging sample-pairs, also the age-
difference is less than in the first approach.  Hence, in Table 3.2b, gradients exceeding 0.25 m/km 
and age differences exceeding 150 yr are not realistic assumptions, yielding negative values 
(technically implying inverse movement along the fault). Realistic values for displacement rates 
range between 0.03 and 0.07 m/kyr (Table 3.2), averaged over the last 7 kyr. They imply that 
0.2-0.4 m of total relative displacement occurred, which is 5-10% of the 5 meters of total 
aggradation just downstream of the inferred fault (Fig. 3.6).  
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Table 3.2: Displacement rates (m/kyr) from Middle Holocene floodbasin deposits 

Palaeo-groundwater levels   Groundwater gradient (m/km) 

Age difference (equivalent offset1) 0.10  0.15  0.20  0.25  0.30  

(a) Offset between two samples 
 
  [#8] 7,242-7,026 cal BP 0.87 m-O.D. 
  [#11] 7,267-7,162 cal BP 1.49 m-O.D. 

 
Mean age: 7.22 kyr cal BP; sample offset: 0.62 m 
Distance between dated samples: 0.8 km 

Age difference2      0  yr (0.00 m) 0.075 0.069 0.064 0.058 0.053 
Age difference2   50 yr (0.04 m) 0.069 0.064 0.058 0.053 0.047 
Age difference2 100 yr (0.08 m) 0.064 0.059 0.053 0.047 0.042 
Age difference2 150 yr (0.12 m) 0.059 0.053 0.048 0.042 0.036 
Age difference2 200 yr (0.16 m) 0.053 0.048 0.042 0.037 0.031 
      

(b) Offset between means of sample-pairs 
 
 [#8, #10] 7,100 cal BP 0.80 m-O.D. 
[#11, #12] 7,100 cal BP 1.39 m-O.D. 

Mean Age: 7.1  kyr cal BP; sample-pair offset: 0.59 m 
Distance between dated-sample pairs: 2.0 km 

Age difference3     0  yr (0.00 m) 0.055 0.041 0.027 0.013  < 0 
Age difference3  50  yr (0.04 m) 0.049 0.035 0.021 0.007  < 0 
Age difference3 100 yr (0.08 m) 0.044 0.030 0.015 0.001  < 0 
Age difference3  150 yr (0.12 m) 0.038 0.024 0.010   < 0  < 0 
Age difference3  200 yr (0.16 m) 0.032 0.018 0.004   < 0  < 0 
      

  

░ Highlighted values are most realistic estimates 

1) calculated based on a mean rate groundwater rise (for 7.3-7.0 kyr cal BP) of 0.8 m/kyr (cf. Fig. 3.7) 

 2) considering the limits of calendar age ranges of calibrated 14C-dates 
 3) considering the limits of calendar age ranges of calibrated means of 14C-date pairs 

 

 

Table 3.3:  Displacement rates (m/kyr) from the Last Glacial Maximum (OIS 2) subsurface 

Level of top of channel deposits Age of abandonment 

 13 kyr  
cal BP 

15 kyr  
cal BP 

22 kyr  
cal BP 

(a) Near-fault subsurface offset: 0.87 m (Fig. 3.6) 
 
 

  

0.80 m-O.D. (2 cores, within 200 m upstream of fault) 
1.67 m-O.D. (4 cores, within 200 m downstream of fault) 0.067 0.058 0.040 

(b) Gradient line offset: 0.55 m (Fig. 3.9) 
 
 

  

0.45 m-O.D. (62 cores, within 2.5 km upstream of fault) 
1.00 m-O.D. (135 cores, within 5 km downstream of fault) 0.042 0.037 0.025 
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Diverging groundwater level curves (Fig. 3.7) may be an indication of differential subsidence 
(Fig. 3.2C). The resolution of basal-peat groundwater index points (depth error ~0.20 m) only 
allows comparison of differential effects between older parts of the curves, that have been 
exposed to the low post-depositional differential rates (~0.06 m/kyr) long enough (>5 kyr) to be 
displaced a significant amount (>0.30 m). The ‘upstream’ and ‘central’ curves (Fig. 3.7) are based 
on the basal peat sample-pairs of the longitudinal section (Fig. 3.6). These curves don’t span a 
wide enough temporal range to show clear divergence back in time. The older parts of the 
groundwater-level curves of the dune sites (7.5- 6.0 kyr cal BP) do diverge back in time. As 
discussed above, this is mainly due to the not-constant groundwater gradient (the older the 
samples, the steeper the floodbasin gradient and therefore the bigger their difference in depth), 
but the divergence may also include some differential subsidence. 

Vertical displacement rates, Last Glacial Maximum (OIS 2) subsurface 
The offset in the top of the buried LGM terrace in Fig. 3.6 is ~0.9 m, based on the descriptions of 
the boreholes within 200 m of the fault. An age of abandonment of 15 kyr cal BP is presumed for 
this terrace, which is consistent with available dating evidence (radiocarbon, OSL, palaeosols, 
pollen; Verbraeck, 1984; De Jong, 1995; Törnqvist et al., 2000; Wallinga, 2001; Berendsen & 
Stouthamer, 2001; Cohen et al. 2002). The maximum estimate for vertical displacement rates 
along the inferred fault is ~0.06 m/kyr over the last 15,000 yr (Table 3.3). Alternatively, the offset 
was calculated from analysis of longitudinal profiles of the top of Late Glacial sand, as recorded 
in 197 cores that penetrated the surface of the buried LGM terrace. The local offset (cf. Cohen et 
al., 2002) calculated from this gradient line is ~0.55 m (Fig. 3.9), 33% less than the offset found 
in the longitudinal section (Fig. 3.6). The slope upstream of the inferred fault (0.33 m/km) is 
steeper than downstream (0.17 m/km). These values are respectively high and low, compared to 
the regional slope of the buried LGM terrace (~0.20-0.30 m/km; Berendsen & Stouthamer, 2001). 
Steep upstream slopes and gentle downstream slopes in the longitudinal profiles of the Late 
Glacial valley are also observed further south across the PBF (Stouthamer & Berendsen, 2001; 
Cohen et al., 2002). Syn-depositional tectonics might explain the lower gradient of the faster 
subsiding downstream hanging wall (Fig. 3.2A), indicating that differential subsidence across the 
PBF was an active control in the LGM Rhine valley too. However, the present slope is not 
necessarily identical to the river gradient during deposition (Cohen et al., 2002). Post-depositional 
tectonic deformations along unrecognized faults, tilting of blocks and tectonic warping without 
faulting may have changed the original slope. The gentle slope downstream of the fault may be 
caused by post-depositional back tilting and indicate that main subsidence occurred directly 
downstream of the fault while further downstream subsidence was less. This is not uncommon for 
fault zones and would also explain why estimates of fault displacement based on basal peat and 
the buried terrace surface within a few hundred metres upstream and downstream of the fault 
yield higher values (Tables 2a, 3a), than estimates based on data selected over larger distances 
(Tables 2b, 3b). 

Absolute subsidence rates 
Subsidence rates were quantified from the relative rise of groundwater at the buried dune sites 
‘Zandberg’ and ‘Treeft’ (Fig. 3.7). Rates of Middle-Late Holocene floodbasin aggradation at 
these sites approach rates of relative sea-level rise. Maximum rates of 2.0 m/kyr were reached 
6.5-6.0 kyr cal BP. After 5.5 kyr cal BP these decreased rapidly to ~0.5 m/kyr. The latter rates are 
typical of areas of subsidence: global eustatic sea-level rise decreased to virtually zero, but 
subsidence continued to create accommodation space. Like relative sea-level rise, groundwater-
level rise can be decomposed in a subsidence component (lowering the surface below the water 
table) and a component of absolute groundwater-table rise (controlled by either downstream 
eustatic sea-level rise or upstream ‘climatic’ changes in discharge).  
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Figure 3.9 Vertical displacement of the Last Glacial Maximum (OIS-2) subsurface. Plotted is the 
highest occurrence of fluvial sand (top of channel deposits) in 197 boreholes that reached the LGM 
terrace and that are within 2-km lateral distance of the longitudinal section (Fig. 3.6), projected on a 
longitudinal axis perpendicular to the inferred fault. The standard deviation (relative to the downstream 
trend) in the elevation of the top of channel deposits is 0.42 m. A displaced gradient line for the top of 
the LGM surface is drawn based on local maxima in the data points, which represent bar tops. The 
fault offset estimated from this gradient line is ~0.55 m. 
 

 

 

 

Groundwater level gradients have been constant during the Middle Holocene (Van Dijk et al., 
1991), i.e. the component of absolute groundwater level was spatially constant. However, 
aggradation between 7.0 and 5.5 kyr cal BP at dune site ‘Treeft’ exceeds that of relative sea-level 
rise (Van de Plassche, 1982; inset Fig. 3.7). Hence, during this period, local subsidence must have 
exceeded subsidence in the coastal area. 

A significant effect of changes in upstream discharge on groundwater levels is not recorded in the 
basal peat record, but is suspected after 4.0 kyr cal BP, when peat formation terminates in favor 
of clay deposition. Subrecent (after 4.0 kyr cal BP) aggradation rates are linear and slightly larger 
at the coast than in the study area (~0.7 respectively ~0.5 m/kyr). These values suggest that 
subrecent subsidence was larger at the coast and that upstream controls did not add significantly 
to aggradation in the study area. Presuming zero eustatic sea-level rise since 4.0 kyr cal BP, 
subrecent rates can be seen as maximum estimates of absolute subsidence. A more realistic 
estimate accounts for some eustatic rise (‘melting tail’, most probably ≤ 0.25 m/kyr sea level rise; 
Peltier, 2002) and effects of upstream discharge change, leaving 0.2-0.4 m/kyr of the total 0.5 
m/kyr to attribute to subsidence. Combining this rate with the differential subsidence (0.03-0.07 
m/kyr) within the study area suggests subsidence upstream of the inferred fault was 10-35% less 
then downstream. 
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3.7 Discussion 

The control of active tectonics on alluvial rivers has long been recognized (Schumm et al., 2000), 
and specific studies of syn-depositional fluvial response to tectonics are no longer rare. So far, 
syn-depositional response of active channels has been described in explorative studies, mapping 
changes of in-channel morphology of active rivers over different tectonic reaches of their alluvial 
valley. Fluvio-deltaic systems are usually excluded from these studies, because the sedimentary 
architecture there is primarily attributed to downstream controls (i.e. tides, storms, sea-level rise). 
Studies focussing on tectonics in overbank sediments of alluvial valley floodplains (such as the 
New Madrid Seismic Zone in the Mississippi valley (NMSZ), Guccione et al., 2002) or deltaic 
floodbasins (such as this study) are still rare. Yet, deltaic reaches are low-gradient reaches, and 
low-gradient channels are believed to be most sensitive to subtle neotectonic deformation 
(Holbrook & Schumm, 1999) while their Holocene records, particularly in the floodbasins, are 
relatively continuous and complete.  

Local syn-sedimentary response and linearity of tectonic deformation 
In the study area, both in the Middle Holocene (rapid aggradation) and in the Late Holocene 
(slower aggradation) crevasse splays preferentially developed downstream of the inferred fault, 
i.e. the spatial distribution of the splays reflects the difference in subsidence rates. Linearly 
averaged over the Middle-Late Holocene, rates of differential subsidence are very low (<0.07 
m/kyr) and it is not probable that in reality linear gradual deformation (tectonic creep) could have 
had such a persistent effect on crevasse-splay locations. Probably, most of the Middle-Late 
Holocene offset is essentially related to a shorter period of high fault activity. Given the 
observation that 7.0-5.5 kyr cal BP subsidence was larger in the study area than at the coast, while 
for the remaining Holocene it was not, the 0.20-0.40 m offset is probably related to displacement 
(tentatively related to PBF-earthquakes driving fault offset) within this period. This activity can 
have caused significant lowering downstream of the fault, followed by the development of 
crevasse splays. Since these splays cover basal peat, subsequent auto-compaction (Allen, 1999) 
may have further amplified this response to tectonics in the floodbasin architecture. Effects of 
major Middle-Holocene displacement will not have been limited to the study area and may also 
have favored Middle Holocene avulsions at the deltas main nodal avulsion site (Wijk bij 
Duurstede, Fig. 3.3) directly to the north (Stouthamer & Berendsen, 2000).  

Deglaciation-related tectonic activity 
While Holocene syn-depositional evidence points to non-linear displacement rates across the 
PBF, post-depositional offsets since 15 kyr respectively 7 kyr cal BP give roughly similar rates, 
pointing to linearity over the full time scale of this study. In addition to normal extensional 
tectonics of the RVG (Houtgast & Van Balen, 2000), Late Glacial fault activity might be enlarged 
due to fore-bulge collapse (Lambeck et al., 1998; Van den Berg et al., 2002; Cohen et al., 2002). 
In that case, high Late-Glacial rates, decreasing towards the Holocene can be expected. Accepting 
a Middle-Holocene event causing most of the post 7.0 kyr BP displacement would imply that the 
last major event occurred roughly 6,000 years ago. Apart from normal tectonics and forebulge 
collapse this last activity might also be (partially) attributed to loading by the filling North Sea 
and aggrading coastal prism (hydro-isostasy; Lambeck et al., 1998; Peltier, 2002) that at the 
present coast starts in the Early-Middle Holocene (Stanley & Warne, 1994) and thus lags Late 
Glacial forebulge collapse. Thus, though the syn-sedimentary effect of differential subsidence is 
independent of deglaciation related controls as upstream climate change and sea-level rise, the 
timing of tectonic events causing post-depositional deformation might be related. 
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Coastal-prism differential subsidence 
Because coastal areas at the edge of sedimentary basins are areas of subsidence, the build-up of 
coastal prisms by low gradient rivers has continued over the second half of the Holocene 
(Posamentier et al., 1992; Stanley & Warne, 1994; Talling, 1998), despite the dramatic decrease 
in eustatic-driven sea-level rise. Subsidence rates can vary along the longitudinal profile of deltaic 
rivers, whereas there is only one rate of eustatic base-level rise for the entire coastal prism. This 
results in spatially variable sedimentary response to water-level rise. Many coastal prisms, in 
particular these of larger rivers, are aligned with the tectonic structure (e.g. Mississippi River, Po 
River, Orinoco River). In that case variation in subsidence along the delta-axis is gradual and 
differential subsidence will be hardly recognizable as an independent control. The glacially 
imposed valley of the Rhine, however, crosses the structural trend, which results in an abrupt 
downstream increase in subsidence. Hence significant syn-depositional effects in floodbasin 
architecture occurred, and tectonics could be identified as an independent local control to fluvio-
deltaic deposition. This control locally affected aggradation rates and crevasse-splay development 
(this study) and regionally affected avulsion (Berendsen & Stouthamer, 2000). Similar syn-
depositional controls on floodbasin architecture have been identified in alluvial valley settings. 
For example at New Madrid Seismic Zone where a crevasse splay is documented that 
preferentially developed in the down warped area directly NE of the Lake County Uplift 
(Guccione et al., 2002) and within the Okavango Fan panhandle-region, where the transition from 
meandering to avulsive anastomosing reaches has been related to activity of the upstream 
faultzone of a subsurface graben (Smith et al., 1997). This study shows that across active normal 
faults, rivers in their deltaic reaches experience similar tectonic controls as identified by studies in 
alluvial valleys. Despite the strong overprint of sea-level control in the back-filling coastal prism 
reaches, the floodbasin does record the tectonic control. Within the Lower Mississippi valley, 
considering distance to the river mouth, the South Louisiana Growth Faults region around Baton 
Rouge (Autin et al., 1991) might allow for more direct comparison with this study than NMSZ. 
The tectonic control identified in the Rhine-Meuse delta, might be of importance in other high-
stand coastal-prisms too. 

 

3.8 Conclusions 

The Holocene fluvial record in the study area reflects the tectonic control of differential 
subsidence on floodbasin aggradation. The location of an active fault belonging to the PBF could 
be inferred from longitudinal changes in sedimentary facies, from deformations in sedimentary 
surfaces and from analysis of dated basal peat as a palaeo-groundwater level indicator. 
Differential subsidence was quantified from fault-related post-depositional vertical displacement 
of surfaces of known age (~0.9 m in the LGM subsurface; 0.2-0.4 m in the Middle Holocene 
basal peat, 7 to 15 kyr-averaged rates 0.03-0.07 m/kyr; Table 3.2, 3). High rates of subsidence 
between 7.0-5.5 kyr cal BP together with the syn-depositional evidence suggest the last major 
offsetting along this fault of the PBF occurred in the Middle Holocene and hence differential 
subsidence occurs at non-linear rates over time-scales smaller than 7,000 yr. 
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This study shows that active tectonics can cause syn-sedimentary response in coastal prism 
deltaic reaches, just like in alluvial valley reaches. Despite the strong overprint of sea-level 
control, aggrading deltaic floodbasins can record tectonics locally, since subsidence rates across 
faults vary, whereas there is only one rate of eustatic/climatic base-level rise for the entire coastal 
prism. This implies that back-filling should not solely be attributed to downstream relative sea-
level rise dominating upstream controls, but that local differential subsidence is an independent 
control too. The timing of tectonic events in coastal prisms not necessarily is independent from 
sea-level rise that caused most of the aggradation and a hypothesis coupling coastal-prism fault 
activity to hydro-glacio-isostasy should be considered. 
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Abstract 

Coastal prism sediments record rising local water levels, forced by sea-level rise. This rise is 
quantified by dating series of organic markers of palaeo-groundwater levels at compaction-free 
locations. The data set of palaeo-groundwater levels (>300 index points) with a dense spatial and 
temporal coverage and predictive quality enables geostatistical analysis. Groundwater rise is 
interpolated for the entire delta (120 km land inward, 60 km wide) between an 11.0 kyr BP 
groundwater low stand and the present high stand. The input data and interpolation method (a 
form of 3D-kriging) reveal the interplay between upstream (climate, discharge) and downstream 
(sea level, tides) controls on groundwater level gradients, and patterns of groundwater rise. Sea-
level rise is the primary driving factor, but the anatomy of the coastal prism is a result of a 
complex interplay of sea level, subsidence and upstream controls (essentially sediment load). 
Regional effects due to local controls (differential subsidence, groundwater flow) are identified. 
Groundwater rise is linked to sedimentary architecture. It is shown that back-filling continues into 
the Late Holocene, when eustatic rise had ceased. The results corroborate earlier results on 
differential subsidence and post-glacial enhanced subsidence in the delta. Moreover, the 3-D 
geostatistical interpolation opens possibilities to test and further develop process-based models 
for deltaic deposition. 

4.1 Introduction 

Holocene coastal-prisms (cf. Posamentier et al. 1992) have built up all over the world in response 
to global deglaciation and resulting sea-level rise. Modern coastal prisms in general have a base 
that dates to the beginning of the Middle Holocene (~8 kyr cal BP; Stanley & Warne, 1994). 
Their sedimentary record shows rapid aggradation during the Middle Holocene and strongly 
decreased aggradation in the Late Holocene. They are usually underlain by Late Glacial - Early 
Holocene fluvial deposits of a glacial (OIS 4-2) palaeovalley. As the interplay of upstream and 
downstream controls shifted over time, palaeo-equivalents of the present depositional 
environments were recorded within the coastal prism. Quantitative reconstruction of palaeo-
groundwater surfaces enables to identify these palaeo-equivalents regionally and documents the 
shifting control interplay. The construction of a 4D data set and the ‘prediction’ of palaeo 
groundwater levels (groundwater-table elevations) by interpolation (not modelling) serves to 
identify and quantify the interplay between the different controls. The aim of this work is (1) to 
interpret the record of palaeo-groundwater rise within the Rhine-Meuse coastal prism, to identify 
controlling factors in the deltaic sedimentary record, by (2) presenting a methodology for a 
geostatistic interpolation of the database of >300 groundwater-level index points that has now 
accumulated. 
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Figure 4.1: Holocene Rhine-Meuse delta coastal prism. Cross section (a) along the central axis of the 
Rhine-Meuse delta in the Netherlands (b). Index-points (14C-dated basal peat, see text) indicate palaeo 
groundwater levels and document the rise of groundwater-level between a low stand (lowest 
groundwater level) and the present high stand (highest groundwater level). Coastal-prism deposits 
back-filled the palaeovalley and reach their maximum thickness along the central delta axis. Outside 
this palaeovalley the coastal prism is less thick and overlies Late Glacial coversands. Inset cross-
section (c) shows the main sedimentary settings within the coastal prism. 
 

Geological setting 
The Rhine-Meuse coastal prism consists of coastal barrier deposits and back-barrier deltaic 
deposits including estuarine and fluvial sediments and floodbasin peats (Fig. 4.1). The present 
groundwater table is graded to the Late Holocene high-stand sea level. Sea level was a dominant 
control on palaeo groundwater levels within the coastal prism, in particular in the most 
downstream parts of the delta (lower delta, Fig. 4.1). Other controls such as tides, local 
subsidence and fluvial discharge affected the deltaic groundwater table too and so did the 
antecedent topographic and hydrologic setting. Sea-level rise, increase discharge and changing 
groundwater-hydrology raised the groundwater level. This provided the accumulation space 
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(sensu Blum & Törnqvist, 2000, i.e. accommodation space) for the coastal prism. These same 
factors also controlled the internal sedimentary architecture of the coastal prism.  

Peat has formed extensively in Middle Holocene floodbasins. This indicates that insufficient 
sediment was available to fill the entire accumulation space. Basal peat from locations all over the 
study area (Fig. 4.1) has yielded radiocarbon dates ranging from 9.5-3.0 kyr cal BP. Groundwater 
rise and floodbasin aggradation are reconstructed at sites free of compaction (e.g. flanks of buried 
dunes, Fig. 4.2). Peaty sequences from distal floodbasins provide excellent organic markers for 
dating the start of peat formation and thus palaeo-groundwater tables. The reconstructed 
groundwater levels have a direct relation with sedimentary processes in the contemporary delta. 
Overbank sedimentation was graded to the water level in the distal floodbasins (Fig. 4.2) because 
Middle Holocene creation of accumulation space exceeded sedimentation. In Late Holocene 
floodbasins, floodbasin peat did not form extensively; indicating that sediment supply was 
sufficient to fill the entire accumulation space created by downstream sea-level rise. Particularly 
in the upstream part of the delta, this may have regionally raised floodbasin topography and 
groundwater tables. In that situation, groundwater levels were influenced by overbank 
sedimentation. However, in most parts of the coastal prism, Late Holocene overbank deposits are 
underlain by thick Middle Holocene peaty sequences. There, compaction of underlying peat 
provides an internal mechanism to maintain a situation of overbank sedimentation graded to the 
floodbasin groundwater table. In summary: the reconstructed groundwater levels are interpreted 
to have controlled deltaic sedimentation. Therefore, local groundwater-level rise plays a key role 
in explaining spatio-temporal trends observed in coastal prism internal sedimentary architecture 
(e.g. Törnqvist, 1993). 

 During sealevel low stand (e.g. OIS-2), groundwater levels at the present river mouths were ~25 
m lower, but never dropped far below the topographic surface (De Vries, 1974; Van de Plassche, 
1982; Cohen et al., 2003). The groundwater table remained within a few meters below the 
average surface of the palaeovalley and direct surroundings. The term ‘groundwater low stand’ is 
introduced for this lowest level of the groundwater table before the onset of coastal prism build 
up. While groundwater level at present is controlled by sea level, prior to coastal prism build-up 
the dominant controls were discharge (both fluvial and groundwater flow) and the antecedent 
topography of the palaeovalley. Therefore, the groundwater low stand does not necessarily 
coincide with a sea level low stand. Longitudinal gradients along the present lower, central and 
upper delta reaches (Fig. 4.1) reflect the present state of control interplay. From apex to coast, the 
convex surface shows an increasing influence of the downstream controls (sea level, tidal 
amplitude) and a (relative) decrease of upstream controls (discharge, sediment load). Near the 
coast, in the lower delta, marine controls are dominant. More inland, in the central and upper 
delta, downstream and upstream controls interplay. Here, floodbasin aggradation forced by 
relative sea level rise occurred (Törnqvist, 1993; Berendsen & Stouthamer, 2001) but the 
sedimentary style is fluvial (fresh to brackish-water peat, no tidal signal in the sediments). 
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Figure 4.2: Groundwater level as local base level for floodbasin sedimentation. Schematic cross-
section relating groundwater level as recorded at aeolian dune sites in the distal floodbasin with the 
deltaic distributary-channel and proximal floodbasin sedimentary record: Radiocarbon-dated basal 
peat records the local floodbasin sedimentation. 
 

Quantitative analysis of Holocene groundwater level rise 
Floodbasin peats from the Rhine-Meuse coastal prism have been dated extensively at ‘basal’ 
locations (i.e. at locations free of auto-compaction, cf. Allen, 1999; Fig. 4.2) in the past decades. 
Basal floodbasin peat is an excellent recorder of Holocene deltaic palaeo-groundwater levels. The 
basal-peat sample represents the groundwater table, to which peat formation was graded at the 
time of its formation. It recorded a mean water level, averaged over several decades (50-100 yr, 
comparable to typical 14C date measurement-errors). Seasonal variation (lower summer levels due 
to evaporation and lower discharge, higher levels in the flooding season) will have occurred and 
will have influenced the vegetation that formed the peat, but is not recorded as such in the basal 
peat record. In tidally influenced floodbasins the reconstucted palaeo-groundwater levels 
approximate mean daily high water levels. Interpretation of sample-series at local sites (Fig. 4.3) 
allows to identify controls based on the rate of groundwater rise (e.g. Jelgersma, 1961; Van de 
Plassche, 1982, 1995; Van Dijk et al., 1991; Kiden, 1995; Törnqvist et al., 1998; Cohen et al., 
2003). As the number of dates accumulated and more advanced sample preparation and dating 
techniques became available, resolution and aerial coverage increased. Locally, during short 
periods of time, groundwater levels may have been lowered, for example due to changes in 
floodbasin size and local tidal amplitude (Van de Plassche, 1982, 1995). Regionally, however, 
and averaged over periods longer than centuries, relative groundwater rise is thought to have been 
continuous since its onset in the Early Holocene.  

In the central delta, peat formation regionally occurs above contemporary sea levels, and 
groundwater levels have a longitudinal gradient comparable to the present surface, which is 
related to the river gradients (Van Dijk et al., 1991). In the lower delta, there is virtually no 
gradient (Fig. 4.1) and groundwater levels are close to sea level (i.e. between MSL and Mean 
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High Water level; Van de Plassche, 1995). Over time, the gradient of palaeo-groundwater levels 
has decreased (Van Dijk et al., 1991), hence the tilted-wedge shape of the coastal prism. 
Longitudinal slope differences over the Holocene are greatest in the lower delta, where the low-
stand valley gradient at 20 m below O.D. is approximately 0.2 m/km, whereas the gradient of the 
present deltaic surface approaches zero. Apart from the longitudinal gradient, lateral (tangential) 
gradients also exist in the groundwater tables. In the low stand situation, the coversand areas that 
border the palaeovalley to the north and south had higher groundwater tables than the valley itself 
(Van de Plassche, 1982). Groundwater flow from these areas partly discharged into the valley 
(both as channel flow and as subsurface flow / base flow; De Vries, 1974). The effects of 
longitudinal and lateral gradients appear in age-depth plots: central delta and delta rim sites plot 
above near-coastal sites (Fig. 4.3), inland groundwater rise curves plot above the MSL curve of 
Van de Plassche (1995).  

It is now timely to quantitatively integrate the full data set and to map and analyse longitudinal 
and lateral gradients of palaeo-groundwater surfaces over the entire delta, by performing a 
geostatistical interpolation. The interpolation has to be in balance with the geological aim that it 
serves. To achieve this, three points were kept in mind. (1) Embedded in the design are general 
concepts derived from the geological setting, e.g. that groundwater was continuously rising from 
low stand to the present high stand and still continues to rise today. (2) Availability of data 
dictates the applicable techniques. Availability of data itself is dictated by the geological setting. 
Hence the nature of the geological record also determines the applicability of geostatistical 
techniques. (3) Separate identification of general trends and superimposed regional-local 
variation is needed to allow interpretation of control interplay. The applied geostatistic method is 
specifically designed to quantitatively break down the record into its various geological 
components.  

4.2 Input data  

Geostatistical techniques demand critically evaluated quality data as an input to avoid pitfalls of 
over-interpretation (‘rubbish in is rubbish out’). The same holds for interpreted geological data 
such as lithological descriptions, palynological analyses and dating results. As this study is a 
geostatistical application to Late Quaternary geological proxy-data from multiple sources and 
various publications, critical evaluation becomes even more important. Therefore data used in the 
interpolation and its predictive quality for palaeo-groundwater level reconstruction is discussed 
below. The input data comprise (i) index points documenting the temporal evolution of Holocene 
groundwater levels at different sites, and (ii) the lower and upper groundwater surfaces that 
envelop this data set. 

Data set of palaeo-groundwater level index-points 
Over 300 groundwater-level index points mainly from dated basal peats (44 new-collected, the 
rest previously published or published as ‘in prep.’ in Berendsen & Stouthamer, 2001) were used 
in this study (Fig. 4.3). For all index points original site and sample descriptions and 
interpretations, as well as considerations / remarks from follow-up publications were evaluated. A 
database was constructed that contains: site name/number, original reference, coordinates, 14C-
dating results, description of the dated material (mostly basal Alnus peat, occasionally palaeosol 
A-horizons for time periods / locations that lacked basal peat), description of its substratum (Late 
Weichselian coversand, Younger Dryas aeolian dune sand, Late Weichselian fluvial sandy loam) 
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and a label grouping sites by positions (regionally) in the delta. The dataset can be downloaded 
from http://www.geog.uu.nl/fg/palaeogeography. 

Each index-point is defined by its spatial coordinates XY (Dutch coordinate system, error ± 5 m), 
by sample elevation Z (palaeo water level elevation relative to O.D. ≈ present Mean Sea Level) 
and by its age A (radiocarbon dating result). Errors in Z are typically 0.10-0.50 m (Törnqvist et 
al., 1998) and are related to the water depth ranges of the vegetation that formed the peat. Most 
dates (>80%) are from Alnus peat, and have errors in Z of 0.20-0.30 m. Sampling-errors in Z 
(resulting from levelling surface elevation and measuring depth below surface while coring) are 
small (<0.05 m). Dates (in 14C-yr BP) were calibrated to calendar year ages (yr cal BP), using a 
standard dataset (INTCAL98, Stuiver et al. 1998) and software (OxCal; Bronk Ramsey, 1998). 
Resulting standard deviations are typically 80-200 cal yr and depend on dating technique (AMS 
dating of selected macrofossils vs. conventional dating of bulk samples) and wiggles in the 
calibration curve. About half of the index points are from sites along the W-E delta axis, where 
Late Weichselian (Younger Dryas) aeolian dunes are buried by peat. Samples were taken at high 
vertical resolution (up to 30 samples at some sites). At these densely sampled sites, the relative 
stratigraphic positions of successive dates (formulated in CQL; Bronk Ramsey, 1998) were taken 
into account while calibrating radiocarbon dates, to further narrow the age ranges of individual 
index points. Curves that quantify groundwater rise at these sites can be drawn (manually or 
mathematically) through the index-points (Fig. 4.3), as opposed to the MSL curve that is at a 
slightly lower level than the lowest index-points, because peat always forms above sea level. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
____ 

Figure 4.3 (next page): Holocene groundwater rise data set. Summary of data on Holocene 
groundwater rise in the Rhine-Meuse delta (Van de Plassche, 1982; 1995; Van Dijk et al., 1991; 
Törnqvist et al., 1998; Cohen et al., 2003 and other sources, see Berendsen & Stouthamer, 2001, their 
App. 1). Age-depth plots (panel a-d) for groups of sites (regions, panel e) show that groundwater rise 
after ~8 kyr BP equals sea-level rise at near coastal sites (panel a) and that series from more inland 
sites plot above MSL (panel b-d).   
For cross-reference, curves of near-coastal sites R’dam – Rotterdam, ORm – Old Rhine mouth 
(Leiden) and central-delta sites Zb - Zandberg, Dr – Dreumel are plotted in multiple panels. Other site-
name abbreviations: (b) Al – Alphen a/d Rijn, Zg – Zegveld, Li – Linschoten, Hm – Harmelen, dM – de 
Meern, Ho – Houten, Wh – Werkhoven, Ob – Overlangbroek, (c) SW – South West Netherlands, 
Anna-Jacoba polder, LvA – Land van Altena, Dl – Delwijnen, Vd – Velddriel, Ma – Maren, Nu – 
Nuland; (d) Ab – Alblas, Wij – Wijngaarden, Go - Goudriaan, Ld – Leerdam, Be – Beesd, Bu – Buren, 
Dw – Dodewaard.   
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Data-set envelope, bounding surfaces 
The index-points of palaeo-groundwater levels form a cloud of data that is bounded by an upper 
surface (i.e. the deltaic high-stand groundwater level) and a lower surface (i.e. a Late Glacial - 
Early Holocene groundwater low-stand). The envelope delimits the thickness of Holocene delta 
deposits (D). The 3D-shape of the envelope is determined from independent data (topography, 
palynology) that have no direct relation to the index points. For the high stand situation, average 
groundwater levels are at (or very close to) the topographic surface in the floodbasins. For the 
groundwater low-stand situation, average groundwater levels were within 2 meters below Late 
Glacial topographic elevation. This is based on hydrological considerations (De Vries, 1974), 
supported by lithological and pedogenic evidence (Van de Plassche, 1982; Cohen et al., 2003). It 
holds for both the palaeovalley and the surrounding coversand area (Fig. 4.1). For the high stand 
the topographic elevation is known from geodetic surveys and for the low stand from boreholes. 
The relation between topography and groundwater levels was specified and the groundwater low-
stand and high-stand surfaces were calculated. Subsequently, the groundwater rise that is 
documented by the data-cloud of index-points in-between the bounding low stand and high stand 
extremes was interpolated.  

High-stand and low-stand topography 
For the present high-stand surface, digital elevation maps (DEM’s) are available from geodetic 
surveys (Fig. 4.4a). Unfortunately, the Netherlands’ topography is highly altered by humans. 
Over 2000 years of water management has resulted in a complex system of embanked floodbasins 
and peat excavations with groundwater levels maintained several meters below their original 
natural positions (‘polders’). In the polders, groundwater levels are 7 meters below present MSL. 
Only few topographic locations still represent the high stand deltaic sedimentation level / 
groundwater level. Among the locations where the surface still is at (or close to) its natural level, 
are the levees of subrecently abandoned channels. In a GIS (ArcInfo, ESRI 2000) a corrected 
digital elevation map of the present surface for its natural elevation (HDEM) was created (Fig. 
4.4b). Actions involved masking all ‘polder’-areas below present MSL and subsequently filling 
the masked areas by inverse distance interpolation with elevations along the levees of the 
subrecent channels that fringe these polders (sampled by map overlay, using digital channel belt 
maps of Berendsen & Stouthamer, 2001). 

For the low-stand surface, a digital elevation map was interpolated using the borehole database of 
Utrecht University (Berendsen et al., 1994; Berendsen & Stouthamer, 2001) and geological maps 
(for the most western part of the study area) by the Dutch Geological Survey (TNO-NITG). The 
digital elevation map for the Late Pleistocene subsurface (PDEM, Fig. 4.4c) was interpolated 
from aggregated point and contour data using the Topogrid algorithm as built-in in the GIS 
(ArcInfo, ESRI; Hutchinson, 1993). 

____ 

Figure 4.4 (previous page): Holocene groundwater-rise envelope. Topographic elevation and 
groundwater level surfaces reconstructed for the present high stand and the 11.0 kyr BP low stand 
situations, in between which Holocene groundwater rise occurred.   
(a) Digital elevation map of the present situation. Note the ‘polder’ areas with artificially lowered 
surfaces meters below present MSL. (b) Natural groundwater surface at the present situation (HDEM). 
(c) Digitial elevation map of Late Glacial topography (PDEM), essentially based on lithological borehole 
descriptions. (d) 11.0 kyr BP groundwater surface (LDEM), reconstructed exploring the relation 
between Late Glacial topography and groundwater level at sites that provided palynological records 
during this period. All elevations relative to O.D. (‘NAP’) = approximately present MSL. 
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Relating topography to groundwater level 
For the Late Holocene high-stand, the relation between local topographic elevation and 
groundwater level in the floodbasins is simple. The fresh, waterlogged state of the sediments in 
most of the delta, the generally immature soils (Histosols, Fluvisols, Gleysols following FAO-
Unesco classification; Driessen & Dudal, 1991) and extensive peat formation illustrate that the 
surface elevation is close to the regional groundwater level, particularly in the floodbasins. 
Maturation of fresh sediments and auto-compaction (cf. Allen, 1999) of peat will lower 
topography down to mean groundwater level, while dense vegetation (reed and sedges; 
Phragmites, Carex) will produce peat and will trap extra sediment, filling shallow lakes up to 
mean groundwater level (Fig. 4.2). Only close to distributary channels, natural levees are built-up, 
that had mean groundwater levels below their surface. The digital elevation model of the Late 
Holocene surface, therefore, directly represents groundwater level (H-DEM, Fig. 4.4b). For the 
present Rhine-Meuse distributaries and the coastal barrier, the direct relationship between 
topography and groundwater level does not apply. The present channels are embanked since 
approximately 1200 AD and have silted up >1 meter above their natural level (Middelkoop, 1997; 
Hesselink, 2002). The coastal barrier has eolian dunes on top; the groundwater level is meters 
below their tops (Fig. 4.1). Along the NW margin of the study area only simple smoothing of the 
barrier elevation was performed. For the most seaward parts of the coastal barrier, the H-DEM is 
relatively inaccurate, but this is acceptable for this study. For the embanked floodplains, the H-
DEM was corrected by lowering it by 1.5 m (maximum), to match the elevation in the direct 
surroundings of the embanked areas. The resulting H-DEM (Fig. 4.4b) is representative for 
groundwater levels in distal floodbasins, the same setting (Fig. 4.2) where the basal-peat data 
comes from.  

For the low-stand situation, the relationship between the Late Glacial topography and Early 
Holocene groundwater levels is less straightforward. However, the palaeo groundwater level 
could be calculated using palynological data that cover the Late Glacial to Early Holocene 
transition in the Netherlands (Hoek, 1997ab, 2000; Bos, 1998; Wagner et al., 1999; Hoek & 
Bohncke, 2002). Sites located in topographic lows that contained fills of organic deposits were 
studied, such as abandoned channels and brook valleys, and deflation lows and pingo remnants 
outside the Rhine-Meuse palaeovalley. These studies indicate a lowering of groundwater levels 
between 11.3-11.0 kyr cal BP. This period (the ‘Rammelbeek’ phase cf. Van Geel et al., 1981; 
‘Zone 4b’ cf. Hoek, 1997a; Bos, 1998) is recorded at various sites in the Netherlands (Hoek, 
1997b), both in the palynological as well as in the lithological record (Hoek & Bohncke, 2002). 
Independent evidence indicates that meandering channels incised to a level below the Late 
Glacial floodplain presumably in response to climatic amelioration during the earliest Holocene 
(Pons, 1957; Berendsen et al. 1995, Vandenberghe, 1995; Huisink, 1997; Tebbens et al., 1999). 
Combined geomorphological and palynological evidence suggests (Hoek & Bohncke, 2002) that 
the lowering of the groundwater table between 11.3-11.0 kyr cal BP was directly related to the 
fluvial incision. In this study, this is considered to be the last period of groundwater level fall in 
the Rhine-Meuse palaeovalley, after which regional groundwater rise started. Sedimentary and 
pedogenetic features in early Holocene fluvial deposits (e.g. organic horizons, Berendsen & 
Stouthamer, 2002) and the most downstream basal peats dating from 9.5-kyr cal BP (Fig. 4.3a) 
show that at the present river mouth, by 9.5-kyr BP, groundwater had risen from its low-stand 
position to a level close to the Late Glacial floodplain surface. Hence, the ~11.0 kyr BP 
groundwater level indicated by the palynological record is used as the low-stand groundwater 
surface in the groundwater reconstruction (Fig. 4.1). 
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Figure 4.5: Local depth of 11.0-kyr BP ‘low stand’ groundwater table. The 11.0-kyr cal BP lowest 
Holocene groundwater level (as indicated by palynological records; Hoek 1997a,b; Hoek & Bohncke, 
2002) is below the Late Glacial surface. The regression analysis calculates the water-level depth 
below the average topographic elevation of its direct (500x500m) surroundings, as independently 
complied in PDEM (Fig. 4.4). The regression intercept gives a relative depth of 1.7 m. Within the study 
area, this relation holds both for the partly buried palaeovalley and for the partly buried surrounding 
coversands. RVG = Roer Valley Graben. 

 
The depths at which the 11.0-kyr BP low stand is recorded, were queried from a palynological 
database (Hoek, 1997b; updated) and plotted (Fig. 4.5) versus the mean Late Glacial topographic 
elevation of each localities’ direct surroundings, sampled from the PDEM. The low stand is 
recorded either continuously, or as an oxidation event/hiatus directly followed by a younger Early 
Holocene palynological record (11.0-10.0 kyr BP, zones 4c, 5 cf. Hoek, 1997b, late Preboreal and 
Boreal stages). Where the phase of groundwater lowering was continuously recorded, the 
groundwater level was set at the recorded depth. This is the minimum elevation of the low stand 
level. Actual water levels may have been higher, indicated by lithology and environmental 
reconstruction. For peat the difference is relatively small (0-1.5 m) hence only points of this 
lithology were used in quantitative analysis (Fig. 4.5). Where groundwater lowering had resulted 
in a hiatus, the low-stand level was set at the depth of the hiatus: above it records were destroyed 
by oxidation, below it no oxidation occurred. Hence, the groundwater level never dropped below 
the level of the hiatus. Linear regression analysis related groundwater-table depth to surrounding 
topography (PDEM, Fig. 4.4c). The groundwater low-stand was 1.7 m (regression intercept) 
below averaged topographic elevation (Fig. 4.5). However, this result only holds for the relatively 
low localities where fills formed and palynological records were available. Additional GIS 
operations were performed to expand the result over larger areas. (i) A first-approximation 
‘groundwater low-stand’ was interpolated (using GIS built-in Topogrid algorithm; Hutchinson, 
1993). For the area outside the palaeovalley, present topographic divides were used as barriers in 
the interpolation. (ii) The depth of this groundwater low-stand surface below the topography 
(PDEM) was assessed. For cells with groundwater-depths over 1.67 m, the depth of the 
groundwater table was set to -1.67 m, raised by 10% of the excess-difference, resulting in a 
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groundwater table that smoothly mimics local relief. (iii) To minimise local effects inherited from 
irregularities in topography (PDEM), a 4-km radius smoothing filter was applied to the low stand 
groundwater surface (LDEM; Fig. 4.4d). 

Reconstructed groundwater levels: predictive quality 
The index point data set shows the thickness of the coastal prism accommodated during the 
Middle Holocene stage of rapid groundwater level rise (Fig. 4.3). This stage produced widespread 
and thick floodbasin peats from which the majority of the index-points were sampled. Its water 
level rise can be reconstructed at a high temporal resolution, because series of dates are available 
that span a wide vertical range (e.g. 3 m) and a short period (e.g. 1000 yr). Early Holocene 
groundwater-level records are far more condensed: index-points differing in age some 1000 yr 
can be collected at virtually the same vertical position (within 0.5 m). Good late Holocene 
groundwater level index-points are scarce, because extensive peat formation stopped and clay 
deposition in the upper and central delta increased (Pons, 1957; Verbraeck, 1984; Berendsen & 
Stouthamer, 2000). In addition, antropogenic groundwater level lowering for peat mining and 
land reclamation has largely destroyed the Late Holocene floodbasin-peat record. Available Late 
Holocene index-points in the central – upper delta (Steenbeek, 1990; Van Dijk et al., 1991) are 
from archeologically dated soils within clayey floodbasin sediments. These clayey soil-horizon 
index-points likely represent settings proximal to a channel with higher overbank-aggradation 
rates (e.g. Törnqvist & Bridge, 2002) than the distal floodbasins. Thus, because of their different 
settings, the Late Holocene index-points from the central delta and upper delta are less accurate 
indicators of distal floodbasin groundwater levels than their Middle Holocene counterparts.  

Within the coastal prism (and in the palaeo-valley), palaeo-groundwater surfaces are generally 
smooth and only gently sloping (apart from local deformations due to differential subsidence, e.g. 
Cohen et al. 2003). Therefore, the application of topography-groundwater level relations over 
large distances is justified. Compared to the errors (+/- 0.15 m) in reconstructing groundwater rise 
at high resolution sampled sites (Van de Plassche, 1982; Van de Plassche & Roep, 1989; Van 
Dijk et al. 1991; Törnqvist et al., 1998) the accuracy of this paper’s envelope surfaces is lower 
and hard to quantify (after Fig.-5 regression analysis and GIS operations). The elevation error of 
the enveloping surfaces is estimated at ±0.5 m for the groundwater high stand, and ±0.5-1.0 m for 
the groundwater low stand, based on the accuracy of the input topographic data and the applied 
smoothing. The predictive power of the combined index point data set and enveloping surfaces is 
a combination of vertical resolution and lateral coverage.  

4.3 Interpolation methodology 

The interpolation methodology predicts palaeo-groundwater levels between the low-stand level 
(LDEM) and the high-stand level (HDEM). The interpolation data are series of age-depth (A, Z) 
combinations from multiple site locations (X, Y). For an age A, the interpolation calculates 
groundwater levels (Z) using the index-points of age A, but also using higher and lower elevated 
points of younger, respectively older age. The method interpolates groundwater levels of all ages 
within the coastal prism at once: it is a truly 3D interpolation, not a series of stacked 2D 
interpolations. Two approaches were possible: 1) calculate an elevation for a given age: Z = f(x,y,t); 
or 2) calculate an age (A) for a given elevation: A = f(x,y,z). Geological interpretations in terms of 
accumulation rates over time (dZ/dt) were ultimately wanted, not the change of age over depth 
(dA/dz). To estimate dZ/dt at a constant temporal resolution (i.e. per 200 cal yr), it is easier to 
calculate series of surfaces for given ages, than to first predict ages at given levels and 
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subsequently distill surfaces of equal age from that. The A = f(x,y,z)  approach would need non-
linear grids to get comparable temporal resolution over both more-condensed, slow aggrading 
parts and less-condensed rapidly aggrading parts of the record. The most straightforward 
approach was chosen: to estimate groundwater levels (Z) at points defined by location (X,Y) and 
age (A).  

The interpolation methodology consists of two parts: (1) an estimation of the 3D-trend function, 
capturing the overall continuously rising trend; and (2) a prediction of residuals with respect to 
the trend function, covering unexplained, local deviations of the regional trend. The trend-
function is designed to describe both a time-invariant trend as well as a time-variant trend in the 
slopes (dZ/dx, dZ/dy) of the palaeo groundwater surfaces. The time-invariant trend is the mean 
gradient over the whole data set, or, in other words, the mean gradient of all groundwater-surfaces 
within the coastal prism. The time-variant trend (dZ/dx.dt, dZ/dy.dt) is a decrease of gradient 
towards the high stand compared to the low stand groundwater gradient. In the index-point data 
set, time-invariant and time-variant trends are superimposed. The groundwater low stand and 
groundwater high stand are time-invariant: these are static groundwater surfaces representing 
snapshots in time (11 kyr BP, present). The bounding surfaces are used to incorporate the time-
invariant trend. These surfaces (HDEM, LDEM; Fig. 4.4) are continuous, meaning their levels are 
known at all index-point locations. The elevations (Zi) of the index points (Fig. 4.6a) are 
normalised to relative positions (Z%,i) between the enveloping surfaces (LDEMXY, HDEMXY)i :  

(1) 
( )

( )
i

i

iZ
(XY)

(XY)i
%, LDEMHDEM

LDEM -Z

−
=   × 100%. 

By normalising the index-point data this way, the time-invariant trend is partly removed. Eq. 1 
lines up the cloud of data points and produces a sigmoid curve (Fig. 4.6b). In geological terms the 
resulting normalised value (Z%,i) represents the percentage of coastal-prism thickness relative to 
the total accumulated thickness (Di):  

(2) ( )
iiD (XY)LDEMHDEM −= . 

Values for Z% range between 0% at low stand (11 kyr BP) and 100% for the present high stand. 

 
Trend fitting of groundwater levels 
The trend remaining after normalisation is modelled with a time-variant function that estimates 
these normalised groundwater elevations Z%,i as a function of X, Y and A. Let 

( ) 00)( / AAAp it −=  be a standardised value for the age A of each data point, ranging from p = 0 

at the initial low stand (Ai = A0 = 11,065 cal yr BP) to p = 1 at present (0 kyr BP). Let 

DDq iXYyx /,),( =  be a standardised value of total accumulated thickness at location XY, relative 

to the average thickness for all index points ( D = 11.50 m). The trend function was:  

(3) ( )
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 ⋅⋅−−⋅−= )()(),(),,(% exp11 ttyxtyx pdcpqbdz  × 100%, 

with exp(a) = e a, and consists of a sigmoid term ( d−1 ) ( )exp(1 )(),(
cpqb tyx ⋅⋅−− ) and a 

linear term )(tpd ⋅ . Both terms are 0 (0%) at low stand age (p=0) and together add up to 1 
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(100%) at present age (p=1). Coefficients (b, c, d) were fitted to the index points (R2 = 0.88). This  
yielded: 

(4) ( )
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with D  = 11.50 m and 0A  = 11065 yr cal BP. The function varies from approximately linear to 

sigmoid, depending on time-invariant function q (Fig. 4.6c, left panel). This function (Eq. 4) 
estimates Z% for any observation location (index-point) using its age A and the total accumulated 
thickness DXY,i  at its location. To predict the regional trends, Eq. 4 can be applied for any location 
XY within the study area (i.e. where DXY is known) and for any age between 11 and 0 kyr cal BP 
(i.e. the Holocene). Note that predicted rise starts at a low stand below the palaeovalley surface. 
The relative position of the palaeovalley surface increases with decreasing thickness (Fig. 4.6d, 

right panel). Trend-fitted relative positions ( iTZ ,%
ˆ ) were converted to absolute elevations ( iTZ ,

ˆ ):  

(5) ( )
ii iTiT ZZ (XY),%(XY), LDEMHDEMˆLDEM ˆ −+=  / 100% 

 and next the residuals were calculated: 

(6) iTiiR ZZZ ,,
ˆˆ −= . 

 
 
 
 
 
 
 
 
 

___ 

Figure 4.6 (next page): Trend-fitted Holocene groundwater rise. Multi-panel plot illustrating data 
processing steps.  
(a) Age-depth plots of Holocene groundwater rise (Fig. 4.3). Inland data plot above coastal data. 
(b) Normalised data plot, Age vs. relative vertical position (Z%); 0%=low stand, 100% = high stand, 

regardless of position within delta.  
(c) Trend function (Eq. 4) curve panels predicting Z%T for any Holocene age (A) and any local total-

accumulated thickness (D). Note the rightward shift in isopachs of decreasing thickness (left panel) 
and the upstream dip of the isochrones (right panel). These show differences in the timing of back-
filling within the coastal prism. At more inland locations, groundwater levels remained below the 
palaeovalley surface until the Middle Holocene (DXY,i <7.5) or even until the Late Holocene (DXY,i 
<2.5). In the western lower delta, by 6 kyr cal BP about 75% of the total thickness (D =20 m) had 
accumulated, while in the upper delta (D = 5 m) by that time, only 40% of the total groundwater rise 
had occurred. 

(d) Scatter plots and histograms showing the normal distributions of residuals after trend fitting, for 
relative position (Z%R, upper panels) and absolute elevation (ZR, lower panels).  
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Kriging of groundwater level residuals 
Residuals from trend fitting (Fig. 4.6d) show approximately normal distributions, with the largest 
scatter around a total accumulated thickness D between 5-10 m (i.e. at the transition of the central 
to upper delta). This seems to indicate that regional deviations (caused by local controls) are 
superimposed on the general trend for the whole delta. Nearby data points (within 0-10 km 
distance and 0-2 kyr time difference) generally have highly correlated residuals, as is illustrated 
by their variograms (Fig. 4.7). It allows the use of ‘kriging’ interpolation techniques (cf. 
Burrough & McDonald, 1998): residual variation remaining after trend fitting (Eq. 1-6) is 
modelled as space-time auto-correlated variation plus uncorrelated variation (noise, nugget). 

Absolute deviations to the trend (i.e. in meters, not in normalised units) were calculated. Using 
the GSTAT program (Pebesma, 1997; Pebesma & Wesseling, 1998) semi-variograms of the 
residuals were constructed for the 3 dimensions x, y and t (Fig. 4.7). To avoid problems of 
singularity in the calculations, repetitive X,Y combinations of index-points coming from the same 
site, have been slightly altered (± 1-2 m) so no pair of index points has exactly the same X and Y 
coordinates. The variograms show the spatial/temporal range (a) within which index-points are 
auto-correlated and hence within which observations have predictive value with respect to 
deviations to the regional trend. The average semi-variance γ(h) for pairs of index-points is 
calculated as a function of distance h (see Pebesma, 1997; Pebesma & Wesseling, 1998) and is 
described by a spherical model (Table 4.1). Applied in a kriging interpolation, the fitted model 
decreases prediction-standard error (σK) by ca. 62 %, from 0.8 m (σ2

K= 0.7, sill value) to 0.3 m 
(σ2

K = 0.1, nugget value) at locations nearby (in space and in time) index points. 

Using the groundwater index-point residuals (313 observations) and the 3D variogram model 
(Table 4.1, Fig. 4.7) a kriging interpolation was performed. A set of prediction locations was 
defined for the delta gridded into 1 by 1 km cells and the 11-kyr of Holocene time subdivided into 
200 yr time-intervals. This set represents the coastal prism as 209,000 blocks (voxels) of 
1 km×1 km×200 yr, for which the regional trend was estimated (Eq. 4) and the block-averaged 
residual value (block-kriging, Burrough & McDonald, 1998) was predicted (GSTAT; Pebesma & 
Wesseling, 1998). No local neighbourhood was specified in the interpolation, thus for any 
predicted groundwater level all observations were weighted according to the 3D variogram. The 
output is a set of predicted residual values (ZK) and kriging variances (σ2

K) that was post-
processed and visualised in the GIS. 

Table 4.1 The fitted 3-D anisotropic spherical variogram model (Fig. 4.7) 

Semivariance γ(Z1,Z2) of two arbitrary points Z1 = ZR (X1,Y1,A1) and Z2 = ZR (X2,Y2,A2)  

  γ (0) = 0 h = 0 

  γ (h) = C0 + C1 ( 1.5 h - 0.5 h 3 ) 0 ≤ h ≤ 1 

  γ (h) = C0 + C1 h ≥ 0 

with C0 = 0.1 m2 nugget variance, uncorrelated noise 
 C0 + C1 = 0.7 m2 sill variance (total residual variance) 
and 

 h = 

2

21

2

21

2

21







 −+








 −+






 −

tyx a

AA

a

YY

a

XX
 

with ax = 42 km  variogram range in the x-dimension 
 ay = 30 km  variogram range in the y-dimension  
 at = 2,750 cal yr  variogram range in the t-dimension  
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Figure 4.7: Residual variance variograms Residual spatio-temporal auto-correlation that is remaining 
after trend fitting, is quantified as directional variograms for the three dimensions (Age-A, Easting-X 
and Northing-Y). Fitted variogram-models are unidirectional projections of the 3D variogram-model. 
The nugget and sill values (0.1; 0.7 m2) are the same for all curves, their values are based on the 
residual distributions (Fig. 4.6d). The ranges are estimated by fitting to the projected data (using 
GSTAT, Pebesma & Wesseling, 1998) and their ratios define the geometric anisotropy of the 3D 
variogram-model (Table 4.1). 

 



 86 

Post-processing the interpolation results 
Several visualisations of the 3D matrix containing the results Z(x,y,t) of the interpolation (i.e. trend 
+ kriged prediction; ZT + ZR) were made. Isochronous surfaces (time slices, Fig. 4.8) and cross-
sections (Fig. 4.9) were queried from the 3D matrix. Time slicing resulted in a stacked set of 
groundwater surfaces, which were used to estimate rates of groundwater level rise (dZ/dt) at each 
square km cell in the XY grid as 

(7)  310
2

 - ⋅







∆
=






 ∆+∆−

t

ZZ

dt

dZ tAtA

A

  m/kyr, with ∆t = 200 yr 

for 10,000 > A > 2600 cal yr BP in 200-yr intervals. To aid visualisation, inverse distance 
interpolation was used to convert the dense network of points resulting from each query to 
continuous surfaces (grids).  

At each location (X,Y,A) kriging variances (σ2
K) were obtained simultaneously with the prediction 

(ZK). They are a measure of the accuracy of the interpolated values. Kriging variance increases 
with distance from observations (Table 4.1). Patterns in σ2

K thus reflect the spatial-temporal 
distribution of the data-points. Since this distribution is largely determined by the geological 
setting (e.g. the centre of the interpolated block produced more index-points than other parts, see 
Introduction), differences in accuracy between central and marginal parts occur: σ2

K varies from 
higher values (low accuracy) in marginal areas to lower values (maximum accuracy) in densely 
sampled spatio-temporal domains. This is in agreement with the predictive quality of the input-
data. As data density is largest for the Middle Holocene, along the central delta axis, prediction 
variance is lowest (minimum: 0.2 m). In the temporal domain, reconstructed groundwater levels 
for the Middle Holocene are most reliable. Early and Late Holocene records are more condensed, 
reducing accuracy. In the spatial domain, reconstructions for the extreme NW, SW and E 
(respectively downstream and upstream margins) are less reliable than in the central delta.  

 
 
 
 
____ 

 

Figure 4.8 (next page): 3D-interpolated coastal prism groundwater. Maps visualizing the 3D-
geostatistical-interpolation result for a 6.0-kyr-cal-BP time slice of the study area (Fig. 4.1). Site name 
abbreviations as in Fig. 4.3, modern rivers and tectonic structures added for reference (PBF-Peel 
Boundary Faultzone, RVG-Roer Valley Graben, GRF-Gilze Rijen Faultzone). Regions that were not 
yet deltaic (i.e. region subsurface groundwater levels) are cross-hatched in panel a, and masked from 
panels b and c. The boundary between lower delta and central delta is based on a concave break in 
groundwater slope. GW = groundwater.  
(a) Groundwater-table elevation map. By 6.0 kyr BP the delta had about the extent of the present 

delta. In the present record, the palaeo-groundwater level in the southern part of the central delta 
(the subsiding RVG) is below that of the Northern part. Dashed-arrows indicate directions of 
maximum gradient. These diverge from the longitudinal axis.  

(b) Kriging variance / standard deviation map, indicating spatial distribution of interpolation quality. Low 
values occur around index-points dated close to ~6.0 kyr BP and higher values at larger distances 
where older or younger dated index-points may occur.  

(c) Rate of groundwater rise (dZ/dt) map for 6.0 kyr cal BP. Rates for the central delta are below rates 
for the lower delta: inland the effect of sea-level-rise was limited by discharge. Superimposed on 
the regional trend, anomalous high rates are observed within the RVG. 
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Figure 4.9: 3D-interpolated groundwater level gradients. Result of the 3D-geostatistical interpolation, 
visualised as a longitudinal section through the delta (Fig. 4.1). The kriging variance / standard error 
indicates the local interpolation quality. Lower values occur around the index-points located close to 
the line of section. Line of section similar to Van Dijk et al. (1991).  
 

Extensive tidal and estuarine erosion of basal peat has occurred west of Rotterdam. Remaining 
patches were sampled only occasionally, producing few index-points and hence reduced 
accuracy. In the most upstream part of the study area, basal peat was not formed. Here, a few 
index-points come from A-horizons of palaeosoils in floodbasin deposits (Steenbeek, 1990). In 
these upstream reaches, the floodbasin groundwater level not necessarily was the depositional 
surface, reducing accuracy (see section 4.1). 

Assessment of interpolation quality: cross-validation 
Peat formation age-depth data is the most accurate proxy for groundwater rise on Holocene time 
scales. For the Late Holocene, archaeology potentially may provide quantitative indications of 
similar quality. Sedimentary and pedogenetic features (immaturity of the palaeosols, depth of 
specific horizons) that can also be used as indicators for groundwater rise, generally have lower 
age-depth resolution and accuracy. An integrated database of such features allowing quantitative 
queries with a spatial coverage comparable to the basal peat data set is not yet available. To 
construct such a database remains a future task and is mainly a matter of design and 
administration. Collecting new data in the Rhine-Meuse delta for this purpose is less important, 
since available numbers of boreholes are already huge and of unprecedented detail. Independent 
data to quantitatively validate the results of the interpolation is not available. The interpolation 
result was cross-validated partially, to test the accuracy of the trend-function estimates and the 
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kriged residuals. Cross-validation was concentrated on the more densely sampled parts of the data 
set. Cross validation at the boundaries of the interpolated domain (e.g. for the periods 11.0-9.5 
kyr BP and 3.0-0 kyr BP that are ‘near the envelope’) was not attempted. In these areas, index-
points are scarce and hence results are strongly determined by the few available points. 
Furthermore, results ‘near the envelope’ are strongly determined by the local value of the 
bounding surface, and cross-validation would mainly reflect this larger uncertainty. 

Cross-validation to assess the quality of the interpolation was performed for the centre of the 
interpolated block by excluding various selections of index-points. Results were compared to a 
reference result, using all index-points. The selection of index-points was found to be critical. 
Coefficients of fitted trend function (Eqs. 4; Fig. 4.6c) and variogram model (Table 4.1, Fig. 4.7) 
were cross-validated by deselecting randomly picked individual index-points from the total data 
set, but hardly deviated from the reference run coefficients. Only when entire regions (e.g. all 
data from the Southern delta rim, Fig. 4.3) were excluded, fitted coefficients changed 
significantly. The kriging procedure was tested by deselecting groups of index-points. This was 
done for a time interval (6.5 and 5.6 kyr cal BP, a time period spanning 30% of the variogram-
range at) and subsequently for five localities (sites Ab, Ld, Bu, Ho, Dl; Fig. 4.3). The first is the 
most extreme test. Reconstructing the groundwater table for 6 kyr BP, after deselecting about one 
third of the data points, resulted in deviations ranging from –0.4 to +0.6 m (Table 4.2). Exclusion 
of data points from a single site has only a local effect, with larger deviations (-0.3 m, Table 4.2) 
at more isolated sites (sites Ld, Dl; Fig. 4.8). 

 

Table 4.2: Cross-validation of kriged groundwater levels at 6.0 kyr BP  
 N Location (Fig. 4.3) 
  Ab Ld Bu Ho Dl 

Groundwater level at 6.0 kyr BP (m ± O.D.)   

• Reference run (all data)       
 Trend estimate ZT   (Eq. 4, 5) 313 -5.36 -4.01 -1.76 -1.88 -2.53 
 Kriging predicted deviation ZK (Fig. 4.7) 313 -0.55 1.14 1.34 0.43 -0.54 
 Interpolation result Z = ZT + ZK  (Fig. 4.8) 313 -5.91 -2.87 -0.43 -1.45 -3.08 

Predicted difference with reference run (m)   

• Kriging validation runs (deselected data)       

Excluding all points dating  
between 6.5 and 5.6 kyr cal BP 220 +0.54 -0.31 -0.33 -0.09 -0.15 

Excluding 13 Albasserdam (Ab) points 
lower-central delta transition 300 -0.01 0 0 0 +0.02 

Excluding 9 Leerdam (Ld) points 
central delta center 304 0 -0.32 0 -0.03 0 

Excluding 6 Buren (Bu) points 
central-upper delta transition 307 0 0 -0.08 0 0 

Excluding 7 Houten (Ho) points 
central delta-northern rim transition 306 0 0 0 +0.11 -0.01 

Excluding 3 Delwijnen (Dl) points 
central delta-southern rim transition 310 0 0 0 +0.01 -0.28 
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All cross-validation results are considered good and confirm the a-priori assumed predictive 
quality of basal-peat radiocarbon dates as a proxy for palaeo groundwater levels. Elevation 
differences in the cross-validation runs remain within one standard deviation (σ = 0.8 m, Table 
4.1). The minimum standard deviation as derived from fitting the variogram model (C0 = 0.1, σ = 
0.3 m; Table 4.1) is similar to the accuracy of the index-points (0.2-0.3 m). Interpolated 
groundwater surfaces mimic independently reconstructed high-stand and low-stand surfaces as 
intended. In between the data-points, gradual transitions are produced. Over space, this results in 
gentle slopes and smooth surfaces (Fig. 4.4). At individual sites, this results in gradually rising 
groundwater levels over time, producing age-depth curves similar to earlier exponential fits for 
local sites (e.g. Van Dijk et al. 1991, Van de Plassche, 1995; Kiden, 1995; Törnqvist et al. 1998; 
Fig. 4.3). Therefore, reconstructed palaeo groundwater surfaces are considered to be realistic. 
Spatial-temporal patterns, in particular those in the centre of the interpolated 3D-block, are 
primarily explained by geological processes, not as artefacts produced by the interpolation 
methodology. 

4.4 Results: geological interpretation 

Interplay of downstream and upstream controls 
In this section, patterns of the palaeo-groundwater rise are compared to the low-stand and high-
stand state, to identify control interplay and spatio-temporal shifts in control-dominance within 
the coastal prism. The low stand and high stand situations (Fig. 4.4) are the end-members for the 
interpolated 200-yr-interval palaeo groundwater surfaces (Figs. 4.8, 4.9). The groundwater low 
stand is considered to be dominantly upstream-controlled whereas the high stand is downstream-
controlled.  

Sea-level controlled water-level rise 
Maximum rates of groundwater level rise (~5.3 m/kyr, Fig. 4.10) are reconstructed for ca. 8.2 kyr 
cal BP in the Rotterdam area (R’dam, Fig. 4.3). The main body of the coastal prism accumulated 
after 8.2 kyr BP, i.e. in the Middle Holocene. Rates of groundwater rise and longitudinal 
gradients show that since 8.2 kyr BP control interplay is comparable to the present. For the period 
9.5-8.2 kyr cal BP a gradually increasing rate was reconstructed. After 8.2 kyr cal BP rates 
decreased, dropping below 1 m/kyr approximately 4 kyr cal BP. The geological interpretation for 
this is that sea level becomes a direct control by 8.2 kyr cal BP: since that time groundwater level 
rise in the Rotterdam area resembled relative sea level rise at the river mouth (Jelgersma, 1961; 
Van de Plassche, 1982, 1995). Before that time river discharge dominated groundwater gradients 
and limited rates of groundwater rise. 

Discharge controlled inland groundwater rise 
After 8.2 kyr cal BP, not only in the lower delta, but also in the central delta, rates of groundwater 
rise are strongly controlled by sea-level – as illustrated by the similar temporal trend. Rapid 
Middle Holocene rise, decreasing towards the Late Holocene (Fig. 4.3) is observed all over the 
delta. However, while sea level at the river mouth was rising at rates of >3 m/kyr at 6.0 kyr BP, 
contemporary inland groundwater levels were rising at slower rates (Fig. 4.8). This is an effect of 
the fluvial gradient maintained in the inland groundwater levels (Van Dijk et al., 1991). Sea level 
rise lifted inland groundwater levels and decreased the groundwater level gradient. However, 
before sea level became a direct control, rivers had been entering the area. This had already raised 
groundwater levels above the palaeovalley surface, in response to earlier sea level rise further 
downstream. As a consequence, groundwater level rise in the back-barrier delta, although forced 
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by sea-level rise, did not occur at the rate of sea level rise, but at a reduced rate. Where continued 
sea level rise eventually transformed the area into a lagoon, rates of groundwater level rise did 
approach rates of sea-level rise. 

Transition of central to lower delta  
The (palaeo) groundwater surfaces have a concave gradient in which a break in slope occurs. This 
break marks the transition of the lower delta to the central delta, i.e. the transition between a 
lagoonal area where marine controls are dominant, and a fluvial area where upstream controls 
interplay with downstream controls. The break in slope was earlier recognised by Van Dijk et al. 
(1991; their ‘knick-point’, p.323), who suggested that it had migrated ca. 10 km upstream since 7 
kyr BP. The geostatistical interpolation does not confirm this result: after 7 kyr BP the concavity 
remained at approximately the same position (Fig. 4.9). However, the interpolation shows that 
considerable upstream migration did occur prior to 7 kyr BP (20 km between 8.2-7.0 kyr cal BP, 
Fig. 4.9), as a result of sealevel rise. 

Early Holocene (<8.2 kyr cal BP) controls 
Before 8.2 kyr cal BP, the absence of a clear break in slope implies that settings like the present 
lower delta did not exist in the study area (but they may have existed in the present offshore area). 
Few groundwater index-points older than 8.2 kyr BP (Fig. 4.3) exist, because of sampling 
difficulties at large depth relative to the present surface (-12 to -20 m). Available index-points 
dating from 9.0 to 8.2 kyr cal BP come from clearly fluvial settings in the central and upper delta, 
but are absent in the Rotterdam area. In the absence of data, the interpolation method calculates 
gradually rising water levels (Eq. 4). To check if such a gradual increase is realistic for the Early 
Holocene (<8.2 kyr cal BP) in the Rotterdam area, the local record was reviewed. In this area, 
basal peat at a depth between 12 and 15 m-O.D. is rare: brackish lacustrine silty clays dominate 
(e.g. De Groot & De Gans, 1996, Berendsen & Stouthamer, 2001). Available basal peat dates 
either come from below –15 m and predate 9 kyr BP, or come from above –12 m (relative to 
O.D.) and are younger than 8.2 kyr cal BP. The 3 meters in between accumulated within ~600 
years, based on the maximum observed rate (5.3 m/kyr) approximately 8.2 kyr BP. This is a 
slightly shorter period than the age difference of the datings, suggesting that aggradation rates 
prior to 8.2 kyr BP were slightly lower than 5.3 m/kyr, although when considering a dating-
accuracy of ± 200 yr, the maximum rate might just apply. Possibly the gradual increasing rise as 
calculated, was more abruptly increasing in reality. That would explain why no peat formed in the 
three meters below -12 m. The datings below -15 m constrain the timing of such abrupt rise to 
8.7-8.2 kyr cal BP.  

Control of tectonic subsidence 
Regional and local effects 
Like sea level rise, groundwater rise in the southern North Sea basin consists of an eustatic-rise 
and a subsidence component. Relative water level rise continued in the Late Holocene in the 
southern North Sea, while by that time global eustatic sea-level rise had virtually ceased (e.g. 
Peltier, 2002). This illustrates that tectonic subsidence is a significant factor. While eustatic sea-
level rise is spatially constant, tectonic subsidence is spatially variable (as a result of tilting and 
differential subsidence of the subsurface (Cohen et al., 2003). Subsidence co-influences 
accommodation attributed to relative sea-level rise. Breaking down relative rise in an eustatic and 
subsidence component usually is not attempted, or impossible, given data availability. Lumping 
eustasy and subsidence controls is a common approach in geological interpretation of near-coastal 
fluvial records (e.g. Blum & Törnqvist, 2000). In the interpolation, relative rise was estimated by 
a trend function (Eqs. 3, 4). The coefficients of Eq. 4 accounted for the overall downstream 
increasing trend in subsidence. Kriging the residuals accounted for the remaining non-linear 
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spatial variation. This way, the interpolation deals with both regional and local effects of 
subsidence: the effect of absolute subsidence is part of the regional trend, and local effects of 
differential subsidence may be identified as sub-regional patterns superimposed on the regional 
trends. 

Differential subsidence can be an additional local control creating extra accommodation. This is 
relevant for the E-W oriented Rhine-Meuse rivers, because they cross tectonic blocks, fault zones 
and Quaternary depocenters rather than to follow the main SE-NW orientation of the tectonic 
framework (Cohen et al. 2002). It is now accepted that differential subsidence associated with the 
Roer Valley Graben (RVG) was a significant control in the central delta (Berendsen & 
Stouthamer, 2000, 2001; Cohen et al., 2002). The central-upper delta transition coincides with the 
NE edge of the RVG (the Peel Boundary Faultzone, PBF). The SW edge (the Gilze-Rijen 
Faultzone, GRF) of the RVG is within the lower delta (Fig. 4.9). Locally, differential subsidence 
across the PBF ranges from 0.03-0.07 m/kyr at the central delta axis to 0.09-0.15 m/kyr in the 
southern delta rim. Local offsets of the palaeovalley surface are between 0.8 - 1.5 m (Cohen et al., 
2002; 2003). These are values averaged over 7,000-15,000 years. Displacement rates are 1-2 
orders of magnitude smaller than Middle Holocene rates of relative water level rise. However, 
differential subsidence not necessarily has been constant over time. Locally, periods of short 
duration of large displacement (e.g. swarms of earthquakes, Houtgast, 2003; Houtgast et al, 
subm.) may have alternated with longer periods with hardly any displacement. Averaged over 
periods of 100-1000 yr, subsidence rates locally may have contributed significantly to 
groundwater level rise (e.g. Cohen et al. 2003).  

Across the PBF, differential subsidence is suspected to have influenced regional aggradation rates 
and deformed palaeo-groundwater gradients (Törnqvist et al. 1998, Cohen et al. 2002, 2003). 
Directly downstream of the PBF, locally higher rates of subsidence are reconstructed than further 
downstream. For example at 6.0 kyr BP a zone of anomalously rapid groundwater rise is 
observed (Fig. 4.8c). More rapid floodbasin aggradation can be explained by higher subsidence 
rates, i.e. as a syn-depositional effect. Post-depositional effects may appear as anomalies in 
surface elevation. Towards the most subsiding areas, deformation of the palaeo-groundwater 
surfaces progressively increased gradients. For example, contour lines in the 6.0 kyr BP time slice 
(Fig. 4.8a) align parallel to the PBF strike. Maximum surface gradients are to the SW, 
perpendicular to the PBF, and not perpendicular to the coast. These anomalies indicate that 
differential subsidence is a local control in the palaeo groundwater record, as identified earlier 
(Törnqvist et al., 1998; Cohen et al. 2002, 2003). 

Implicitly quantified absolute subsidence rates  
The trend function (Eq. 3) was designed to mathematically model the downstream-upstream 
interplay: The eustatic component in relative rise is in the sigmoid term, and the subsidence 
component in groundwater rise is in the linear term of Eq. 3. The fitted value for coefficient (d) in 
Eq. 3 is an estimate of mean absolute subsidence in the study area, relative to the local thickness 
of the sedimentary wedge, and averaged over the last 11,000 yr. Its value d=0.34 (Eq. 4) implies 
that over 11 kyr, 34% of the locally accumulated thickness (D) is accounted for by linear rise. 
Because thickness D increases downstream, the absolute amount accounted for by the linear term 
also increases downstream. For a location with a total accumulated thickness D=12 m, a linear 
rate of D·d/11 kyr = (12*0.34)/11 = 0.37 m/kyr is implicitly applied. For D=6 m, the rate is 0.19 
m/kyr. This way the trend function accounts for the general downstream increasing trend in 
absolute subsidence. The linear term cannot be fully attributed to subsidence since a linear 
component of eustatic sea-level rise may also be embedded in the estimate. The linear term 
defines the maximum rate of subsidence that may have occurred. Values are about 200-300% 
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higher than estimates for absolute subsidence over longer time scales (e.g. Kiden et al., 2002: 
0.16 m/kyr for the Rotterdam area, averaged over 125 kyr since OIS-5e). Kiden et al. (2002), 
deduced relatively high subsidence rates in the study area during the Early and Middle Holocene, 
and explained this as a result of post-glacial forebulge collapse (resulting from the glacio-isostatic 
effect of melting icecaps on Britain and Scandinavia) and water loading (resulting from eustatic 
sea-level rise in the North Sea). Although the implicitly quantified rates are maximum estimates, 
that probably overestimate actual subsidence rates, they support results by Kiden et al. (2002). 
Post-glacial rates of subsidence in the study area were higher than longer-term averages over 
complete glacial cycles. This is explained by updoming and subsequent collapse of a forebulge. 

Local differential subsidence quantified by kriging 
Palaeo groundwater gradients across the PBF zone may be displaced by fault activity (Törnqvist 
et al., 1998; Cohen et al. 2002). Fault displacement is seen as local relative subsidence, 
superimposed on absolute subsidence, i.e. local differential subsidence. For older groundwater 
gradients, the displacement will be larger. A linear rate of fault displacement can be estimated 
from elevations of palaeo groundwater levels at opposite sides of the fault, after correction for 
elevation differences caused by regional trends (Cohen et al. 2003). The residuals (ZR; Eq. 6) are 
relative elevations remaining after removal of such regional trends. Upstream of the PBF, a 
component of ZR may be attributed to fault displacement. The kriging part of the interpolation 
was further developed to quantify this component. Fault displacement within the residuals was 
incorporated as: 

(8) 







 

3
,, 10ˆˆ −⋅⋅+= iiKiR AsZZ , upstream of the PBF  

iKiR ZZ ,,
ˆˆ = ,   downstream of the PBF 

in which s is the rate of fault displacement (m/kyr), linear over time. The age (in kyr, Ai·10-3) was 
fed to the GSTAT program as a base-function (cf. Pebesma and Wesseling, 1998). The rate of 
fault displacement (s) was least-square estimated simultaneously with the kriging calculations 
(i.e. universal kriging cf. Pebesma and Wesseling, 1998; Burrough and McDonald, 1998). An 
average value for the delta over the Holocene was deduced (Table 4.3), as well as values for 
specific locations and time periods.  

Based on groundwater index points, the average displacement-rate of the PBF was 0.07 ± 0.03 
m/kyr over the last 11.0 kyr BP, i.e. 0.44-1.10 m of vertical deformation. These estimated rates 
are consistent with earlier estimates. Regional estimates are based on smaller subsets of the index 
points. The results indicate that the averaged rate is mainly based on the Middle Holocene 
densely sampled part (7.5-4.5 kyr BP). For other periods, standard deviations exceed estimates: 
based on groundwater index points no significant deformation by subsidence could be quantified 
for the Early Holocene and Late Holocene. 
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Table 4.3: Differential subsidence rates across the PBF predicted by universal kriging (Eq. 8) 
Time 
 kyr cal BP 

Rate s 
m/kyr 

σ 
m/kyr 

N 
- 

 Rate s 
m/kyr 

σ 
m/kyr 

N 
- 

Entire delta (all points) Delta wide   
 11.0 – 0.0 kyr cal BP  0.07 ± 0.03 313     
    
Regional (local neighbourhood) North of delta axis (near Zb)  South of delta axis (near Dr) 
 5.5 – 2.5 kyr cal BP -0.11 ± 0.14 18   -0.08 ± 0.12 19 
 7.5 – 4.5 kyr cal BP  0.07 ± 0.04 60   0.07 ± 0.04 56 
 9.5 – 6.5 kyr cal BP -0.04 ± 0.08 25   -0.04 ± 0.08 25 
        
Site scale (literature)        
 7.0 – 0 kyr cal BP 
 7.0 – 5.5 kyr cal BP 
 15.0 – 0 kyr cal BP  

0.03 - 0.07 1 
relatively high 1 

0.04 – 0.06 1 

4, xx 
20, xx 
xx  0.09 - 0.15 2 xx 

 1 Cohen et al., 2003; 2 Cohen et al, 2002; xx = estimate not based on sample-elevations of radiocarbon dates. 
 
Other local controls 
Other local controls may have caused deviations of the regional trends in groundwater levels. 
Along the valley axis, palaeo-groundwater gradients after 6 kyr BP show a local bulge 
superimposed on the general gradient (Fig. 4.9, sites Bu and Zb). The bulge occurs in the same 
area as the PBF zone. Because the signal from the gradients is mimicked by the present 
groundwater surface (HDEM), the bulge is not a tectonic deformation. The bulge is not present in 
the oldest palaeogroundwater gradients. The fading of the bulge back in time may be attributed to 
tectonic deformation, but it leaves the question what causes the bulge to occur. An explanation 
may be found in the local control of groundwater flow. From present polder water management it 
is known that significant groundwater outflow occurs, originating from the nearby Saalian ice-
pushed ridges that have been a large net infiltration area since their formation (OIS-6, ca. 200 kyr 
BP). The PBF in the subsurface enhances groundwater outflow by displacing subsurface aquifers 
and aquitards. 

Groundwater levels as recorded by basal peat are locally higher in areas where groundwater 
discharge (seepage) occurs. Groundwater level index-points from the coversand-area north of the 
palaeovalley, are at a higher position (i.e. higher than coeval samples in the central delta to the 
south, Fig. 4.3c). This is attributed to local groundwater outflow (Berendsen, 1982; Van de 
Plassche, 1982). Directly below the basal peat, Early Holocene podzolic palaeosoils are found. 
This means that a transition occurred from infiltrating conditions to accumulation of peat. 
Therefore it is concluded that the onset of basal peat formation reflects the landward migration of 
the seepage zone during the Holocene (De Vries, 1974). Deltaic sedimentation forced by sea level 
rise (progressively sealing of the sandy substrate) may have changed the groundwater hydrology. 
The strongest hydrological changes probably occurred close to the ice-pushed ridge along the NE 
rim of the study area (Fig. 4.8). This may also explain the locally higher groundwater tables after 
6.0 kyr near sites Bu and Zb in the central delta. In theory, palynological indicators in the basal 
peats could provide an independent check for this hypothesis. However, in samples from the sites 
Bu and Zb (Cohen et al., 2003), species indicative for groundwater-seepage and for fluvial 
flooding were found in similar assemblages. 

 For the lower delta area, tidal fluctuations are another control. Changes in floodbasin size and 
tidal inlets may have changed volumes of daily tidal currents (tidal prism). In the tidal floodbasin, 
basal peat may have formed at levels up to local mean high water (MHW), and changes in local 
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MHW might be superimposed on the general sea level rise (floodbasin-effect, Van de Plassche, 
1982; 1995). Potentially, the interpolation technique may help to reconstruct palaeo-floodbasin 
configurations. In this study, tidal effects are not explored in detail.  

Aggradation rates and sedimentary architecture 
The reconstruction of palaeo water-level rise in the floodbasins is linked to the sedimentary 
record of the fluvial channels (Fig. 4.10). The Rhine-Meuse delta sedimentary architecture has 
been described in a well-established space-time channel type model (Fig. 4.10ab, Törnqvist, 
1993; Berendsen & Stouthamer, 2001). Törnqvist (1993) linked the sedimentary architecture 
primarily to declining rates of relative sea-level rise. The interplay of upstream and downstream 
could only be assessed qualitatively. This study explicitly quantifies groundwater level rise within 
the coastal prism and allows for direct linkage of sedimentation to regional floodbasin 
aggradation rates, at any location within the delta. 

The highest rates of floodbasin aggradation occurred in the lower delta, between 9 and 4 kyr cal 
BP (Fig. 4.10c). This period is characterised by the occurrence of straight (cf. Makaske, 1998, 
2001; or anastomosing cf. Törnqvist, 1993) channels. In the sea-level controlled part of the delta, 
these channels started to form when aggradation rates exceeded 2.0 m/kyr. Because of the 
limiting effect by upstream controls, the channels formed up to 2 kyr later in the central delta, 
relative to the lower delta. The most inland straight channels (active between 6 - 4 kyr cal BP) 
originated as partial avulsions (cf. Stouthamer, 2001; large-scale crevassing cf. Makaske, 1998) 
of the Rhine trunk channel that flowed parallel to the northern delta rim. This trunk channel 
(Utrecht river system cf. Berendsen 1982, Berendsen & Stouthamer 2001) was a meandering 
channel (Fig. 4.10b, location Ho, Wh). Locally higher subsurface erodibility (eolian coversands 
vs. clayey fluvial deposits) has been held responsible for the meandering style of channels in the 
delta rim area (e.g. Berendsen & Stouthamer, 2000). In addition, effects on bank stability by local 
groundwater outflow may have promoted a meandering channel style. 

After 4 kyr BP, straight large-scale crevassing channels disappear in favour of channels of 
meandering style. This coincides with aggradation rates decreasing below ~1.0 m/kyr, and the 
occurrence of higher aggradation rates in the central-upper delta, relative to the lower delta. This 
points to a changing interplay of upstream and downstream controls. This interplay already set in 
earlier, at the time of the termination of global eustatic sea level rise. From 5 kyr BP, relative sea-
level rise strongly decreased and hence the upstream control grew relatively stronger, which 
resulted in progradation. The upstream control may also have grown stronger in an absolute sense 
and Late Holocene patterns in aggradation rates may reflect increased discharge of water and/or 
sediment. Probably both climate change and increasing human impact in the upstream drainage 
basin explain this increase in discharge. The stable number of meandering channels, increasing 
channel width and meander wavelength and increased avulsion frequency after 2.5 kyr BP, have 
been interpreted as an effect of a discharge and sedimentation increase (Berendsen & Stouthamer, 
2000). Separation of the human and climatic component in the upstream control remains a 
challenge. Because basal peat indicators for palaeo groundwater levels are not available for the 
period 2.5–0 kyr BP, no detailed interpretation of aggradation rates in the latest part of the 
Holocene was attempted. It is concluded that in the Late Holocene, the influence of upstream 
controls reached further into the central delta than during the Middle Holocene. 
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Figure 4.10: Channel style and floodbasin aggradation. Space-time diagrams comparing channel type 
(upper panels) and floodbasin aggradation rates (lower panels) along W-E (longitudinal, left) and a N-S 
(lateral, right) transects through the coastal prism. Upper panels after Törnqvist (1993); modified. 
Channel type names cf. Makaske (1998), Berendsen & Stouthamer (2001). Site name abbreviations 
as in Fig. 4.3. 
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4.5 Discussion 

Coastal prism build-up 
The interplay of downstream, upstream and local controls identified for the Rhine-Meuse coastal 
prism has implications for the interpretation of coastal prism records in general. Commonly, 
coastal prisms are explained as a result of back filling, driven by relative sea-level rise. This paper 
points out that it is important to break down relative sea-level rise into its components eustatic 
rise and land subsidence. During the period of eustatic rise the Rhine-Meuse valley shows back-
filling and extensive peat formation. In the palaeo-valley, the point of Holocene onlap migrated 
upstream. In the period of decreased eustatic rise, peat formation eventually (by ca. 3 kyr cal BP) 
ceased. Both in the central delta and in the upper delta, aggradation continued because the river 
was still adapting its longitudinal profile. In the upper delta this led to continued upstream 
migration of the point of Holocene onlap, at a rate no longer determined by downstream sea-level 
rise, but by discharge and sediment load (upstream control). This supports ideas on the Holocene 
onlap distance being influenced by hinterland sediment supply (e.g. Blum & Törnqvist, 2000, 
p.19), but challenges the idea that the point of Holocene onlap is a measure for the inland distance 
to which downstream controls reach.  

Central delta as a high-stand sediment trap 
The central part of a coastal prism acted as a sediment trap, in particular since sea-level reached 
its high stand. The accumulation space created during rapid eustatic rise was filled with peat. 
When later fluvial deposition loaded these peats, they compacted and sediment was trapped in 
earlier created accumulation space (Fig. 4.11). Apart from eustatic rise, subsidence created 
accumulation space too (Fig 11b,c). After eustatic rise ceased, subsidence continued to create 
accumulation space. To raise its longitudinal profile, the river had to fill all these contributions to 
total accumulation space, which so far has taken about 5,000 year in the Rhine-Meuse delta. 
Progradation of a backbarrier delta in a no-subsidence situation would have been more rapid than 
in a subsidence situation (Fig. 4.11). In the Rhine-Meuse delta, differential subsidence may have 
further slowed down progradation. Progradation of the back-barrier delta into the lagoonal area is 
still in progress. If the Holocene high stand lasts long enough, continued deposition may 
eventually fill all accumulation space. During the Middle and Late Holocene, Rhine and Meuse 
avulsion locations clustered at the central-upper delta transition. But at the same time the delta 
apex migrated upstream towards its present position: back-filling continued after eustatic sea-
level rise had ceased. Repeated avulsion of distributaries is the mechanism that distributes fluvial 
sediments in the central delta. The fact that avulsions concentrate at the upstream side of the 
central delta illustrates that this area was a sediment trap: repeated cycles of avulsion were needed 
to fill its accumulation space with sediments. The tectonic setting (differential subsidence related 
to the PBF) seems to have amplified the efficiency of the central delta as a sediment trap. 

Nodal avulsion sites in the central delta may be a feature unique to rivers with a sediment-load 
unable to fill the accumulation space created within the period of activity of individual 
distributaries, such as in the Rhine-Meuse delta. A river with a larger sediment load would have 
filled the trap more rapidly. The reconstruction of palaeo-groundwater rise for the Rhine-Meuse 
delta shows that gradients in the central delta have hardly changed over the last 6 kyr. Besides 
repeated avulsions occurring at the same locations, also the area where fluvial gradients grade to 
sea level remained at a virtually constant position. The floodbasin water level record and the 
channel belt sedimentary record of the Rhine-Meuse delta both reflect the sediment-trap effect of 
the central delta since the Middle Holocene. 
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Early Holocene part of the coastal prism  
The Early-Holocene record (i.e. before 8.2 kyr BP) of the Rhine-Meuse delta may be less 
comparable to other coastal prisms than its Middle-Late Holocene parts. Because of the relative 
vicinity to OIS-2 glaciations, the Rhine-Meuse delta record of relative water level rise may have a 
strong imprint of enhanced subsidence related to deglaciation, particularly in the Late Glacial and 
Early Holocene (Kiden et al. 2002; Cohen et al. 2003, this paper). Enhanced Early Holocene 
subsidence has provided the accumulation space for the sediments that are still preserved at the 
base of the present coastal prism in the lower delta (Fig. 4.11c). Preservation of Early Holocene 
sediments is an uncommon feature, usually bases of coastal prisms date from the Middle 
Holocene (Stanley & Warne, 1994; Fig. 4.11b). Within the palaeovalley, antecedent topographic 
effects of OIS-2 forebulge updoming are not expected to exist in the longitudinal profile: by that 
time it was an active river, maintaining its valley-gradient and cutting through the forebulge. 
During the Late Glacial and Early Holocene, forebulge collapse and sea-level rise caused 
subsidence of the then largely abandoned palaeovalley, creating accumulation space for deltaic 
sediments. This feature probably is unique to coastal prisms in areas of former forebulges of 
Quaternary glaciations. 

Future application: interpolation vs. process-based modelling  
A quantitative approach to Quaternary data is essential to link field results to models (Blum & 
Törnqvist, 2000; Paola, 2000). In calculating palaeo-groundwater surfaces, reconstruction by 
interpolation is in fundamental contrast to reconstruction by process-based forward modelling of 
a palaeo-situation. In a process-based modeling approach only antecedent data can be used in 
calculating subsequent groundwater levels. Additional physical processes (water flow) and inputs 
at the boundaries (discharge, sea-level position) need to be a-priori specified. The reconstruction-
by-interpolation approach calculates the preserved situation instantaneously, based on spatial and 
temporal correlations identified in the data. Apart from conceptual pre-assumptions (e.g. rise 
from low stand to high stand) no information from outside the study area is introduced to 
calculate groundwater levels.  

 
 
 
 
 
______ 

Figure 4.11 (previous page): Coastal prism anatomy: eustatic rise and subsidence. Schematic 
diagrams showing the additional contribution of subsidence to accumulation space within a coastal 
prism. Initial palaeovalley gradient and upstream fluvial discharge and sediment load are constant 
within all panels. Sediment load of the fluvial system is moderate i.e. it is filling Holocene accumulation 
space by creating a back-barrier delta and has not prograded beyond the transgressive coast line.  

(a) No subsidence situation – coastal prism anatomy is solely related to interplay of eustatic sea-level 
rise and upstream discharge and sediment load. Late Holocene accumulation space is produced 
solely by fluvial sedimentation (upstream control). 

(b) Linear subsidence component added. Subsidence of the palaeovalley facilitates more downstream 
onset of coastal-prism aggradation. Late Holocene accumulation space is produced by local 
subsidence in addition to fluvial sedimentation. The latter is less effective in prograding into the 
lower delta reaches.   

(c) Non-linear subsidence component added. Early Holocene accumulation space is preserved at the 
base of the coastal prism. Late Holocene interplay is the same as in panel B. This panel represents 
the regional trends in the Rhine-Meuse case. Note that influences of local controls (see text) are 
omitted from the graphs.  
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When these reconstructions need to be compared to output of process-based models, it may be 
necessary to correct for the effects of subsidence: palaeo-groundwater levels in the present record 
are not at their original elevation because subsidence continued after deposition. Since absolute 
and differential subsidence could be estimated (see above), correction for post-depositional 
deformation is possible. Due to the nature of the input data, the reconstruction produced values 
averaged over geological time-scales, considerably longer than records of instantaneous 
observations in present-day analogues. Hence the results are more directly applicable to process-
based models for geological time scales than modern-day measurements. Lastly, the statistical 
error at each prediction location (σK) is obtained and can be explicitly assessed in applications of 
the interpolation result. These three elements in the interpolation design (assessment of 
subsidence, geological-averaged output, quantified errors) make the reconstruction particularly 
applicable to process-based modeling: either as a-priori input data, or as calibration and validation 
data. 

The 3D-block of data resulting from the interpolation is in a format that allows direct validation 
of process-based model output, not just at individual sites of the input data, but also for larger 
areas. In that way, the geological interpretations in terms of control interplay potentially can be 
further strengthened. For example running hydro-dynamic models describing fluvial outflow into 
a lagoonal area may confirm the occurrence of reduced rates of inland groundwater level rise. The 
hypothesis that local higher aggradation in the NE central delta is an effect of shifts in 
groundwater outflow, can be tested by running hydrological model scenarios for subsequent 
stages of delta build-up. Models for sedimentary architecture can be fed with realistic regional 
aggradation rates, and validated versus the sedimentary record to test their performance. A wide 
range of conditions is archived in the Rhine-Meuse delta that by interpolation now has been made 
operational. In particular the balance between regional aggradation rates (distal floodbasin 
aggradation) and local aggradation (proximal sedimentation, levee build-up), that is related to 
avulsion (e.g. Stouthamer, 2001, Törnqvist and Bridge, 2002) may be assessed. In this way the 
geological correlations between the channel record and the floodbasin record (e.g. Fig. 4.10) may 
be expanded to incorporate process-based, truly physical explanations.  

4.6 Conclusions 

Using geostatistical interpolation techniques, palaeo-groundwater levels can be reconstructed and 
spatial and temporal trends in groundwater levels can be quantified. In doing so, it is necessary to 
break down relative rise into its components of eustatic rise and land subsidence.  

Trends that were observed over the entire Rhine-Meuse delta are attributed to the variable 
interplay of downstream and upstream controls (sea-level rise, absolute subsidence, changing 
discharge and sediment load); regional deviations are explained by local controls (differential 
subsidence, groundwater flow, tides). The exact timing of the onset of aggradation and the exact 
rate of aggradation are a result of the complex interplay between sea level, upstream controls and 
local controls. 

A dominant sea-level control on coastal prism groundwater levels has been present since 8.2 kyr 
cal BP, i.e. in the Middle Holocene and Late Holocene. From this time on lagoonal areas with a 
near zero gradient (lower delta setting) existed inland from the present coastline. Quantified rates 
of groundwater rise show interplay with other controls (fluvial discharge, differential subsidence, 
groundwater hydrology), particularly in the area where rivers entered the lagoon (central delta). 
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The Middle-Late Holocene record of the central delta shows that groundwater gradients remained 
rather constant, despite changes in strength of downstream, upstream and local controls. In the 
Late Holocene slow progradation of the central delta into the lagoon occurred, while back filling 
continued upstream. As a result of continued subsidence and compaction of earlier peat-filled 
accumulation space, sediment of repeated avulsions was trapped in the central delta (Fig. 4.11). 
Such complex response may apply to other coastal prisms featuring back barrier deltas. In the 
Rhine-Meuse delta, its effect was amplified by local differential subsidence. 

Holocene averaged rates of absolute subsidence appear 200-300% larger than averages over a full 
glacial cycle. This subsidence created accumulation space in the Early Holocene. As a result, 
Early Holocene fluvio-deltaic deposits filled this space, and are preserved within the present 
coastal prism. Preservation of Early-Holocene deltaic deposits may be a unique feature of coastal 
prisms in forebulge areas of the OIS-2 glaciation. 

The geostatistical methodology transforms field data into a form that allows direct use in 
sedimentary architecture process-based models. This paper is exceptional in its geostatistical 
approach to integrated analysis of Late Quaternary sedimentary data from multiple sources, in the 
resolution and quality of the data used, and in covering the complete evolution of a large 
Holocene coastal prism. 
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LIST OF SYMBOLS 

Surfaces 
DEM – Digital elevation map, cell size 250x250 m [m +/- O.D.] 
HDEM – DEM of the high stand groundwater surface [m +/- O.D.] 
PDEM – DEM of low stand (11.0 kyr cal BP) topography [m +/- O.D.] 
LDEM – DEM of low stand (11.0 kyr cal BP) groundwater surface [m +/- O.D.] 
 
Observations and Predictions 
_ i – Value for an individual index point 
^ – Trend-estimate at an index point 
A  – Dated age, calibrated radiocarbon date [yr cal BP] 
A0 – Age of low stand (Z = LDEM; Z% = 0 %), Age of oldest GW index point [yr cal BP] 
D, DXY – Local accumulated thickness, difference of LDEM and HDEM at location X,Y [m] 

D  – Average local accumulated thickness, mean of all index points [m] 
N – Number of index points 
X  – Location, Easting; Dutch coordinates [km] 
Y – Location, Northing; Dutch coordinates [km] 
Z – Absolute elevation, relative to O.D. (‘NAP’, ≈ present Mean Sea Level) [m] 
ZK – Kriging predicted trend-residual deviation in elevation [m] 
ZT – Trend estimated absolute elevation [m] 
Z% – Normalised elevation Z, relative position between LDEM and HDEM [%] 
Z%T – Trend estimated relative position [%] 
Z%R, ZR – Residual vertical deviation [%], [m] 
 
Miscellaneous 
t  – time dimension 
x – spatial dimension E-W 
y – spatial dimension N-S  
z – vertical dimension 
 
b, c, d – regression coefficients in Eqs. 3, 4 [-] 
p(t), q(x,y) – functions of time respectively location 
s – regression coefficient for local differential subsidence Eq. 8 [m/kyr] 
 
ax, ay, at – 3D-variogrammodel range for dimensions x, y, t 

C0, C1 – 3D-variogrammodel constants defining nugget and sill  
h – Variogram distance for a pair of data-points  
 
γ(h) – semi variance 
σ, σK – standard deviation, kriging standard error 
σ2

, σ2
K – variance, kriging variance 



 106 

5 PALAEOGEOGRAPHY  

OF THE CENTRAL RHINE-MEUSE DELTA 

WITH EMPHASIS ON THE EARLY HOLOCENE 

5.1 Introduction 

The Peel Boundary Faultzone (PBF) crosses the study area from SE to NW. In the central 
Netherlands, the PBF separates the Roer Valley Graben (RVG) from the tectonic blocks on its 
northeastern shoulders (known as Peel Horst, Peel-Venlo block, Maasbommel High). From the 
deeper subsurface, the PBF is known as an up to 10-km wide faultzone of overstepping normal 
faults.  

The study area (Addendum 1) is located in the heart of the Netherlands’ fluvial district. Channels 
of the rivers Rhine and Meuse have crossed the PBF zone at least since 60 kyr BP (OIS-4/3) 
continuously (Törnqvist et al., 2000). The Weichselian-Holocene (OIS 4-1) river Rhine followed 
(and still follows) a course imposed by the Saalian ice sheets (OIS-6). The study area covers the 
full width of this glacial-imposed valley. In response to the Weichselian-Holocene (OIS-2/1) 
deglaciation and climatic amelioration, a fairly complete record of fluvial deposits is preserved 
that spans the last 15,000 years. It is this specific geological setting that produced the study areas’ 
unique record, from which interaction between active tectonics and deltaic-fluvial sedimentation 
can be studied over time scales of millennia. 

The deposits in the study area document the evolution from a full-glacial (OIS-2) braided-river of 
the Weichselian Pleniglacial (ca. 20 kyr BP) towards the present situation. Weichselian Late 
Glacial and Early Holocene (OIS 2/1 transition) incisive stages, with wandering and meandering 
channels, reworked the Pleniglacial braidplain. This was followed by aggradation in the Middle 
and Late Holocene, when fluvio-deltaic deposits from several generations of anastomosing 
meandering and straight (cf. Makaske, 1998) channels buried the palaeovalley.  

Aims 
During the Late Glacial and Holocene, faults of the PBF have been active, albeit not at constant 
rates. Differential subsidence occurred in the area over the last 15,000 years. This implies that 
effects of tectonics should be taken into account when interpreting the sedimentary record and 
reconstructing the detailed palaeogeography of this area. The aim of this chapter is to discuss 
what part of the fluvial record may be interpreted as syn-depositional effects of tectonic controls. 

To distinguish syn-depositional tectonic effects from those of other controls (e.g. climate change 
and sea level rise) insight in the latter controls is necessary. Late Glacial fluvial evolution is 
essentially controlled by climate change. The Middle-Late Holocene evolution is essentially 
controlled by sea level rise. At the start of this study, it was unclear when the change in 
dominance occurred and how and where this was recorded in the fluvial record. The 
palaeogeographic reconstruction therefore concentrated on the Early Holocene part of the record.  
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Figure 5.1: (a) Location of study area in the Netherlands. (b) Site locations.  

 
 

Research questions were: 
- What is the geometry of the Early Holocene channel deposits? Where were they located? 

How complete is their preservation?  
- What were the external and internal controls that shaped these channels? How do Early 

Holocene rivers relate to the Weichselian Late Glacial topography? How is their occurrence 
related to upstream and downstream controls? 

- Is there a response to tectonic controls in these deposits? Did rivers respond to active 
deformation of the Late Glacial surface? Did post-depositional deformation occur? 

Solving these questions requires a reconstruction of fluvial evolution over the last 15,000 years, 
and description of the regional effects of upstream and downstream controls. The syn-
depositional effects of local tectonic controls (active differential subsidence) are represented by 
those parts of the palaeogeographic reconstruction that cannot be explained by upstream and 
downstream controls. 
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5.2 The framework 

The presented work builds upon a long history of earlier research. Berendsen & Stouthamer 
(2000, 2001) documented this work and integrated the accumulated data and insights. This 
produced a well-established framework for the fluvial evolution of the Rhine-Meuse delta that 
was used as a starting point for the detailed palaeogeographic reconstruction, which was further 
expanded with new insights from the study area.  

The framework covers the fluvial evolution of the study area since the last glacial maximum, ca. 
22-18 kyr cal BP. The time span is split into four periods, representing subsequent stages in the 
evolution: 22-18 kyr cal BP; 18–11 kyr cal BP; 11–8 kyr cal BP; and after 8 kyr cal BP. Each 
stage has a specific combination of in-channel and overbank deposition, evolutionary trend 
(system response over time to changes in controlling factors) and resulting alluvial architecture 
(preservation).  

22 - 18 kyr cal BP 
During the last glacial maxiumum of the Weichselian Pleniglacial, approximately 22-18 kyr ago, 
the Rhine probably discharged through multiple valleys, reoccupying flow paths dating back to 
the Saalian (OIS-6) glaciation and deglaciation (Cohen et al., 2002: Fig. 5.2c). The Meuse joined 
the southernmost Rhine distributary (the valley presently occupied by the smaller river Niers) 
south of the Nijmegen ice-pushed ridge. Further downstream, this Rhine-Meuse branch joined 
other Rhine branches more to the north in the study area. The wide palaeovalley produced the 
initial conditions for the developments during the Late Glacial and Holocene. Their deposits are 
seldom reached by the hand corings that are the primary data source for this study.  

Upstream of the study area, slightly (1-5 m) above the present floodplain, a terrace is preserved 
on both sides of the Holocene valleys of the Rhine and Meuse (Huisink, 1997; Tebbens et al., 
1999). Abandoned channel scars in the terrace surface indicate that a braided river system existed. 
The surface continues in the substrate of the study area as a buried terrace. Downstream fining 
occurs within the deposits, but all along the longitudinal profile the deposits contain coarser 
material than younger units. Gravel is present in significant percentages (>10%) in the study area. 
Absolute dating of the age of this terrace is primarily based on abandoned channel fills that date 
from ca. 15 kyr BP (Huisink, 1997; Tebbens et al., 1999). Luminescence dating (OSL) has 
confirmed the age of the terrace’s deposits (Wallinga, 2001:153, core Delft II).  

18 - 11 kyr cal BP 
Dramatic climatic change characterised the termination of the Weichselian glacial between 18 
and 11 kyr cal BP. In the valleys upstream of the study area, the geomorphology indicates the 
braided river valley contracted its width, by forming a few meandering channel belts, dated to the 
Bølling/Allerød period (Huisink, 1997; Tebbens et al., 1999). These meandering channels incised 
into the older deposits. This resulted in the abandonment of large parts of the Pleniglacial 
palaeovalley. 

Late Glacial channels formed a series of cut-terraces within the palaeovalley surface. Abandoned 
Rhine and Meuse channel belts date from the Bølling/Allerød and earliest Younger Dryas (ca. 15-
12.5 kyr cal BP). A meandering Rhine channel existed south of the present river Waal in the east 
of the study area (Makaske & Nap, 1995). A smaller meandering channel (Pons, 1957; Berendsen 
et al. 1995) joined this Rhine channel from the SE. In the study area, Rhine and Meuse are 
believed to have been meandering during the Bølling/Allerød, like the channels are the 
continuations of meandering systems directly upstream. 
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Upstream of the study area, the Younger Dryas (ca. 12.7-11.6 kyr cal BP, Litt et al., 2003) 
channel belt of the Meuse shows a braided pattern of abandoned channels (in-filling started in the 
Early Holocene). The braided pattern during the colder Younger Dryas formed an incised terrace 
within the Pleniglacial braidplain. Abandoned channels are straighter than the Bølling/Allerød 
channels that were largely reworked. The Younger Dryas Rhine channel belt can be discriminated 
from older deposits based on the occurrence of reworked Laacher See Tephra (between 13.1-12.9 
kyr cal BP; Schmincke et al., 1999; Litt et al., 2003): gravel-sized clasts of pumice occur in these 
deposits. The massive occurrence of pumice within the Younger Dryas channel belt is attributed 
to a catastrophic flood of the Rhine directly related to the Laacher See volcanic eruption. In the 
vicinity of the volcano, the Rhine gorge through the Eifel / Rhenish Massif became dammed by 
the eruption, forming a temporarily lake in the upstream valley (Litt et al., 2003). Shortly 
thereafter the dam breached, unleashing a catastrophic flood through the Rhine that produced a 
pumice-rich bed within the then-active river.   

A last phase of incision (ca. 11.6 – 11.0 kyr cal BP) occurred at the onset of the Holocene (Hoek 
& Bohncke, 2002). The oldest Holocene channel deposits are at a deeper level than the 
Weichselian channel deposits, and largely reworked the Younger Dryas deposits. Upstream of the 
study area, the Early Holocene Rhine was meandering (Berendsen & Stouthamer, 2001; Shala, 
2001). 

The dynamics of the Late-Glacial Meuse producing a series of incisive channel belts has 
primarily been explained as a fluvial response to climatic amelioration (Vandenberghe, 1995; 
Berendsen et al., 1995). In the Rhine, the dimensions of the channel belt may not solely reflect 
the climatic control because of the catastrophic flood event following the eruption of the Laacher 
See volcano. Below the Laacher See Tephra-containing beds, finer deposits occur (Verbraeck, 
1984). These are found at depths well below the surface of the Pleniglacial palaeovalley, and 
suggest incision of the Rhine during the Bølling/Allerød (ca. 15-13 kyr cal BP), prior to the 
Laacher See eruption.  

11 – 8 kyr cal BP 
The Early Holocene (ca. 11.6 – 8 kyr cal BP) is the least studied in the Rhine-Meuse delta. 
Studies on the Holocene Rhine-Meuse delta are primarily based on dense networks of hand-
corings. In borehole descriptions Early Holocene channel deposits usually are not recognised as 
such, because they occur within the Weichselian palaeovalley. Together they form the substratum 
for the Middle and Late Holocene delta. Only few borings penetrated Early Holocene sediments, 
and early Holocene river-courses at the base of the Holocene delta have only been roughly 
mapped (e.g. Berendsen et al., 1994, 2001). Often it is not clear if channels recognised in the 
palaeovalley surface date from the Early Holocene or from the Weichselian Late Glacial. 
Common mapping practice has been to lump Early Holocene and Weichselian Late-Glacial 
deposits into one unit. 

The most detailed work on the Early Holocene systems has been carried out in the Meuse valley 
upstream of the study area (SE Land van Maas & Waal and Land van Cuijk). In this area, fills of 
deeply incised (2-3 m) Early-Holocene channels were mapped (Berendsen et al. 1995). The Early 
Holocene deposits occur within the Younger Dryas channel belt. In individual cores, Early 
Holocene channel fills are relatively easily recognised, but (sandy) channel deposits are not. 
Sections and maps can reveal which channel deposits must have formed in the Early Holocene 
based on stratigraphic and geographic positions, and whether channel fills relate to incised 
channel belts or to channel scars on abandoned terrace surfaces. The Early Holocene channel-fills 
occur at stratigraphic positions below the Late Glacial floodplain level. Channel-fills at such 
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depths are known to locally occur all over the Rhine-Meuse delta. Palynological (e.g. Teunissen, 
1990; Berendsen et al., 1995) and radiocarbon datings (Berendsen & Stouthamer, 2001) usually 
date the base of such fills to 11-8 kyr cal BP (10,300-8,000 14C yr BP; Berendsen & Stouthamer, 
2001:251; all 14C dates are calibrated using INTCAL98, Stuiver et al., 1998). These are dates of 
abandonment and indicate that active fluvial incision and reworking by the channel belts occurred 
before that date.  

Overbank deposits of Early Holocene (and Late Glacial) rivers occur over the full width of the 
palaeovalley. They are known as the Wijchen Member (Törnqvist et al., 1994). The Wijchen 
Member differs from younger overbank deposits, because it experienced some pedogenesis prior 
to being buried by fluvio-deltaic sediments. The Wijchen Member usually represents overbank 
deposition in a floodplain setting, with a groundwater level below the surface (except during 
flooding). The overlying Middle Holocene deposits represent a floodbasin setting, with water 
average levels close to or above the surface. Upstream where Wijchen-Member deposits are at the 
surface, mature Holocene soils occur (grey-brown podzolics or Dutch: ‘Brikgronden’; Miedema, 
1987). Downstream of the study area, where these deposits are buried several meters below the 
surface, palaeosoils are far less mature. Here, two organic horizons may be recognized 
(Berendsen & Stouthamer, 2001), suggesting that aggradation occurred in between two phases of 
soil formation. The study area is in an intermediate position, with some pedogenetic maturation of 
the Wijchen Member deposits. 

Since 8 kyr cal BP 
Similar to Early Holocene channel belts, older Middle Holocene channel belts of the Rhine and 
Meuse have hardly been mapped in the study area. Their stratigraphic position within the 
Weichselian palaeovalley prohibited easy identification. Late Holocene channel belts are still 
visible in the terrain. They were mapped at high resolutions (Berendsen & Stouthamer, 2001; 
Berendsen et al., 1994, 2001). 

Middle Holocene back-filling resulted in upstream migration of the delta apex. Aggradation 
occurred downstream of the delta apex. During the Middle Holocene, a shift from net incision to 
aggradation took place in the study area. The oldest distributary channel belts (i.e. channel belts 
that ‘aggraded’ above the palaeovalley surface) occur downstream of the study area. In the 
northwest of the study area (near Maurik, Fig. 5.1), aggradation started about 7 kyr cal BP (Cohen 
et al., 2003). Upstream from the study area Middle Holocene channel belts were reworking the 
palaeovalley for a longer period of time.  

In the Late Holocene aggradation continued. In the floodbasins, extensive peat formation stopped 
and clay deposition dominated. Relative sea-level rise was modest in the Late Holocene (0.3-0.5 
m/kyr over the last 3,000 yr). Compaction of Middle Holocene floodbasin sequences provided 
additional space for deltaic sedimentation (Chapter 3). Multiple cycles of avulsion were needed to 
distribute sediment evenly over the widening central delta. Probably climatic variation and 
growing human impact (deforestation, agriculture) increased water and sediment loads of the 
rivers during the Late Holocene: channel belt dimensions (width, depth, meander length) 
increased considerably (Weerts & Berendsen, 1995; Stouthamer & Berendsen, 2001).  
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5.3 New data 

Results from key locations (Dreumel, Maren, Berghem; Fig. 5.1) visited in the 1999-2001 field 
campaigns are discussed below. The digital map of Berendsen & Stouthamer (2001, scale 
1:100,000) was used as a starting point. For the study area an updated version was made 
(Addendum 1). Parts (ca. 200 km2) of the polders ‘Neder-Betuwe’, ‘Land van Maas en Waal’ and 
‘Maaskant’ (Fig. 5.1) were mapped in more detail, at a much larger scale (1:5,000, 1:10,000). The 
Late Glacial and Early Holocene subsurface in the study area has been re-mapped, and six 
channel belts of Late Weichselian and Early Holocene age were identified that cross the PBF 
(Addendum 2). They were encoded according to their time of formation (W = Late Weichselian, 
H = Early Holocene) and source (Rhine: R, Meuse: M) and order of formation (1,2,3), e.g. ‘WM-
3’ (Appendix 1). The Middle Holocene channel belts in the study area were also reinterpreted and 
remapped (Addendum 1). Names and numbers of Middle and Late Holocene channel belts (e.g. 
‘Dreumel (38)’) refer to Berendsen & Stouthamer (2001). As a consequence some of the 
descriptions of individual channel belts (Berendsen & Stouthamer, 2001; their App. 3) were 
revised (Appendix 2).  

Site ‘DREUMEL’ 
The area around the ‘Dreumelse berg’ Younger Dryas dune was visited to (1) obtain a detailed 
section across Late Glacial and Early Holocene channel belts; (2) to obtain a series of index 
points for palaeo groundwater rise, representative for the central delta; (3) to investigate tectonic 
deformation of the Dreumel (38) channel belt (Stouthamer & Berendsen, 2000) and (4) to identify 
a possibly active fault in the Weichselian Pleniglacial terrace overlain by the aeolian dune. Three 
detailed sections (see Fig. 5.1 for section locations) are presented here: (a) a SE-NW section (Fig. 
5.2), that crosses the Early Holocene channel belts. This section is incorporated in the cross-
valley section Oss-Rhenen (Addendum 2); (b) A detailed SE-NW section (Fig. 5.3) with the 
locations of the basal peat dates for reconstruction of groundwater rise; (c) a SW-NE section 
across the dune, that shows the deformation of the buried Weichselian Pleniglacial terrace 
surface, attributed to fault activity (Fig. 5.4).  

Early Holocene Meuse channels (section Dreumel-1) 
Section Dreumel-1 (Fig. 5.2) shows the Early Holocene Meuse deposits in the subsurface directly 
south of the ‘Dreumelse berg’ Younger Dryas dune. These deposits occur between 7 and 0 m –
O.D., below the buried Late Weichselian terrace surface (at 0.5 m –O.D. in the south, 0.5 m 
+O.D. in the north). Two Early Holocene Meuse channel belts (HM-1 and HM-2) are stacked 
within a Late Glacial Meuse channel belt (WM-3). Based on the low calcium carbonate content, 
absence of any pumice and mapping of the upstream continuations, a Rhine source is excluded. A 
Middle Holocene Meuse channel belt  (Nieuweschans 121) is found in the section, with its top at 
2.5 m +O.D. Other Middle Holocene Meuse channel belts in the direct vicinity are Molenblok 
(121), south of the section, and Dreumel (38), north of the section (see Addendum 1, 2). At the 
location of the section, Middle Holocene channel belts did not reoccupy Early Holocene river 
courses, in contrast to locations to the north and south (Addendum 1). 
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Channel belt HM-1 appears to be older than HM-2. In the section, HM-1 is a meander bend that 
prior to abandonment had laterally migrated northward, eroding parts of the Pleniglacial terrace 
deposits and aeolian dune. Its channel scar is sinuous and filled with gyttja and peat. The 
preserved fragment of HM-1 is only 1-km long and shares both its upstream and downstream 
continuations with HM-2 (Addendum 1). Between channel belts HM-1 and HM-2, peat is found 
that overlies sandy-loams and coarse sands at the top of WM-3. This indicates that floodplain 
lowering by this channel belt was about 2.5 m relative to the Pleniglacial terrace surface. 
Probably WM-3 had incised to this level at the very beginning of the Early Holocene (ca. 11.6-
11.0 kyr cal BP). Date 1 in Fig. 5.2 indicates HM-1 was abandoned by 9.0 kyr BP (8,140±60 
14C yr BP, UtC-10182). This coincides with the date 4 to the south (8,100±50 14C yr BP, UtC-
10754). Date 1 is from a channel-fill gyttja, date 4 is from a floodbasin setting. Their elevation 
difference is 0.50 m (Appendix 3). Channel belt HM-2 has a clastic channel fill at its northern 
side, suggesting that the channel migrated northward, and eroded part of the peat south of date 4 
after HM-1 became abandoned.  

A clay bed occurs at 0 m +O.D., that has a slickenside facies attributed to palaeosoil formation. 
This is the natural levee of channel belt HM-3, that is found downstream of the section 
(Addendum 1, 2). A small crevasse channel of HM-3 has reoccupied the HM-2 channel belt, but 
the channel belt itself must have avulsed to a more southern course than HM-1 and HM-2. 
Samples 2 and 3 date the beginning of activity of this channel to ca. 8.0 kyr cal BP (6,980±50 
resp. 7,170±60 14C yr BP; UtC 10183, UtC 10187). The depth of the palaeosoil can be used to 
estimate the age of abandonment. From the overlying peat, dates are available (Fig. 5.3) and soil 
formation must be older. The 0 m +O.D. level was the groundwater level by the time HM-3 was 
abandoned. Dates of overlying peat show that by 5.5 kyr cal BP (4,800 14C yr BP) the 
groundwater level had risen to 1.25 m +O.D. A rate of groundwater rise of 1 m/kyr for the area is 
a reasonable estimate (Ch. 4). Applying this rate suggests an age of ca. 6.5 kyr cal BP (ca.  5,700 
14C yr BP) for the abandonment of HM-3. 

Middle Holocene Meuse channel belts in the area are considerably smaller than their Early 
Holocene predecessors. The Nieuweschans (121) channel belt in the south of the cross section 
produced a 1.5-m thick crevasse splay to the north of it. Near the ‘Dreumelse berg’ dune, peat 
formed in between subsequent clay beds of Middle and Late Holocene systems. In this part of the 
section samples were taken to pinpoint palaeo groundwater levels. 

Middle Holocene groundwater level rise (section Dreumel-2) 
The section (Fig. 5.3) is located 200 m downstream of section Dreumel-1. It shows the Dreumelse 
berg Younger Dryas dune deposits overlying Weichselian Rhine-Meuse sands and gravels with a 
20-50 cm thick loam bed (Wijchen Member) in between at 0.5-1 m -O.D. In the south, channel 
belt HM-2 laterally eroded the terrace and the overlying dune in the Early Holocene. Between 0-1 
m +O.D. the aeolian dune sands are overlain by an Early Holocene loam, deposited by channel 
belts HM-1 and HM-2 (Addendum-1).  

 

____ 

Figure 5.2 (previous page): Lithological section Dreumel-1. The N-S section crosses Early Holocene 
channel belts of the Meuse (HM-1, HM-2; 0-5 m below O.D.). These are stacked within Late Glacial 
channel belt (WM-1; >3 m below O.D.) that incised into the Weichselian OIS-2 terrace ( >0.5 m below 
O.D.). The Younger Dryas aeolian dune covers this terrace north of WM-1. An over 4-m thick 
floodbasin sequence accumulated since Middle Holocene, deposited by deltaic distributaries. Peat did 
form locally. 
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Figure 5.3: Detailed section Dreumel-2. The section crosses the southern flank of the ‘Dreumelse 
Berg’ inland dune. The dune is buried by Middle and Late Holocene floodbasin deposits. Locally peat 
overlies in situ dune sand. Basal peat dates from these virtually compaction-free locations are index-
points for palaeo groundwater levels. In sampling basal peat for 14C dating (Appendix 3), peat that 
buried slumped sand (not in situ) was avoided. 
 

Middle Holocene deposits of the Molenblok (112) and Nieuweschans (121) channel belts overly 
the Early Holocene deposits. At the dune flank, an Alnus peat developed in between these 
deposits, at 1-1.5 m +O.D. Further to the south a palaeosoil within in the lower clay bed separates 
the deposits of these two channel belts. Following activity of the Nieuweschans (121) channel 
belt, a second more widespread peat layer developed. It is found between 1 and 2 m +O.D. all 
over the section and occurs slightly higher (2.5 m +O.D.) on the dune flank. During formation of 
this peat, Meuse discharge was probably routed north of the dune, following the Dreumel (38) 
channel belt: little sediment entered the relatively protected area south of the dune. 

Holocene clays and peat overly the southern flanks of the Younger Dryas dune. Cores were 
collected to sample the base of the peat that overlies dune sands, to minimise effects of 
compaction. This proved extremely hard to do, since the dune flank turned out to have been 
subject to slumping during peat formation. Nevertheless, four reliable samples for groundwater 
level-index points were taken (dates a, c-e; Fig. 5.3). These samples are from peats that were 
underlain by A-horizons of palaeosoils developed in the dune sand. That ensures they were ‘in 
situ’. Dates d and e come from the lower peat bed.  
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Figure 5.4: Detailed section Dreumel-3. The section crosses the Late Weichselian buried terrace in a 
longitudinal direction. A 2-m displacement exists below the ‘Dreumelse Berg’ dune, reflecting fault 
offset since abandonment of the surface ca. 15.0 kyr cal BP. 

 
Their elevation difference is 0.11 m and their radiocarbon age is virtually the same (4,800±50 14C 
yr BP, UtC-10186; 4,797±42 14C yr BP, UtC-11128). This consistent result confirms the quality 
of these index points. Dates a and c differ 0.55 m in elevation and ca. 360 14C yr in age. Date b 
(UtC-10185) proved to be not a good index-point. It was displaced ca. 30 cm while being 
reworked in a slump: its age is in between a and c, but the sample was taken from an elevation 
below c. Dates a-c show that slumping occurred at the same time as peat formation. Results of 
palaeo groundwater rise at site ‘Dreumel’ are discussed in comparison with data from site 
‘Maren’ later in this section. 

Local fault displacements (section Dreumel-3) 
This SW-NE section shows a ca. 2-m drop in elevation of the Late Weichselian palaeovalley 
underneath the ‘Dreumelse berg’ aeolian dune. Within a kilometre, the terrace surface drops from 
1 +O.D. to 1-O.D. This drop is found in the top of sandy deposits (i.e. Weichselian Pleniglacial 
terrace) and in the top of overbank loam (Wijchen Member). The observed 0.5-1.0 m thickness is 
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exceptionally thick for a loam underlying Late Glacial dunes in the study area. However, some 
300 m to the north a Weichselian Late Glacial channel is present (Addendum 1) that may have 
deposited the loam as a natural levee, explaining the larger thickness. In the southwest, the 
Dreumel (38) channel belt cuts the section. It has eroded parts of the dune upstream (Addendum 
1) and has reworked aeolian dune sand, underlying terrace deposits (sand, gravel, loam) and older 
Holocene clays. The scour base is in the Late Glacial loam at 1.5 m -O.D. 

The ‘Dreumelse berg’ dune overlies a less than 1-km wide fragment of the Weichselian 
Pleniglacial terrace. In boreholes east of the section, the Late Weichselian surface always occurs 
above 0.5 m +O.D. West of the section the surface is always reached below O.D.; mostly below 1 
m-O.D. Channel belts WR-1 and WM-3 have eroded the terrace in the north and the south. WM-3 
occurs at a distinctly (2-3 m) lower level, and had its northern bank ca. 300 m south of the 
section. Channel belt WR-1 had its southern bank ca. 500 m north of the section. 

The observed drop in the dune’s subsurface is related to a fault. Alternatively it may be attributed 
to fluvial activity: the lower and higher parts resemble two phases within the Weichselian Late 
Pleniglacial. However, palaeo-hydrological observations support a fault-related origin: in the 
section two vertical oxidised zones occur that crosscut deposits of widely different age. 
Commonly, sediments below the groundwater level are in a reduced state, and have typical 
greyish colors (Fe2+). In the two zones however, sediments below the groundwater table are in an 
uncommon oxidised state, with typical orange colors of oxidised iron (Fe3+). The zones crosscut 
the Weichselian fluvial deposits and the Younger Dryas dune sands, but also the much younger 
Dreumel (38) channel belt deposits. This indicated they have a local hydrological cause rather 
than a pedogenetic cause. Similar phenomena have been observed along fault-lineaments in the 
Eastern Maaskant area (Cohen et al., 2002). The palaeo-hydrological features are thought to 
indicate the presence of a fault. This hypothesis seems to be confirmed by the construction of 
Late Glacial and Holocene longitudinal profiles (next section). 

Deformed longitudinal profiles near Dreumel 
Late Weichselian gradient lines show a marked deformation at the position of the Dreumel site. 
The 2-m drop below the ‘Dreumelse Berg’ dune (Fig. 5.4) appears to be a local feature: Fig. 5.5 
shows that within 3 km to the southwest, the palaeovalley surface rises again. Over a downstream 
distance of 6 km from the ‘Dreumelse Berg’ dune the palaeovalley surface drops 2.5 m in 
elevation (ca. 0.4 m/km). Upstream of the site, gradients appear much lower (ca. 0.2 m/km). This 
indicates that the area downstream of the ‘Dreumelse berg’ dune is a zone of deformation: the 
inferred fault is the most upstream fault of the PBF in this area. Within this zone, the first 2 km 
downstream of the dune, is a back tilted block (local gradient –0.05 m/km). The presence of two 
other faults within the PBF is inferred. The most downstream of these faults is thought to 
correlate with the PBF as identified south of the study area in the polder Maaskant (Cohen et al. 
2002:Fig. 5).  
In the area upstream of PBF, channel belts have roughly parallel gradient lines, indicating that 
this is a relatively stable block. It is thought to represent the Maasbommel High structure known 
from the deeper subsurface (e.g. Verbreack, 1984; Dirkzwager et al., 2000). Within this block, the 
channel belts WM-3, and HM-2 have steeper gradients over their last kilometre before they enter 
the PBF. It suggests that these rivers were actively adapting their longitudinal profile in response 
to deformation and that considerable fault displacement occurred in the period between 15.0 and 
11.0 kyr BP. Gradients of younger channel belts have a more gentle deformation. The gradient 
lines of Molenblok (112) and HM-3 show a relative low where the channel belts leave the 
Maasbommel High and cross the PBF. This seems to be caused by back tilting of blocks within 
the PBF. 
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Figure 5.5:  Longitudinal profiles of Late Weichselian and Holocene channel belts. 
(a) Late Weichselian gradient lines show deformations related to tectonic activity of the PBF. The top 

of sand-gravel channel deposits is plotted. 
(b) Quantified local and regional displacements in the Late Pleniglacial terrace. The local displacement 

is the offset at the main fault. The regional displacement was estimated from the largest deviations 
from a linear trend (following Cohen et al. 2002). 

 
Only datapoints of the Pleniglacial terrace to the area north of channel belt WM-3 were used to 
construct the gradient line of Fig. 5.5a. Datapoints of the Pleniglacial terrace to the south plot 
slightly above this gradient line (Fig. 5.5b). This indicates a SE-NW tilting of the Maasbommel 
High block and tilting of blocks within the PBF. To the south this tilt was quantified by 
comparing the gradient lines of Fig. 5.5 to gradient lines in the Maaskant area (Cohen et al., 2002: 
Fig. 5.5 and the site ‘Berghem’ discussed below). The elevation difference upstream of the PBF is 
ca. 2.5 m over 10 km in a SE-NW direction. Part of this elevation difference is the syn-
depositional valley-gradient, the remainder is post-depositional tilt. For example: for a 
palaeovalley with a gradient of 0.25 m/km, that crosses the block at 45° relative to the strike of 
the tilt, and an observed elevation difference of 2.5 m over 10 km, the post-depositional tilt is 
2.5 - (sin(45°)x 10 km x 0.25 m/km) = 0.75 m.  
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Figure 5.6: Section Maren. The section crosses the southern rim of the Rhine-Meuse delta. 
Basal peat overlying Late Weichselian aeolian sand was sampled to reconstruct palaeo 
groundwater levels. 

 
The gradient lines of the younger Dreumel (38) and especially the Nieuweschans (121) channel 
belts seem to be little deformed. Dreumel (38) and Nieuweschans (121) are downstream 
continuations of the Wijchens Maasje (184) channel belt. Stouthamer & Berendsen (2000) found 
considerable deformation of the Wijchens Maasje (184) channel belt, especially of the part 
upstream of the Dreumel site. Based on this gradient line, Berendsen & Stouthamer (2000) 
suggested that abandonment of the Dreumel channel belt was followed by a period of high rates 
of tectonic movement. This is not confirmed by the gradient lines across the PBF. Deformation, if 
real at all, may be attributed to deformation across upstream faults (i.e. of the Tegelen Faultzone). 

Site ‘MAREN’ 
The site ‘Maren’ was visited to obtain a series of palaeo groundwater rise index points 
representative for the south-eastern part of the central delta. A SE-NW section was cored (Fig.  
5.6). The site is in the RVG part of the polder Maaskant, downstream of the PBF (Cohen et al, 
2002). The Late Weichselian subsurface consists of coversand, and slopes towards the North. A 
palaeo soil is found at the top of the coversand. The morphology of the Late Weichselian surface 
flattens towards the north and grades into the fluvial palaeovalley. Below the coversand surface 
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fragments of older Rhine-Meuse terraces may be present. An isolated aeolian dune (cores 25, 
111, 112; Fig. 5.6) has developed on top of the palaeovalley deposits. At the base of the dune a 
palaeosoil was found. A Younger Dryas age of the dune surface and a Bølling/Allerød age of its 
buried palaeosoil is presumed, based on similarities elsewhere (Berendsen & Stouthamer, 2001). 
A Late Glacial loam (Wijchen Member) was not recognised within the section but is found to the 
NW, N and NE.  

Three distinct levels of Holocene fluvial clay, interbedded in peat are recognised. These clays are 
floodbasin deposits of channel belts directly north of the section. The lower two are connected to 
levees and channel belts of the Lith-Maren (99) channel-belt complex. Sample b (UtC 10192) 
dates the beginning of the Maren phase of the Lith-Maren (99) channel-belt complex. The upper 
clay wedge is connected to the present Meuse (102) channel belt. To reconstruct groundwater 
rise, 5 samples of basal Alnus peat were collected for 14C dating (b-f; Fig. 5.6). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Holocene relative 
groundwater level (GW) rise at 
sites ‘Dreumel’ and ‘Maren’.  

Peat dates (GW index-points) and 
3D-interpolated curves of GW rise 
are plotted. For non-basal peat 
samples, vertical bars indicate a 
GW above sample depth.  

The Dreumel data consist of Early 
Holocene (Fig. 5.2, estimated 
water depths 0.5-1.5 m), Middle 
Holocene (Fig. 5.3) and Late 
Holocene (Verbraeck, 1984:211, 
palaeosoil A-horizon dates, 
estimated compaction 0.3-0.5 m) 
data points.  

The Maren data set consists of 
basal peat dates only (Fig. 5.6). 
Sample details in Appendix 3. 
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Holocene groundwater rise at ‘Maren’ and ‘Dreumel’ 
Local groundwater rise at Maren and Dreumel (Fig. 5.7) appears to have been rapid, compared to 
groundwater rise at other locations. ‘Maren’ groundwater level index-points plot below those of 
the more inland ‘Dreumel’ site that is located 8 km north and 6 km east. Over this distance a 
considerable gradient in groundwater levels exists: the present elevation difference is 
approximately 1.2 m, the EW gradient is 0.2 m/km. Radiocarbon dates of groundwater level 
index points were calibrated to calculate rates of rise. The ‘Maren’ data suggest that the highest 
rates of rise (up to 1.5 m/kyr) occurred between 6.0 and 5.0 kyr cal BP. 3D interpolated curves 
(Ch. 4) are smoother and give lower rates (1.15 m/kyr for 5.4 kyr BP). Relatively high 
aggradation rates also occur between 4.0 and 3.5 kyr cal BP, the same period of the slumping at 
the ‘Dreumelse berg’ dune. 

At ‘Maren’ basal peat formation started approximately 6 kyr cal BP at 1.2 m below O.D. (Fig. 
5.6). At ‘Dreumel’ this moment roughly coincides with the abandonment of the WM-3 channel 
belt (estimated age 6.5 kyr BP) and the formation of peat at about O.D. The elevation difference 
and gradient appear to have been constant since 6 kyr cal BP (Fig. 5.7): they have remained 
constant since deltaic aggradation started. Further back in time, curves of relative groundwater 
rise (Ch. 4) converge. Before 6 kyr cal BP, at the ‘Maren’ site a groundwater level above that of 
‘Dreumel’ may have occurred. At ‘Maren’, near the delta margin regional groundwater levels 
were above those of the ‘Dreumel’ in the centre of the palaeovalley. 

 
Site ‘BERGHEM’ 
The site ‘Berghem’ was visited in 2001. The aim was to detail earlier palaeogeographic 
reconstructions for the Maaskant area and to study the influence of fault-related lineaments 
(Cohen et al., 2002) on Late Glacial lateral river migration. The section (Fig. 5.8) shows a buried 
natural levee and channel belt of a Late Weichselian Meuse channel. Mapping suggest a sinuous 
shape of the abandoned channel. The relatively large scour depth (down to 3 m-O.D.) and the 5-m 
thick, relatively fine channel fill resembling other channel fills, and the sinuous shape of its 
abandoned channel suggest it essentially formed during the Allerød. Older Weichselian deposits 
may have been incorporated in the channel belt. On top of the channel fill, between 1.5-3.5 m 
+O.D. a fining upward sequence is found, with a relatively coarse lag, that may be of Younger 
Dryas age. Within this upper unit, two small channel scars were filled with peat in the Holocene.  

The Allerød channel deposits are finer than the deposits in its outer bank. These are older Rhine-
Meuse deposits (Weichselian, OIS 3-2; possibly Saalian, OIS-6 or older). At their top (4 m 
+O.D.) a thin veneer of aeolian coversand is found, probably of Late Weichselian age. At about 
1 m +O.D. a continuous gravel bed was found. These gravels are oxidised (orange coloured, 
Fe3+), as are the overlying sands in the southernmost core. To the north, deposits are generally in 
a reduced state (greyish, Fe2+), except for two levels within the Allerød channel fill.  

The peat in the abandoned Late Glacial channels is overlain by overbank deposits of the Haren 
(59) channel belt. Samples (a) and (c) date the onset of activity by this channel belt, about 600 14C 
yr earlier than estimated by Berendsen & Stouthamer (2001). At +4.5 m+O.D. Carex peat 
overlies the Meuse overbank deposits. This peat buried a palaeosoil in the Weichselian 
coversands, which indicates that the groundwater level locally must have risen considerably. The 
present river Meuse deposited the upper 0.7-1.0 m of clays.  
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Figure 5.8: Detailed section Berghem. The section crosses an Allerød meandering channel belt in 
the southeastern rim of the Weichselian Rhine-Meuse valley. Stratigraphy and palaeo hydrological 
features suggest the meander scar lined up with a fault line of the Tegelen fault zone. 

 
The base of the peat-fill (sample (b), Fig. 5.8) in the most southern channel was dated to ca. 11.0 
kyr cal BP (9,560±60 14C yr BP, UtC 11759, 2.69 m+O.D.). This may indicate that the channel 
was abandoned as late as the Early Holocene. However, the elevation of the channel belt surface, 
relative to incised younger channel belts makes this improbable. Early Holocene channel belts are 
only known at deeper levels further north. Channel fills in these channel belts are much thicker 
(e.g. 3 m, section Dreumel-1, Fig. 5.2). An approximately 300-m wide, and 5-m thick Early 
Holocene channel fill is found 6 km north of the section (Berendsen et al., 1995:163). From this 
fill a date of 9,420±120 14C yr (GrN-18095; Appendix 3) similar to sample b was obtained from a 
depth ca. 5 meters lower (3 m-O.D.). In a small incised channel (Raam valley, Pons, 1957; Cohen 
et al., 2002), 2 km north of the section, a Middle Holocene date (6,870±130 14C yr; UtC-7866; 
Berendsen & Stouthamer, 2001) was obtained from 2.35 m+O.D., i.e. 0.34 m lower than sample 
b. Lastly, the top of the fill, only 0.6 m higher, shows an age difference of over 5,000 yr 
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(UtC-11758: 4,850±60 14C yr BP). The large age difference over a small depth, and the relative 
high position of the Early Holocene basal peat, indicate that the peat is not a typical channel fill, 
nor a deltaic floodbasin peat as known from other parts of the Rhine-Meuse delta. Early Holocene 
organics at the base of this channel fill must have originated below a locally higher groundwater 
table, probably above the regional groundwater level in the Early Holocene palaeovalley. 

Changes in the hydrological setting may explain the local occurrence of peat at relative high 
positions in the section ‘Berghem’. During the Early and Middle Holocene, groundwater outflow 
(seepage) is thought to have occurred in the channel scar. Possibly, outflowing water formed a 
small brook that followed the channel scar towards the NW. This preserved the dated material at 
the base, but did not raise the water table, so no new peat was formed. Late in the Middle 
Holocene, when regional groundwater levels had risen to ca. 3 m +O.D, peat started to 
accumulate. Subsequently, in the Late Holocene, deposits of the Haren channel belt sealed the 
former outflow area. Late Holocene groundwater outflow did occur further south, and facilitated 
a Carex peat to form on top of the Weichselian sand. This peat formed above the apparent 
floodbasin level of the Haren (59) channel belt. The peat in the channel scars (2.7-3.3 m+O.D.) 
and the Carex peat at 4.5 m+O.D. can be explained by the same local groundwater hydrological 
setting (i.e. seepage), at different stages of regional groundwater rise. 

It has been suggested (Cohen et al., 2002) that banks of Allerød channel belts aligned to fault 
lines of the Tegelen Fault zone in the eastern part of the Polder Maaskant (Addendum 1). The 
presumed position of a fault is indicated in Fig. 5.8. The presence of a fault may explain the local 
palaeo hydrological conditions and the relatively high position of the gravel in the outer bank of 
the Allerød channel (1 m +O.D., Fig. 5.8). There are no indications for tectonic offsets in the Late 
Glacial sediments. If the presumed fault exists, Late Glacial fluvial alignment to its lineament is 
the result of a passive tectonic control, and not necessarily indicates syn-depositional fault 
activity. Regardless of the hypothesised presence of a fault, the contrasts in grainsize between the 
fine Allerød channel fill and the coarse deposits to the south, will have influenced the local palaeo 
hydrology. 

5.4 Late-Glacial to Middle-Holocene palaeogeography 

GIS based palaeogeographic reconstruction  
The palaeogeographic reconstruction is based on approximately 20,000 original borehole 
descriptions that were re-interpreted. This is different from the reconstruction made by Berendsen 
& Stouthamer (2001), who essentially used student’s maps and only occasionally reinterpreted 
the 200,000 borehole descriptions. By re-interpreting all borehole descriptions, Middle Holocene 
channel belts could be identified, that were not mapped during the original fieldwork in the 
1980’s and 1990’s. The reason for this is that these buried Middle Holocene channel belts are 
harder to map than the younger channels, because they are not visible in the morphology. The 
number of borehole descriptions that has accumulated since the first field campaigns made 
revised mapping of channel belts in the subsurface possible for this study. 

Due to erosion by subsequent channel belts, older channel belts are progressively eroded and 
dissected. Only fragments of channel belts are mapped, that have to be correlated to reconstruct 
channel belts over larger distances. In many cases, these correlations are straightforward, for 
example because clear differences in the elevation and/or width of the channel belts occur, or 
because their floodbasin deposits occur at different levels. However, where larger systems (e.g. 1-
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2 km wide channel belts like Waal (174), Addendum 1) eroded smaller systems (e.g. 50-200 m 
wide channel belts like Dreumel (38), Addendum 1), correlation is less straightforward. Over 
large distances, correlation of fragmented channel belts cannot be based purely on geometric 
relations, but has to include: 

(1) Analysis of dates of channel activity, at multiple locations along a channel belt; 
(2) Construction of longitudinal gradient lines 
(3) Considerations on the conservation of discharge over simultaneously active 

(coeval) channel belts 
 
A GIS database was set up by the author, that combined maps of channel belts (spatial database) 
with the radiocarbon dates (Berendsen & Stouthamer (2001; their Ch. 5). In this study, the 
Berendsen & Stouthamer (2001) GIS-database was detailed and expanded. The GIS was used to 
evaluate the palaeogeographic reconstruction on internal consistency.  

Geological-geomorphological map 
The map (Addendum 1) presents a complete record of channel belts that existed over the last 
15,000 yr. Twelve Late Glacial and Early Holocene channel belts of Rhine and Meuse are 
identified (Appendix 1). Colours of Holocene channel belts represent time of abandonment. 
Middle-Late Holocene channel belts (Appendix 2) are referenced following Berendsen & 
Stouthamer (2001, their App. 3). Appendix 2 contains updated descriptions of individual channel 
belts.  

Over the width of the Weichselian palaeovalley, narrow (1-2 km) Late Glacial and Early 
Holocene channel belts occur that dissected the Weichselian Pleniglacial terrace. In earlier 
reconstructions the palaeovalley was considered as a large Late Glacial braidplain with local 
islands of older terraces (e.g. Verbraeck, 1984:101, his fig. 33). Within the study area, upstream 
from the PBF zone, this is clearly not the case: the Late Glacial ‘braidplain’  essentially 
encompasses three separate channel belts that dissected the Pleniglacial braidplain. The surface of 
these channel belts occurs below the Pleniglacial surface. The incised Late Glacial channel belt 
contains Early Holocene channel belts with channel fills, that are interpreted as discontinuous 
clay-plugs in palaeo oxbow-lakes.  

Previously, these Early Holocene channel fills were interpreted as narrow valleys (‘Boreal valleys’ cf. 
Pons, 1957) or, as narrow essentially stable channels (e.g. Berendsen et al. 1995). Now it seems that the 
Early Holocene channel belts were considerably wider than their channel-fills. The Early Holocene 
floodplain was below the Pleniglacial terrace level, and occupied most of the Younger Dryas channel belt 
surface. The so-called ‘Boreal-valleys’, at least in the area studied, are in fact in-filled fragments of 
Preboreal and Boreal meanders. This implies that dating of their base of these channel fills is not a good 
measure to time the onset of regional aggradation. The considerable spread that occurs in these dates (2,000 
14C yr; Berendsen & Stouthamer, 2001:251, their Terrace X terminus ante quem dates), indicates that these 
reflect multiple local meander cut-offs rather than a regional onset of aggradation. Downstream of the study 
area influence of rising sea level may have triggered regional aggradation already in the Early Holocene. 
For the area upstream of the PBF this is not the case. 
 
Cross-section ‘Oss-Rhenen’ 
The cross-section (Addendum 2) spans the full width of the Holocene delta at the position where 
it is narrowest. The section has a major knick point in the centre, at the location of the buried Late 
Glacial dune ‘Dreumelse Berg’. The northern part of the section runs mainly NE-SW, the 
southern part of the section runs mainly NW-SE.  In the extreme south of the section, near the 
margin of the Holocene area, a knick to NE-SW makes the section cross the Peel Boundary Fault 
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(sensu stricto): this is the fault line that is expressed in the topography south of the study area. 
The section is essentially located upstream of the Peel Boundary Fault, on blocks known as the 
Peel Horst and Maasbommel High (Van Montfrans, 1975; Dirkzwager et al., 2000). 

To draw the section, 290 borehole descriptions from the archive of Utrecht University were the 
primary data source. Used boreholes are located within 50 m of the line of section. An exception 
is the 1.5 km stretch directly North of the river Waal; here cores from larger distances (max. 400 
m) were projected on the transect. Most boreholes have their base in sandy channel deposits of 
Holocene or Weichselian age. Architectural elements in the section are based on age 
(Holocene/Late Weichselian) and lithogenic subdivision (channel / overbank deposits), following 
Berendsen (1982); Weerts (1996); Makaske (1998) and Stouthamer (2001). Eleven architectural 
units were recognised. A description of these units is given in Appendix 4. 

Plotted in the cross-section are the radiocarbon datings that directly apply to the section. Most 
dates were collected from cores within the section, some are projected from some distance 
downstream or upstream, but from the same architectural element. Numerous other dates 
indirectly apply to the section. The period of activity (the time between onset of sedimentation 
and abandonment) of most Middle and Late Holocene channel belts is accurately dated (see 
Berendsen & Stouthamer, 2001). For each numbered channel belt for which new dating evidence 
has been collected, an updated description is given in appendix 5.1 and 5.2. 

Palaeogeography 18 – 11 kyr cal BP 
WR and WM channel belts  
Several channel belts formed between 15-11 kyr cal BP. As a result of incision, the Pleniglacial 
terrace surface, that had largely become abandoned by 15 kyr cal BP, acted as a floodplain. In the 
Younger Dryas (11.7 kyr cal BP), the WR-3 and WM-3 channel belts were the only active 
courses. These are the northernmost channel belts of the Rhine, respectively the Meuse valley. 
WR-3 and WM-3 formed in the Late Glacial, and continued to exist into the Early Holocene. At 
the start of the Early Holocene they further lowered their channel belt surface, to a final level ca. 
2 m below the Pleniglacial terrace surface (Addendum 2). Subsequent Early Holocene activity 
(HR and HM channel belts) remained concentrated in channel belts WR-3 and WM-3 
(Addendum 1). Therefore, only the basal part is preserved of channel belts that were active during 
the transition from Late Glacial to Early Holocene (WR-3, WM-3; Addendum 2). 

Earlier abandoned channel belts (WM-1 and 2, WR-1 and 2) are better preserved. They are 
capped by Late Glacial-Early Holocene floodplain deposits and, occasionally, by Younger Dryas 
aeolian deposits. An example is WR-1 in the centre of the cross section (Addendum 2). The 
‘Dreumelse berg’ dune partly overlies WR-1 that therefore must have been abandoned before the 
Younger Dryas (<12 kyr cal BP). The channel belt has a deep channel fill that is interpreted as an 
abandoned meandering channel. The top of channel belt WR-1 is at a slightly lower level than the 
Pleniglacial terrace to its north. Downstream, the channel continues into the Tielerwaard 
(Addendum 1). Based on the scour depth / thickness of the channel fill, the system is thought to 
have been meandering. This suggests that WR-1 was essentially formed in the Bølling/Allerød 
interstadial. Makaske & Nap (1995) describe a similar Late Weichselian meandering channel, ca. 
10 km upstream of the ‘Dreumelse berg’ dune. At this site, a calcareous gyttja at the base of a 
channel fill was dated to the Younger Dryas (bulk: 10,720±60. GrN-15023; CaCO3-fraction: 
10,690±230, GrN-16038; Berendsen et al., 1995). WR-1 is the downstream continuation of this 
Allerød channel belt. Its course is now mapped further downstream (Addendum-1) over a 
distance of 10 km, revising previous maps (Berendsen et al., 1995).  
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Laacher See pumice has been found in the channel belts WR-2 and WR-3. This indicates activity 
in the Late Allerød and Younger Dryas. Based on the pumice occurrence, Verbraeck (1984) 
mapped two coeval Younger Dryas Rhine channel belts in the study area: one underlying the 
Nederrijn, one underlying the Waal. Pumice in channel belt WR-2 only occurs higher up in the 
channel deposits (Verbraeck 1984:104; his cores 39G-72; 39D-84) To the north pumice occurs 
down to the channel lag deposits in channel belt WR-3 (Verbraeck 1984:102; his core 39B-277). 
WR-3 is deeper incised than WR-2 and Early Holocene channel belts only appear within WR-3. 
This implies that WR-3 was the main channel at the Younger Dryas-Holocene transition (11.6 kyr 
cal BP), a situation that may already have existed by the time of the Laacher See eruption (13 kyr 
cal BP). The pumice within channel belt WR-2 was deposited in a channel that did not incise, 
implying it was abandoned before the Younger Dryas-Holocene transition, i.e. within 1500 yr 
after the Laacher See event. It is suggested that in channel belt WR-3, pumice was deposited and 
reworked by the main Rhine channel, and that WR-2 was a secondary channel at the time of the 
Laacher See eruption. This has implications for pumice finds downstream of the study area. Thick 
pumice finds, near the base of main Late Glacial Rhine channel belts (e.g. 40 km downstream at 
Alblasserdam; De Jong, 1995; his core 38C-864) would imply an upstream connection to the 
main Rhine channel (i.e. WR-3). Thinner beds of pumice may occur higher up in the channel 
belts in downstream continuations of channel belts like WR-2. 

Three Late Weichselian channel belts of the Meuse appear in section Oss-Rhenen (Addendum-2). 
WM-1 and WM-2 were abandoned before the Early Holocene, the northernmost channel belt 
WM-3 hosted the Early Holocene Meuse. Based on relative elevation of the channel belt surface 
and the surrounding floodplain / terrace, WM-1 is presumed to have been abandoned in the 
Bølling/Allerød interstadial (<13 kyr cal BP) and WM-2 in the Younger Dryas (Cohen et al., 
2002). However, no direct dates are available yet to date these channels. 

Tectonic deformation of the Pleniglacial terrace 
In most of the section, the Pleniglacial terrace and overlying Late Glacial floodplain loams occur 
at a rather constant elevation of 0.5-1 m+O.D. South of the Dreumelse berg, the Pleniglacial 
terrace is at a 1-2 m lower level. A tilt (northward dip) is visible in the Meuse floodplain, that 
may be somewhat exaggerated due to the (SE-NW) orientation of this part of the section. The 
tilting suggests that active tectonic deformation occurred in the southern half of the section. 
Considerable tectonic deformation of the Pleniglacial terrace in this area is observed (Cohen et 
al., 2002). The cross-section indicates that the Weichselian Pleniglacial subsurface in the 
‘Maaskant’ polder may have been uplifted ca. 1 m relative to the centre of the section 
(‘Dreumelse Berg’). Interplay of tectonic tilting and fluvial incision may explain the northerly 
position of the eventual Early Holocene course.  

The Pleniglacial terrace to the south of the ‘Dreumelse berg’ dune (Meuse side) also has subsided 
relative to the terrace in the north (Rhine side). A fault beneath the ‘Dreumelse berg’ is thought to 
be present (Fig. 5.4). The area directly south of the ‘Dreumelse berg’ dune is a small graben that 
opens to the west, related to ‘en-échélon’ positioned faults (Van Montfrans, 1975). The tilted 
block to the south is seen as the most northern extent of the Peel Horst.  

The block north of the ‘Dreumelse berg’ seems to be a second horst: the Maasbommel High. In 
Addendum 2 the pleniglacial terrace surface over this block is remarkably level: considering 
palaeoflow direction (E-W), river gradient and section orientation (SW-NE), one would expect 
the terrace surface to rise. It suggests that the Maasbommel High has tilted similar to the Peel 
Horst: the north of the block is lowered relative to the south.  
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Figure 5.9: Tectonic deformation of the palaeovalley surface. Map of the study area showing the width 
of the OIS-2 LGM palaeovalley and the locations of faults with quantified offsets over the last 15 kyr. 
Displacement occurred along 3 faults of the PBF zone. The active faults mark the boundary between 
the relatively stable Maasbommel High and Peel Horst blocks and the PBF zone. Faults in the deeper 
subsurface (Tertiary-active, Van Montfrans, 1975) indicated to illustrate the tectonic structure. Minor 
displacements along these faults may have occurred. Differential subsidence across the PBF zone 
decreases northward. The Peel Horst and Maasbommel High blocks are tilted to the North. 
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The PBF in the study area can be considered a zone of overstepping fault activity: the active 
faults in the northern part of the PBF are other faults than the active faults further to the south. 
This view on tectonic structure matches earlier mapping by the Netherlands’ Geological Survey 
(Van Montfrans, 1975; Verbraeck, 1984; see Dirkzwager et al., 2000). The exact location of the 
faults, interpreted from the upper 10 m of sediment, only slightly differs (1-2 km) from published 
maps that are primarily based on boreholes penetrating deeper strata (100-1500 m) and seismic 
data. Recent mapping of the Geological Survey (TNO-NITG) has resulted in updated fault-maps, 
incorporating new data on the deeper substrate. Fig. 5.9 does not contain the new TNO-NITG 
data, and hence may be used to crosscheck the implied locations of faults. 

Palaeogeography 11 – 8 kyr cal BP  
HR and HM channel belts  
Early Holocene channels largely reworked the northernmost Meuse and Rhine Late Glacial 
channel belts (WM-3, WR-3). For the Meuse, this is better documented in the section (Addendum 
2) than for the Rhine. Incision seems to have occurred at the onset of the Holocene (11.6-11.0 kyr 
cal BP). After that, the HM and HR channels formed, as new channel belts within the incised 
WM-3 and WR-3 channel belts.  

Channel belt HM-1 represents a meandering system (see above, site ‘Dreumel’). By the time that 
channel belt HM-1 became abandoned (ca. 9.1 kyr BP, 8,140 ± 60 14C yr, sample 1, Fig. 
5.2/Addendum 2) it was already aggrading to a level above that of WM-3. HM-2 may have been 
present coeval with HM-1, but is thought to have developed its final width by lateral migration 
after abandonment of HM-1. By 8.0 kyr BP (7,170 ± 60 14C yr, sample 3, Fig. 5.2/Addendum 2) 
rapid aggradation set in (Fig. 5.7). Channel belt HM-3 formed shortly thereafter and may be 
considered the first Middle Holocene channel belt.  

For the larger Rhine a similar evolution applies. Meandering Rhine channels have laterally 
reworked the Late Glacial channel belt almost completely. No direct datings for the Early 
Holocene Rhine channel belts are available. Ages (Appendix 1) were estimated, based on relative 
dating and rough correlation with the Early Holocene Meuse channels in the south. A slightly 
lower elevation of the top of HR-1 channel deposits, and more distal (peaty) facies of the 
floodbasin deposits overlying it, discriminate HR-1 from HR-2. HR-2 evolved from HR-1 by 
northward lateral migration; HR-1 may have evolved from WR-3 by southward migration. 
Channel belt HR-3 is a younger secondary channel. Its trunk channel was the Maurik (104) 
channel belt. In the line of section (Addendum-1), a small fragment of Maurik (104) has 
preserved between the Mars-Nederrijn (103) and Nederrijn (116) channel belts. Downstream of 
the section, the Maurik (104) channel belt is better preserved (Cohen et al., 2003). Its onset of 
activity is estimated 7.0 kyr cal BP Holocene, based on the onset of regional aggradation 
downstream of the section.  

Floodplain deposition 
Following WR-3 and WM-3’s incision to 1-2 m below the Late Weichselian surface, Early 
Holocene overbank deposition primarily occurred within their confined valleys. The width of 
these HR and HM channel belts is smaller than that of the WR-3 and WM-3. Consequently, part 
of the Early Holocene floodplain was preserved, at levels in between the Pleniglacial terrace 
surface and the top of Early Holocene channel deposits (above 3 m–O.D. on top of WM-3, HM-1 
and HM-2; above 2 m-O.D. on top of WR-3, HR-1 and HR-2, Addendum 2) 

During peak discharge, overbank deposition on the higher elevated Weichselian Pleniglacial 
terrace has occurred. Towards the Middle Holocene rates of deposition on top of the terrace may 
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have increased, because aggradation of Early Holocene channel belts reduced the elevation 
difference between their confined ‘valleys’ and the terrace. The upper part of the Weichselian 
Late Glacial floodbasin deposits (Wijchen Member) may actually have been deposited in the 
Early Holocene. Downstream of the section, radiocarbon dates of A-horizons in the top of the 
Wijchen Member (Berendsen & Stouthamer, 2001) all give Early Holocene results. However, 
these are just terminus post quem dates (minimum age) for the deposition of the clay.  

Palaeogeography since 8 kyr cal BP  
Rhine channel belts 
During the Middle Holocene, the main Rhine discharge followed the same course as its Early 
Holocene predecessors. Rhine channels (Maurik (104); Werkhoven (181); Houten (74)) formed 
stacked channel belts in the study area. They have their scour base in Early Holocene channel 
belts (HR-1 and HR-2). Smaller, secondary channel belts came into existence that invaded the 
floodbasins to the south (Winssen-Veedijk (189); Schuurkamp (153); Ochten (123) and Ommeren 
(126)). These must have originated from partial avulsion of the trunk channel (upstream of the 
section for (189) and (123); just downstream of the section for (126)). These channels deposited 
clay that filled considerable volumes of the accumulation space. Nevertheless, accumulation 
space was created so rapidly in the Middle Holocene that it could fill with peat rather than 
sediments. 

Towards the Late Holocene, the main channel of the Rhine (Houten (74), Lienden (95), Mars-
Nederrijn (103)) was gradually abandoned in favour of a southern course (Distelkamp-Afferden 
(37), Ochten (123) Leeuwen (90), Echteld (43), Waal (175), Addendum-1). At present, the river 
Waal carries 6/9 of the total Rhine discharge, the remainder is routed along the river Nederrijn 
(2/9) and river IJssel (1/9, not in section, Fig. 5.1). This southward switch was essentially 
triggered by an avulsion that created the Distelkamp-Afferden (37) channel belt (Addendum 1), 
with Echteld (42) as a secondary channel. The later Leeuwen (90) and Waal (175) channel belts 
probably gradually evolved from the Distelkamp-Afferden (37) channel belt, i.e. they did not 
originate from new avulsions. In the section (Addendum 2) the southern main channel overlies 
WM-2. Upstream of the line of section, WM-2 can be traced north of Distelkamp-Afferden (37) 
and Waal (175) (Addendum 1). Laacher See pumice within these channel belts indicates local 
reworking of WM-2 deposits (Hesselink, 2002:94-96). 

Meuse channel belts 
The Meuse south of the Dreumelse berg had a similar evolution. A difference is that a major 
avulsion at the Meuse apex diverted the Meuse trunk channel out of its Late Glacial channel belt: 
the Meuse course directly south of the Dreumelse berg (WM-3, HM-1 and HM-2) became 
abandoned by the end of the Early Holocene. The Meuse trunk channel must have been diverted 
to the south. Its new course has been preserved as channel belt HM-3. A coeval channel possibly 
existed at the location of the present river Meuse, that later evolved into the Molenblok (112) 
channel belt. It reoccupied the WM-2 channel belt: mapping upstream of the section shows that 
WM-2 had dissected the Pleniglacial terrace and formed a relative low within the floodplain. 
HM-3 was abandoned ca. 6.5 kyr BP, in favour of Molenblok (112). Channel belts HM-3 and 
Molenblok (112), and subsequently the Haren (59), Macharen (102) and present Maas (101) were 
the main channels of the Maas; Nieuweschans (121) and Dreumel (38) are considered to represent 
secondary channels (Addendum 1, 2).  

In the absence of clastic input from nearby channel belts, the floodbasin area directly south of the 
‘Dreumelse Berg’, could fill with humic clays and peat. This floodbasin overlies the Early 
Holocene trunk course (WM-3/HM-1/HM-2). Upstream and downstream from the ‘Dreumelse 
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berg’ dune, channel belts Dreumel (38) respectively Nieuweschans (121) invaded the floodbasin. 
These channel belts are downstream continuations of Wijchens Maasje (184) and probably have 
carried similar discharges. Dreumel (38) locally reworked aeolian dune sands, which resulted in a 
greater width compared to Nieuweschans (121). Upstream of the section, the width and depth of 
the Dreumel (38) and Nieuweschans (121) are similar.  

Floodbasins  
In the Middle Holocene, floodbasins came into existence as the river system transformed from a 
valley to an aggrading delta. The lowest elevated parts were the areas occupied by Early 
Holocene incised channel belts (Meuse WM-3/HM-1/HM-2; Rhine WR-3/HR-1/HR-2). Here, 
floodbasin aggradation (peat formation) first set in and aggradation occurred at the highest rates. 
In the higher elevated areas of the Pleniglacial terrace, floodplain aggradation started slightly 
later. Since aggradation rates over the Middle Holocene were generally decreasing (Ch. 4), slower 
rates of aggradation occurred in these areas. The elevation difference of basal peat on the Early 
Holocene floodplain and on the Pleniglacial terrace is about 2 m for the Meuse and about 1 m for 
the Rhine (Addendum 2). Rates of aggradation during the first half of the Holocene were 1-2 
m/kyr (e.g. Fig. 5.7). The estimated age difference between peat overlying Early Holocene 
deposits and basal peat overlying the Pleniglacial terrace is about 1000 yrs (Cohen et al., 2003). 
South of the present Meuse, Weichselian and older deposits occur at higher levels. Here, 
floodbasin aggradation started considerably later. Middle Holocene humic clays and clayey peats 
occur over the full section. 

In the floodbasins, the major difference between the Late Holocene and the Middle Holocene is 
the absence of organic beds. Late Holocene humic clays only occur locally, in distal settings (e.g. 
near the ‘Dreumelse Berg’). These upper organic beds are found at approximately 2.5 m + O.D. 
The clays above this level locally contain palaeosoils. Roman and Medieval archeological 
artefacts locally occur within these palaeosoils, in the upper 1.5 m of floodbasin sediments. The 
base of the upper clay dates to ca. 3.0 kyr BP (2,500-3,000 14C yr BP): it has been dated at many 
locations in the delta (e.g. dates (f),(h),(i) and (10) in addendum 2). In many cases these dates are 
related to avulsions. Avulsion intensity peaks at this period (Stouthamer & Berendsen, 2000; 
2001).  

By 1200 AD all rivers were embanked. Since then, inundation of the ‘polders’ (parts of 
floodbasins protected by dikes) only occurred when dikes breached. Sedimentation was 
concentrated in the embanked floodplains. The area south of the river Meuse was part of the 
‘Beerse Overlaat’: a spillway that was used in 18th-early 20th century. Lowering of groundwater 
tables resulted in compaction of underlying strata: the present surface may be up to 1 m below 
1000 AD levels at some locations. 

5.5 Discussion and conclusions 

A summary of the last 15,000 years of fluvial evolution in the study area is presented in Table 
5.1. The Weichselian Late Glacial and Holocene evolution of the Rhine and Meuse is remarkably 
similar, although there are differences in timing.   
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Table 5.1: Summary of fluvial evolution in the central Rhine-Meuse delta, the Netherlands 
Chrono stratigraphy  Sedimentary style  

 • Since ~1200 AD   SUBRECENT 
 Strongly human dominated  

• After 4 kyr cal  BP  

LATE HOLOCENE 

 
 
Channel: sand 
Overbank: clay,  

sandy crevasse channels,  
peaty residual channel fills 

 
Anastomosing, confined meandering channels  

(cf. Makaske, 1998)  
• 8-4 kyr cal BP  

MIDDLE HOLOCENE 

 
 
Channel: sand 
Overbank: peat, clay,  

sandy crevasse channels,  
peaty residual channel fills 

 
Anastomosing system (cf. Makaske, 1998)  

of meandering, confined-meandering  
and straight distributary channels  

 • 11-8 kyr cal BP  

H
 O

 L
 O

 C
 E

 N
 E

   
(O

IS
-1

) 

EARLY HOLOCENE 
 
 Boreal 
 Preboreal 
 

  
Channel: gravelly sand,  

abandoned channel fills (‘oxbow lakes’) 
Overbank: silty loam, pedogenesis 
 
 
Meandering channels 
  

11.6 kyr cal BP  • 18-11 kyr cal BP  

L
A

T
E

 G
L

A
C

IA
L

 

 
Younger Dryas 
 

 12.7 kyr cal BP 
Allerød 
Bølling 
 14.7 kyr cal BP 

  
Channel: sand-gravel 
Overbank: sandy loam,  

abandoned channel fills,  
Allerød pedogenesis, 
Younger Dryas aeolian dunes,  

 
Anabranching wandering and  

meandering channels 

 

• 22-18 kyr cal BP  

W
 E

 I
 C

 H
 S

 E
 L

 I
 A

 N
   

(O
IS

-2
) 

 Late Pleniglacial 
 
PLENIGLACIAL  
 

 LGM 22 kyr cal BP 

 
 
Channel: Sandy gravel, gravel  
Overbank: rare 
 
Braidplain 
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(continued) 
 Evolutionary trend Alluvial architecture Seq.Str. GW 
 • Since ~1200 AD    
     

• After 4 kyr cal  BP   
 
Continued aggrading 
Frequent avulsion,  
conservative trunk channels 
 
Stable number of channels,  
increasing W/D ratio,   
increasing sinuosity. 

 
Multiple coeval channel belts,  

confined by 
- floodbasin deposits 

Sl
ow

 G
W

 R
is

e 

• 8-4 kyr cal BP   
 
Rapidly aggrading 
Frequent avulsion,  
conservative trunk channels 
 
 
Increasing  number  of channels,  
decreasing W/D ratio,  
decreasing sinuosity 

 
Multiple coeval channel belts,  

confined by  
- floodbasin deposits  
- peat 

 • 11-8 kyr cal BP  

R
ap

id
 G

W
 r

is
e 

C
 O

 A
 S

 T
 A

 L
   

P
 R

 I
 S

 M
 

  
Mainly laterally reworking;  
slight incision upstream,  
slight aggradation downstream 
 
Stable number of channels,  
stable W/D ratio,  
relative high sinuosity 

 
Single channel belt 

Sl
ow

 G
W

 r
is

e 

 • 18-11 kyr cal BP  

G
W

  
lo

w
 s

ta
nd

 

  
Incisive, ‘flow contraction’,  

northward deflection 
Short aggradation phases, e.g.: 

- Younger Dryas 12.7-11.6 kyr cal BP 
- Laacher See event 13 kyr cal BP  

 
Decreasing  number of channel s 
Decreasing W/D ratio, increasing sinuosity 

 
Cut-terraces;  

several coeval channel belts 

• 22-18 kyr cal BP   
 
Aggrading 
 
 
 

 
Fluvial terrace;  

stacked within older terraces 

P
 A

 L
 A

 E
 O

   
V

 A
 L

 L
 E

 Y
 

T
ha

w
in

g 
pe

rm
af

ro
st

 

     

Abbreviations: Seq.Str. = Sequence stratigraphy; GW = groundwater; LGM = Last Glacial Maximum 
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At the start of the Weichselian Late Glacial (ca. 15 kyr cal BP) six channels crossed the PBF. The 
Rhine and Meuse may be characterised as anabranching, with multiple coeval channel belts. 
During the Bølling/Allerød the channel style seems to have been meandering, or transitional 
between braided and meandering (‘wandering’). Incision of the Late Glacial channel belts 
produced a series of cut-terraces, very similar to the upstream Meuse valley (Berendsen et al., 
1995, Vandenberghe 1995). Simultaneously to this incision, the Bølling-Allerød anabranching 
channel belts were successively abandoned (Fig. 5.10a). This is explained as the result of ‘flow 
contraction’: the southern channel belts became secondary channel belts, and discharge was 
concentrated in the northernmost channel. Flow contraction turned these northernmost channels 
into the more effectively incising channels, which eventually caused abandonment of the southern 
channel belts. By the end of the Late Glacial, the Rhine and Meuse in the PBF had become single 
channels. The northernmost channel belts lowered their surface well below the surrounding 
Weichselian terrace. This lowering must have occurred during the later part of the Younger Dryas 
and the earliest part of the Holocene, based on datings and stratigraphic relations with earlier 
abandoned Late Glacial channel belts. 

Major incision occurred in the earliest Holocene, within the northernmost Late Glacial Rhine and 
Meuse channel belt. Despite their age difference the surfaces of WM-1 and HR-1 are at similar 
depths below the Pleniglacial terrace to the south (Addendum 2). This indicates that the top level 
of Early Holocene channel belts was at the same level to which Late Glacial channel belts incised 
at the transition to the Holocene. Following initial incision, between 11 – 8 kyr BP, the Rhine and 
Meuse mainly reworked the deeply incised channel belts, by lateral migration of their meanders 
(Fig. 5.10b). Early Holocene channel fills in the PBF are local features that represent meander 
cut-offs. Lateral migration and meander cut-off locally preserved older channel belt fragments 
(HM-1, HR-1, Addendum 2). Distinct boundaries between different generations seldom exist. By 
9 kyr BP the Meuse south of Dreumelse Berg (Addendum 2) had aggraded, but this may be a 
local feature related to differential tectonics in the area (as indicated by local deformations in the 
longitudinal profiles, Fig. 5.5). Upstream of the study area, the Rhine incised for a longer period 
of time (e.g. Shala, 2001). In the study area, downstream controls (sea level) interplayed with 
upstream controls (discharge, sediment load), resulting in a stable situation (no incision, no 
aggradation) between ca. 11-8 kyr BP. Avulsions like in the later Middle Holocene did not yet 
occur. 

At the end of the Early Holocene, the Rhine and Meuse show a different behaviour: the Meuse 
had avulsed upstream of the PBF and thereby had abandoned its Early Holocene course across the 
PBF (Fig. 5.10b). In contrast, the Rhine maintained its course. The Rhine may have avulsed 
upstream, but resulting channels rejoined the Early Holocene course before crossing the PBF.  

Between 7.5 and 5.5 kyr BP regional aggradation set in and the fluvial valley changed into a 
back-barrier delta. Initial aggradation filled the valleys that were formed by the incised Late 
Glacial channel belts, to the level of the Late Weichselian surface. After that (by ca. 6.0 kyr BP) 
several new channel belts were formed that cross the PBF (Fig. 5.10c). These were secondary 
distributaries that avulsed from the main trunk channel upstream of the PBF. This transformed the 
Rhine and Meuse single channel belt systems to deltaic anastomosing systems. Across the PBF, 
the Rhine trunk channel remained in its Early Holocene position well in to the Late Holocene (the 
present trunk channel Waal (174) only evolved to this size after 1.8 kyr BP). The Meuse trunk 
channel is in its present position since 7.5 kyr BP. For a deltaic system where the average period 
of existence is ca. 1250 yr (Stouthamer & Berendsen, 2001, Berendsen & Stouthamer, 2001), the 
stable position of the main channel belts for many thousands of years is remarkable. 
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Figure 5.10: Palaeogeographic maps for 15 – 11 kyr BP, 11 – 7.5 kyr BP, 7.5-5 kyr BP. 

a) 15 – 11 kyr BP. In this period of incision, southern Rhine and Meuse channel belts are abandoned 
in favour of the northern most channel belts. At the onset of the Holocene (11.6-11.0 kyr BP) this 
northernmost channel belts further incised. The northward deflection is caused by SN tectonic 
tilting of the Peel Horst and Maasbommel High blocks and activity of the Tegelen Faultzone. 

b) 11 – 7.5 kyr BP. The Early Holocene meandering channel belt evolved within the northernmost 
Late Glacial channel belts. By the end of this time frame, the Meuse had avulsed southward. The 
Rhine maintained its northern course. 

c) 7.5 – 5 kyr BP Middle Holocene deltaic distributaries cross the PBF zone at several locations. 
Despite repeated avulsions, directly upstream of the PBF, the trunk channels of Meuse and Rhine 
conservatively maintained their positions. 



 134 

 
Regional syn-tectonic effects  
It is striking that in both the Rhine and the Meuse valley the northernmost Late Glacial channel 
belts transformed into the Early Holocene trunk systems. The other Late Glacial channel belts 
became abandoned, the southernmost the earliest. It is suggested that active SN tilting has 
controlled flow-contraction in the northernmost channel. This in addition to differential 
movement of the Tegelen Faultzone (Fig. 5.9), that has a similar deflection effect because of its 
SE-NW orientation (Cohen et al., 2002). That SN tilting occurred in the Peel Horst and 
Maasbommel High blocks is clear from the tectonic deformation of the Pleniglacial terrace (Fig. 
5.5). It appears that the tilting occurred for its major part during the Late Glacial. Approximately 
8 kyr BP, the Meuse first avulsed out of channel belt WM-3, to a more southern position (channel 
belt HM-3, Fig. 5.10b/Addendum 1). The Meuse occupied a new position across the PBF. To 
reach this new position, it crossed the Pleniglacial terrace, at a higher level than channel belt 
WM-3. This suggests that differential subsidence since 15 kyr cal BP, by 8 kyr cal BP had 
lowered the Pleniglacial terrace relative to more upstream parts, over a vertical elevation similar 
to the Early Holocene incision depth (ca. 1-2 m). Because of differential subsidence in a 
longitudinal direction (fault offset), by ca. 8.0 kyr cal BP the Meuse trunk channel could leave its 
northerly position, to which it was earlier forced by differential subsidence in the lateral direction 
(Tegelen Faultzone activity, SN tilting).  

The occurrence of other channels is not explained by differential subsidence within the PBF. All 
later courses essentially formed as deltaic distributaries. Nevertheless, until far into the Holocene 
no new deltaic distributary across the Peel Horst and Maasbommel High blocks evolved into a 
trunk channel: their coeval trunk channel conservatively maintained its stable Early Holocene 
position. Approximately 1.8 kyr cal BP (Berendsen & Stouthamer, 2001) the present river Waal, 
was the first Rhine distributary that evolved into new trunk channel across the PBF since, ca. 13 
kyr cal BP. Flow directions of the Late Glacial and Holocene channel belts are surprisingly 
constant: NE-SW across the PBF. This may be explained by the tectonic setting: the channel belts 
crossed the PBF zone faults at an angle of ca. 90°. In the Middle and Late Holocene the 
Maasbommel High and Peel Horst blocks were uplifted, relative to the subsiding areas 
downstream (Roer Valley Graben) and upstream (Venlo Graben). In other river systems and in 
lab experiments (Ouchi, 1985) a more straight course across relatively uplifted blocks appears to 
be a common fluvial response (Holbrook & Schumm, 1999; Schumm et al., 2000). Upstream of 
the PBF zone, many channel belts converge, e.g.: Late Glacial Meuse channels in the Venlo 
Graben; Middle-Late Holocene Rhine channel belts Ommeren (126) and Houten (74); Meuse 
channel belts Haren (59) and Maas (101) and Macharen (102) and Maas (101). Downstream of 
the PBF channel belts diverge: flow directions range from NE-SW to SE-NW  (Appendix 2). 
Widening of valleys in more subsiding areas and contraction towards less subsiding areas appears 
a common fluvial response (Ouchi, 1985; Holbrook & Schumm, 1999; Schumm et al., 2000). 

The moment that deltaic aggradation locally set in, is influenced by tectonics (Berendsen & 
Stouthamer, 2000). In the north of the study area, groundwater levels rose above the Late 
Weichselian surface relatively early, and deltaic conditions set in at ca. 7.0 kyr BP. Further to the 
south, this occurred later, approximately 6.0 kyr BP. This is explained as an effect of combined 
lateral tilting and longitudinal deformation of the Weichselian surface. Tilting lowered the north 
relative to the south, and in the south, longitudinal deformation created a steep palaeovalley 
gradient (e.g. Fig. 5.5) that stalled back filling between 6.8 and 6.3 kyr BP (Cohen et al., 2002). 
Note that the stalling of back filling was not a syn-depositional effect of active tectonics around 
6.8 kyr cal BP. It rather was a passive response to earlier post-depositional deformation (15-6.8 
kyr cal BP), and initially steeper gradients in the area (syn-depositional response, 22-15 kyr BP). 
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Conclusions 
The framework for fluvial evolution in the PBF zone integrates the Late Glacial evolution that 
was dominated by upstream controls and the Middle-Late Holocene evolution that was dominated 
by downstream controls. 

- Incision as a response to climatic amelioration of the Last Glacial Termination continued 
into the Early Holocene, up to 11.0 kyr cal BP. 

- In the Early Holocene incision stopped in the PBF zone. Early Holocene rivers mainly 
reworked the deepest incised channel belts between 11.0 and 8 kyr cal BP. Subsequently, 
aggradation, forced by sea level rise, started in the incised Early Holocene valleys.  

- In the Middle Holocene, deltaic aggradation set in over the full width of the Late Glacial 
valley. New distributary channels avulsed from the trunk channels. The trunk channels were 
conservative: they crossed the PBF at the same location for thousands of years (Rhine 
Nederrijn-course: 13 – 2 kyr cal BP; present Meuse course: since 8 kyr cal BP). In contrast, 
upstream and downstream of the PBF, trunk channels avulsed many times.  

 
The fluvial record of the PBF, in its Late Glacial ‘alluvial valley’ setting as well as its Middle-
Late Holocene ‘delta’ setting has clear syn-depositional features related to differential subsidence. 

- Deformations of the Late Weichselian surface show that differential subsidence caused local 
offsets across faults of the PBF and tilting of blocks within the PBF and directly upstream 
(Maasbommel High, Peel Horst).  

- Regional offset across the PBF decreases to the northwest and tilted blocks are dipping 
towards the northwest. Late Glacial river flow contracted in the northernmost channel belt of 
the Meuse and Rhine valley in response to tilting and differential subsidence. This caused 
other Late Glacial channel belts to become abandoned, the southernmost channel belts first. 

- Across the PBF zone, The Middle-Late Holocene trunk channels of Rhine and Meuse were 
‘conservative’, they remained in their positions for 8-11 kyr, whereas upstream and 
downstream trunk channel belts were short-lived. 

- All Late Glacial and Holocene channel belts cross the PBF perpendicular to the faults. 
Incisive ‘alluvial valley’ and aggrading ‘delta’ channel belts show the same response.  
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6 SYNTHESIS 

 

In this thesis, the fluvial record of the Rhine and Meuse is used to quantify differential subsidence 
in the central Netherlands. Since the Late Glacial, fluvial sedimentation and incision occurred in 
response to climatic amelioration, land subsidence and eustatic sea level rise. The fluvial archive 
is virtually complete over the last 15,000 yr. Its stratigraphy and chronology has been intensively 
studied and huge amounts of data are available, covering the full spatial extent of the Holocene 
delta. 

The Late Quaternary archive was formed under exceptional circumstances. During most of the 
Quaternary, the Rhine followed a SE-NW course, radial to the North Sea Basin, and parallel to 
the tectonic structure. However, Late-Quaternary glaciations imposed an EW direction of river 
courses that cross the SE-NW tectonic structure of the Roer Valley Graben (RVG) system. Before 
entering the subsiding North Sea Basin in the west, the rivers Rhine and Meuse cross relatively 
stable blocks (Peel Horst and Maasbommel High). The Peel Boundary Faultzone (PBF) bounds 
these blocks to the west. These structures are located in the hinge zone between the uplifting 
hinterland (Ardennes and Rhenish Massif) and the subsiding North Sea Basin. Displacements in 
the PBF are local expressions of the differential subsidence between the North Sea basin and the 
hinterland. Various recent studies on neotectonics in the Netherlands have shown that faults of 
the PBF were active in the Late Weichselian and Holocene. 

Differential subsidence was recorded in the fluvial deposits of the Rhine and Meuse sedimentary 
wedge, as local, secondary effects. This contrasts with the influence of the primary controls sea-
level rise and climatic change that are expressed over the entire delta. Because of this scale 
difference, superimposed local tectonic effects can be discriminated from the general trends 
imposed by the primary controls.  

6.1 Ways to quantify differential subsidence 

In the fluvial record, neotectonic displacements within the PBF show up as deformations of Late 
Weichselian fluvial surfaces. In the longitudinal channel belt profiles that cross the PBF zone, 
local discontinuities pinpoint the position of active faults. Local fault-offsets (z) in surfaces of 
known age (t) can be quantified and used to calculate rates of subsidence (dz/dt). In addition, 
differential subsidence is expressed as tilting of fluvial surfaces. To quantify such deformation 
from longitudinal profiles is more difficult, because the original (syn-depositional) river-gradients 
have to be taken into account. In studies of deformed terrace flights in alluvial valleys, the 
gradient of the active river is commonly used to estimate the original gradient (e.g. Van den Berg, 
1994; Houtgast et al., 2002, Schumm et al., 2000). In this study, such a method could not be used 
because the Late Weichselian low-stand valley gradient is significantly different from the present 
high-stand delta gradient. To work around this problem, quantifications focused on longitudinal 
gradient reconstruction of the Late Weichselian terrace level. This approach concentrates on 
spatial variation in subsidence rates rather than on temporal fluctuation of subsidence rates at a 
single location (Chapter 2). Deviations from a linear trend line were used to quantify 
displacements regionally. To estimate the trend line, data points were selected that represent the 
elevation of an aggradational surface. These points were selected for a reach stretching over a 
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considerable distance both upstream and downstream of the PBF. To reduce variance in the data 
set (due to terrace topography) local maxima of the tops of sandy channel deposits were selected 
(Chapter 2). The linear trend only serves to quantify the displacement; its slope is not a realistic 
syn-depositional gradient. In reality, rivers that cross block subsiding at different rates may have 
had reach-to-reach variable gradients. From the Late Weichselian deposits it appears that the 
steepest syn-depositional gradients occur at the most uplifted parts of the Peel Horst and 
Maasbommel High blocks, directly upstream of the PBF’s active faults. 

Longitudinal profiles of Holocene channel belts also show post-depositional deformations, but of 
smaller magnitude than their Late Weichselian counterparts. Holocene gradient lines are good 
qualitative indicators for tectonic activity: their modest deformations imply that part of the 
displacement in the older surfaces took place in the Middle and Late Holocene. For reasons 
explained below, the Holocene channel belt record is less suitable for quantification. Obviously, 
deformations in the younger deposits are small and may not show up at the 10-cm resolution of 
the borehole descriptions. More importantly, Holocene channel belts are relatively narrow and 
hence variation (pointbar/swale topography) in the upper elevation of their channel belt sands is 
relatively large compared to the Late Weichselian terrace morphology. Selecting local maxima of 
the tops of sandy channel deposits from a small and narrow channel belt results in only a few 
useful data points per kilometre of channel belt length. Therefore, despite the large number of 
boreholes available, longitudinal profiles of Holocene channel belts are of lower resolution than 
those constructed for the Late Weichselian terrace.  

For the Holocene deposits, floodbasins provide a more suitable record than channel belts. 
Essentially, floodbasin records are continuous and show less (i.e. smooth) variation of surface 
elevation, compared to channel belts. Palaeo groundwater levels (GW) in Holocene floodbasins 
were reconstructed. From these, GW gradient lines were calculated, that can be analysed in a 
similar way as longitudinal profiles (Chapter 3). However, the data set on which groundwater 
gradient lines is based, differs strongly from the data sets of surfaces of the Late Weichselian and 
Holocene channel belts. Groundwater gradient lines represent a continuous, virtually complete 
record from which, in principle, GW gradient lines can be calculated for any moment in the 
Middle Holocene, for any location within the delta. The channel belt surfaces represent a 
discontinuous, fragmentary record: at best, a longitudinal profile for each abandoned channel-belt 
can be reconstructed, and each profile only covers that part of the delta, where this channel belt 
formed. The continuous nature of the groundwater rise data set and its application to quantify 
differential subsidence were explored using 3D geostatistical interpolation techniques (Ch. 4). 

6.2 Summarised results 

Quantified rates of differential subsidence across the PBF are summarised in Table 6.1. Rates 
averaged over shorter time scales are larger than longer-term rates. This illustrates that rates of 
differential subsidence are not constant (non-linear). The following non-linearities in differential 
subsidence are deduced from Table 6.1: 

- Higher modern rates than averaged over the last 7,000 and last 15,000 years; 
- Higher rates for parts of the Holocene than over the entire Holocene;  
- Higher rates over the last 15,000 yr than over the Late Quaternary; 
- Higher Late Quaternary rates than over the entire Quaternary (Houtgast, 2003). 
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Table 6.1: Differential subsidence across the PBF in the Rhine-Meuse delta 
Time span segment1 rate2 m/kyr based on reference (site) 
• Modern   Geodetic surveys  

1950 – 1978 AD 
1926 – 1959 AD 

PH 
 

1 - 2 
1 - 3 

2-6 cm, 4th-3rd leveling 
4-8 cm, 3rd-2nd leveling 

Groenewoud et al.,1991
Houtgast et al., 2003 

• Late Holocene 
last 2,500 yr 

 
MH 

 
 0.18  

Longitudinal profile def. 
Bommel (25) c.b. 

Stouthamer & 
Berendsen, 2000 

     
     

• Middle and Late Holocene  Floodbasin record This thesis 
Last 7,000 cal yr MH 0.03-0.07  Fault-displaced  

basal peat 
- Ch. 3 (Maurik) 

7,000–5,000 yr cal BP MH >0.03-0.07 Syn-depositional evidence 
in floodbasin record 

- Ch. 3 (Maurik) 

7,500–4,500 yr cal BP PH,MH   0.07±0.04 Fault-displaced  
GW gradient lines  

- Ch. 4 
(Maurik, Dreumel). 

   

• Late Weichselian and Holocene Longitudinal profiles This thesis 
Last 15,000 cal yr MH  ca.0.06 - Neder-Betuwe  - Ch. 3 (Maurik) 
Last 15,000 cal yr MH 0.07-0.09  - Land van Maas en Waal  - Ch. 5 (Dreumel) 
Last 15,000 cal yr PH 0.09-0.15 - Maaskant - Ch. 2 
15,000–8,000 yr cal BP MH > 0.07-0.09 Syn-depositional evidence 

in longitudinal profiles  
- Ch. 5 (Dreumel) 

Last 15,000 yr cal BP,  
   NS tilt 0.05 m/km 

PH,MH 0.05 ‘Maaskant’ compared to  
‘Land van Maas & Waal’ 

- Ch. 5  
(Berghem-Dreumel) 

     
     

• Quaternary   Back stripping analysis  
Last 0.45 Myr BP 
1.8 – 0.45 Myr BP 

PH 0.08 
0.05 

- Northern segment ‘Bp’ 
along PBF faultzone 

Houtgast & Van 
Balen, 2000: Fig. 11  

Last 0.65 Myr BP  
1.8 – 0.65 Myr BP 
Last 2.4 Myr BP  

PH 0.050 
0.033 
0.042 

- RVG average minus  
Peel-Horst average  

Houtgast & Van 
Balen, 2000: Table 2 

Last 2.5 Myr BP PH,MH  ca.0.04 - Model-results across 
PBF in central delta 

Kooi et al., 1998: 
Fig.8 

1) PH, MH = PBF downstream of Peel Horst respectively Maasbommel High blocks. 
2) Linear average estimated over indicated time span. 

 

These non-linearities occur over multiple time scales, implying that various factors may be 
involved. Over shorter time scales (i.e. within the last 15,000 years) internal dynamics of the 
faultzone may explain the non-linearity. In that case, non-linearity indicates that individual faults 
experienced longer periods of small to zero displacement (background creep), alternated with 
shorter periods of larger displacement. Probably, the latter periods are associated with 
earthquakes (co-seismic displacement), either instantaneously (surface rupture) or by temporarily 
enhanced rates of tectonic creep (aseismic relaxation creep, Houtgast et al., 2003). Apart from 
short-term temporal variations, spatial variation in fault activity may also occur. Over periods of 
102-103 years, activity of different faults of the PBF may have been alternating, semi-periodically. 
E.g. the above-average rates between 7 and 5 kyr cal BP of the PBF in the north of the study area 
(downstream of the Maasbommel High) not necessarily coincide with above-average rates of the 
PBF in the south (downstream of the Peel Horst, Fig. 5.9).  
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Differences between averaged rates over longer time scales (e.g. the last 15,000 years within the 
last 125,000 year) probably are not explained by internal dynamics of the faultzone. More 
probably, external factors control long-term average rates. In the Quaternary, glacio- and hydro-
isostatic movements may be responsible for cyclic temporarily amplified and suppressed rates of 
background tectonic differential subsidence. It is suggested that the effect of glaciation-related 
land movement is expressed along the same structures as Quaternary ‘normal’ tectonic activity: in 
the Late Glacial and Holocene it increased rates of differential subsidence, in the preceding 
Weichselian it reduced rates of activity. 

Rates of absolute subsidence in the delta were also assessed. Holocene relative sea level rise in 
the North Sea Basin has a eustatic water level rise component and a land subsidence component. 
Groundwater rise also reflects these components, albeit in a complex interplay with other factors 
(Chapter 4). In the Rhine-Meuse delta, the eustatic component in groundwater rise was zero at the 
beginning of the Holocene. It increased to a maximum in the Middle Holocene and decreased to 
(near) zero in the Late Holocene. The land subsidence component has been above zero all the 
time, but was an order of magnitude smaller than the eustatic component of the Middle Holocene. 
The PBF may be considered the hinge zone of the North Sea basin, as was also suggested by 
Kooi et al. (1998). The Peel Horst and Maasbommel High blocks upstream of the PBF appear 
relatively stable, although a SN tilt of these blocks is observed (Chapter 5). The area downstream 
of the PBF is clearly subsiding. Here, Holocene land subsidence was 2-3 times larger than rates 
averaged over the last glacial-interglacial cycle (OIS-5 – OIS-1). The anatomy of the coastal 
prism, in particular the preservation of Early Holocene fluvio-deltaic sediments at its base, 
suggests that the highest rates of subsidence occurred during the Late Glacial and Early Holocene 
(Chapter 4). These results point to the existence of a glacio-hydro-isostatic component in 
subsidence superimposed on longer-term components.  

6.3 Fluvial-tectonic interplay 

The calculations of differential subsidence (Table 6.1) are primarily based on post-depositional 
displacements. However, corrections for syn-depositional displacements have to be made. The 
uncertainties in estimates of initial gradients propagate in the estimates of post-depositional 
displacements. Syn-depositional effects are a problem in quantifying offsets in gradient lines. 
Paradoxically, syn-depositional effects may also be used to improve estimates for post-
depositional displacements. If syn-depositional sedimentary features (longitudinal variations in 
gradients, channel belt directions, local increased occurrence of crevasse splays) are recognised in 
a deposit of known age, this implies tectonics were active during that time. Syn-depositional 
features may be constrained to a specific time period and may be absent in later deposits. 
Occasional presence and absence of syn-depositional effects provides direct evidence for linearity 
(or non-linearity) of rates of differential subsidence, in time and in space. This is in contrast to 
post-depositional deformations, from which non-linearity can only be indirectly deduced.  

To apply syn-depositional effects in evaluations of timing and magnitude of differential 
subsidence, they first have to be recognised. To do so, understanding of the interplay of active 
tectonics and fluvial systems is needed, as well as understanding the trends imposed by other 
controls. For the Rhine-Meuse record a continuous framework for fluvial evolution over the last 
15,000 years is available, that documents the effect of shifting interplay of sea level, climate and 
tectonic controls (Chapter 5). The Holocene floodbasin record, because of its continuous nature, 
is most suitable for the analysis of syn-depositional effects. The floodbasin-record of GW rise 



 142 

shows periods of above-average rates of land subsidence, which resulted in higher relative GW 
rise (Chapter 4). In the floodbasin sedimentary record, periodically increased occurrence of 
crevasse splays is observed downstream of the active PBF faults. Syn-depositional effects do also 
occur in the Holocene channel belt record: the least subsiding blocks in the central delta 
(Maasbommel High, Peel Horst) have conservative, relatively straight trunk channels that, despite 
deltaic aggradation and associated avulsions, remained located in the same position. Trunk 
channels and secondary distributaries cross these blocks perpendicular to the fault zone. The 
Late-Glacial channel belt record shows a case of ‘syn-incisional deflection’: the interplay of 
differential subsidence (tilting of Peel Horst and Maasbommel High, activity of the Tegelen fault 
zone) and climate-driven changes in fluvial style caused the southern Rhine and Meuse branches 
to become abandoned. Due to Late Glacial differential subsidence, only the northernmost Late 
Glacial channel belts remained active through the Early Holocene.  

6.4 Implications 

From the calculations of differential and absolute subsidence, it seems that Late Glacial and Early 
Holocene rates were higher than Middle Holocene rates. Two sets of tectonic processes, acting 
over different time scales, together explain North Sea Basin subsidence: 
- ‘Normal tectonics’ includes subsidence caused by cooling of the lithosphere; by isostatic 

response to sediment loads, and by compaction of these sediments. Normal tectonics act over 
long time scales (105-108 yr) – e.g. present rates of subsidence in the North Sea basin are 
explained by the basin history since the Mesozoic (e.g. Kooi et al., 1998). 

- ‘Glacial tectonics’ (cf. Thorson, 2000) includes isostatic response to the weight of growing 
and melting ice sheets on continents (glacio-isostasy) and of transgressing/regressing seas on 
continental margins (hydro-isostasy) during glacial cycles. Glacial tectonics act over shorter 
time scales (103-105 yr). In response to the build up of the Weichselian ice sheet (OIS-4 - 
OIS-2) over Britain and Scandinavia, updoming of a forebulge may have occurred in the 
North Sea basin. During deglaciation (after 22 kyr BP) the collapse of this forebulge has 
caused subsidence (Lambeck et al., 1998; Kiden et al., 2002). The water load of the North 
Sea decreases towards eustatic low stands (OIS-3 to OIS-2), and increases towards high 
stands (OIS-2 to OIS-1). In the Early-Middle Holocene, water levels in the southern North 
Sea rose >40 m. In the Rhine-Meuse delta, water levels rose 5-20 m (depending on 
longitudinal position). In response to increased loads, extra subsidence may have occurred. 

____ 

Figure  6.1 (next page): Weichselian forebulge hypothesis. Model for fluvial-tectonic interaction in the 
Rhine-Meuse delta, during updoming and collapse of a Weichselian forebulge. Generalised cross-
valley section. The line of section is the same as in Addendum 2 (Fig. 4.1). 

(a) The Weichselian Rhine-Meuse valley dissected the southern flank of the joined forebulge of the 
British and Scandinavian ice sheets. During updoming of this forebulge (OIS-3-OIS-2), the Rhine 
maintained its alluvial valley profile. The valley may have been deflected southwards. During the 
LGM a braided river was active over a considerable width, creating a laterally horizontal level. 

(b) After the LGM, the forebulge collapsed. Absolute subsidence in the north was higher than in the 
south. The LGM braided valley tilted. By 15 kyr BP rivers changed their style and started to incise. 
Due to tilting, ‘syn-incisional deflection’ occurred. By the end of the Weichselian (OIS-2/1 
transition), fluvial activity had concentrated in the northernmost part of the palaeovalley 

(c) During the Holocene, subsidence due to forebulge-collapse has ceased. At present a normal-
tectonic situation is approached. An increased load imposed by the rising sea level may have 
caused extra subsidence of the RVG and West Netherlands Basin; but the area upstream of the 
PBF was hardly affected. 
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The PBF is a structural weakness in the lithosphere. In origin the PBF is a ‘normal’ tectonic 
feature, but the timing of Late-Quaternary fault activity suggests ‘glacial’ tectonics are also 
expressed along this faultzone. Apparently it released stresses by ‘normal’ and ‘glacial’ tectonics 
indifferently. The study area is too small to clearly identify patterns of differential subsidence as 
‘glacial’ tectonics related. However, the record of differential subsidence within the Rhine-Meuse 
coastal prism, particularly the S-N tilting observed in the PBF zone and Peel Horst-Maasbommel 
High block, suggests the presence of a forebulge north of the study area (Fig. 6.1). More research 
in other (palaeo) river valleys that drained into the North Sea Basin, may expand the area 
sufficiently to identify a Weichselian forebulge and to quantify its magnitude. For the Rhine 
system, the updoming of a forebulge may have been recorded in the IJssel valley. The 
abandonment of this valley in the Weichselian (Van de Meene & Zagwijn, 1978) is associated 
with a possible forebulge (Cohen et al., 2002; Törnqvist et al. 2000, 2003). 

The fluvial response to updoming may be similar to the Late Glacial deflections observed over 
the Peel Horst and Maasbommel High (Fig. 6.1), albeit by differential movements of more 
upstream blocks. This Late Glacial deflection occurred simultaneously with fluvial incision, for 
the abandonment of the IJssel valley it is unknown if it occurred during an incisive phase. 
Research on a possible forebulge-control in Weichselian abandonment of the IJssel-valley should 
concentrate on the upstream parts of the IJssel-valley course (‘Oude IJssel’ valley). 
Quantification of the magnitude of a forebulge may concentrate on more downstream parts.  

In the downstream parts of the delta, North Sea-related hydro-isostasy may also have contributed 
to above-average rates of subsidence, particularly in the Early and Middle Holocene (Chapter 4), 
as far upstream as the PBF zone (Chapter 3). This has implications for MSL reconstructions for 
the Early Holocene. High rates of relative sea level rise seem to have occurred (e.g. Jelgersma, 
1979; Kiden et al., 2002). 

Ideas on development of deltas (particularly in the Netherlands situation) are often based on rates 
of relative rise. This implies that the system acts indifferently to deepening due to absolute rise of 
the sea level or deepening due to land subsidence. For marine parts of the system (beach barriers, 
tidal inlets) this may be realistic, but for a river it is not: 

(a) Eustatic rise raises the river base level and forces the river to change its longitudinal profile in 
upstream areas. Discharge and sediment load determine over whatever inland-distance the 
longitudinal profile is raised and how much accumulation space is created.  

(b) In contrast, subsidence lowers the river bed and floodplain surface, but does not change the 
absolute base level (sea level at the river mouth). The inland-distance over which 
accumulation space is created in this case is not determined by discharge and sediment load, 
but is controlled by the tectonic structure (Chapter 3, 4).  

Relative sea-level rise due to subsidence only has impact to areas downstream of the hinge zone 
(i.e. the PBF in the Rhine-Meuse case). Absolute sea-level rise may have an impact further 
upstream. In conclusion: for fluvio-deltaic aggradation it matters if sea level rise is absolute or 
relative. 

This has implications for the Early Holocene base of the coastal prism (Fig. 4.11) in the 
downstream part of the Rhine-Meuse delta. The estimates for Early Holocene subsidence imply 
that the component of Early Holocene eustatic rise in the southern North Sea basin may have 
been overestimated (Chapter 4). The lower part of the Early Holocene record downstream of the 
PBF, may have primarily accumulated due to local subsidence, not necessarily due to distant 
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eustatic MSL rise. The Late Weichselian record in areas downstream of the PBF may also test the 
hypothesis of a forebulge in this area (Fig. 6.1), across tectonic blocks independent of the Peel 
Horst / Maasbommel High structure. In future studies of the Late Glacial - Early Holocene record 
in the lower Rhine-Meuse delta, subsidence should be considered an important control. A record 
of fluvial response to subsidence in this region may provide new insight in the magnitude and 
timing of (1) a Weichselian forebulge and (2) Early Holocene eustatic sea-level rise. 

References 

COHEN, K.M., E. STOUTHAMER & H.J.A. BERENDSEN (2002), Fluvial deposits as a record for Late 
Quaternary neotectonic activity in the Rhine-Meuse delta, The Netherlands. Netherlands Journal of 
Geosciences / Geologie en Mijnbouw 81, pp. 389-405. 

COHEN, K.M., M.J.P. GOUW & J.P. HOLTEN (2003), Fluvio-deltaic floodbasin deposits recording 
differential subsidence within a coastal prism (central Rhine-Meuse delta, the Netherlands). In: Blum, 
M.D., S.B. Marriott & S.F. Leclair, eds. (2003), Fluvial Sedimentology VII. Special Publication 35, 
International Association of Sedimentologists. Blackwell Scientific. (in press) 

GROENEWOUD, W., G.K. LORENZ, F.J.J. BROUWER & R. MOLENDIJK (1991). Geodetic 
determination of recent land subsidence in the Netherlands. In: Land subsidence (Proceedings of the 4th 
international symposium on land subsidence, may 1991). IAHS Publ. 200. 

HOUTGAST, R.F. (2003), Quaternary tectonic and fluvial evolution of the Roer Valley Rift System, 
southern Netherlands. Ph.D. thesis. Amsterdam, 2003: Vrije Universiteit. 

HOUTGAST, R.F. & R.T. VAN BALEN (2000), Neotectonics of the Roer Valley Rift System, the 
Netherlands. Global and Planetary Change 27, pp. 131-146. 

HOUTGAST, R.F. et al. (2002), Late Quaternary activity of the Feldbiss Fault Zone, Roer Valley Rift 
System, the Netherlands, based on displaced fluvial terrace fragments. Tectonophysics 352, pp. 295-315. 

HOUTGAST, R.F., R.T. VAN BALEN, C. KASSE & J. VANDENBERGHE (2003), Late Quaternary 
tectonic evolution and postseismic near surface fault displacements along the Geleen Fault (Feldbiss Fault 
Zone -Roer Valley Rift System, the Netherlands), based on trenching. Netherlands Journal of 
Geosciences / Geologie en Mijnbouw (accepted, exp. 2003). 

JELGERSMA, S. (1979), Sea-level changes in the North Sea basin. In: Oele, E., R.T.E. Schüttenhelm & A. 
Wiggers, eds., The Quaternary history of the North Sea. Uppsala 1979: Acta Universitatis Upsaliensis 
Symposia Universitatis Upsaliensis Annum Quingentesimum Celebrantis 2: 233-248. 

KIDEN, P., L. DENYS & P. JOHNSTON (2002), Late Quaternary sea-level change and isostatic and 
tectonic land movements along the Belgian-Dutch North Sea coast: geological data and model results. 
Journal of Quaternary Science 17, pp. 535-546. 

KOOI, H., et al. (1998), Geological causes of recent (~100 yr) vertical land movement in the Netherlands. 
Tectonophysics 299, pp. 297-316. 

LAMBECK, K., C. SMITHER, & P. JOHNSTON (1998), Sea-level change, glacial rebound and mantle 
viscosity for northern Europe. Geophysical Journal International 134, pp. 102-144. 

SCHUMM, S.A., J.F. DUMONT, & J.M. HOLBROOK (2000), Active Tectonics and Alluvial rivers. 
Cambridge: Cambridge University Press, 276 p. 

STOUTHAMER, E. & H.J.A. BERENDSEN (2000), Factors controlling the Holocene avulsion history of 
the Rhine-Meuse delta (The Netherlands). Journal of Sedimentary Research Section A 70, pp. 1051-1064. 

THORSON, R.M. (2000), Glacial tectonics: a deeper perspective. Quaternary Science Reviews 19, pp. 
1391-1398. 

TÖRNQVIST, T.E. et al. (2000), Response of the Rhine-Meuse system (West-central Netherlands) to the 
last Quaternary glacio-eustatic cycles: a first assessment. Global and Planetary Change 27, pp. 89-111. 

TÖRNQVIST, T.E., J. WALLINGA & F.S. BUSSCHERS (2003), Timing of the last sequence boundary in 
a fluvial setting near the highstand shoreline - insights from optical dating. Geology 31 (3), pp. 279-282. 

VAN DE MEENE, E.A. & W.H. ZAGWIJN (1978), Die Rheinläufe im deutsch-niederländischen 
Grenzgebiet seit der Saale-Kaltzeit. Überblick neuer geologischer und pollenanalytischer 
Untersuchungen. Fortschr. Geol. Rheinld. u. West. 28, pp. 345-359. 



 146 

VAN DEN BERG, M.W. (1994), Neotectonics of the Roer Valley rift system. Style and rate of crustal 
deformation inferred from syn-tectonic sedimentation. Geologie en Mijnbouw 73, pp. 143-156. 



 147 

7 SAMENVATTING 

DIFFERENTIËLE BODEMDALING IN DE RIJN-MAAS DELTA 
Laat-Glaciale en Holocene tektoniek in het Nederlandse rivierengebied  
 

 

7.1 Achtergrond 

Dit proefschrift gaat over bodemdaling in Midden Nederland in de laatste 15.000 jaar. 
Bodemdalingssnelheden verschillen binnen Midden Nederland en waren niet constant in de 
laatste 15.000 jaar. De verschillen in bodemdaling zijn gekwantificeerd op grond van de geologie 
van rivierafzettingen die er gevormd zijn sinds het einde van de laatste ijstijd. 

Nederland ligt op de rand van een dalingsgebied: het Noordzeebekken. De bodem van West en 
Noord Nederland daalt; Zuid en Oost Nederland zijn min of meer stabiel. Zuid-Limburg, de 
Belgische Ardennen en de Duitse Eifel komen omhoog. Geologische lagen van honderden 
miljoenen jaren oud liggen daar aan het oppervlak. In het Noorzeebekken zijn de afzettingen aan 
het oppervlak veel jonger, tot een paar honderdduizend jaar. Dat komt door tektoniek. 
Tektonische breuken verdelen de ondergrond in blokken (Fig 2.1, p.18). Ieder blok daalt met zijn 
eigen snelheid: differentiële bodemdaling. Blokken zakken langzaam scheef, en bewegen ten 
opzichte van elkaar. Zo ontstaan breuktrappen in de ondergrond, en zakken geologische lagen 
stroomafwaarts langs de rivier steeds dieper weg. De gesteentelagen uit de Ardennen en de Eifel, 
vinden we onder Midden Nederland op enkele kilometers diepte. Het hoogteverschil aan het 
oppervlak is veel minder (ca. 100 m in het rivierdal). Dat komt niet door tektoniek, maar door 
fysisch-geografische processen als erosie en sedimentatie. Rivieren stromen naar het 
Noordzeebekken toe en dumpen er materiaal dat eerder in het achterland geerodeerd werd. De 
bovenste honderden meters (afzettingen van de laatste twee miljoen jaar, het Kwartair) van de 
Nederlandse ondergrond bestaan daarom vooral uit riviersedimenten.  

Een van de meest actieve breukzones in Nederland is de Peelrandbreukzone (PBF). Deze 
breukzone is vooral bekend door middelzware aardbevingen bij Uden (1932) en Roermond 
(1992). De breuk loopt ook door onder het studiegebied (lijn Oss-Tiel-Utrecht). De Rijn en Maas 
liggen dwars over de breukzone. Hun rivierlopen hebben zich voortdurend verlegd. Daardoor zijn 
rivierbeddingen van verschillende ouderdom in de ondergrond terug te vinden. De geologische 
geschiedenis van het gebied is uit de afzettingen af te leiden. Met name de ontwikkelingen sinds 
het einde van de laatste ijstijd (Laat Glaciaal) tot in de huidige tijd (Holoceen) zijn tot in detail 
bekend. Van dit tijdvak zijn de afzettingen redelijk compleet bewaard gebleven, als al dan niet 
begraven stroomgordels en terrassen. Ze waren in eerdere onderzoeken al in kaart gebracht (met 
grondboringen) en gedateerd (met 14C dateringen en archeologische vondsten). De Rijn-Maas 
afzettingen laten een complex beeld zien van rivieren die reageren op tektonische bewegingen en 
cyclische klimaatverandering (temperatuur, neerslag, wind, maar ook zeespiegelbewegingen en 
vergletsjeringen), samenhangend met de ijstijden.  

Het bepalen van vroegere klimaatsomstandigheden, zeespiegelstanden en tektonische activiteit, is 
nodig om dit complexe riviergedrag uiteen te rafelen, en de opbouw van delta (delta architecture) 
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te kunnen verklaren. In het verleden heeft men zich vooral geconcentreerd op klimaat- en 
zeespiegelreconstructies. De rol van variaties in tektonische activiteit was nog relatief onbekend. 
Dit proefschrift concentreert zich op de tektonische activiteit en de invloed daarvan op de 
riviersystemen in Midden Nederland, bovenop de invloeden van klimaat- en 
zeespiegelverandering. 

Onderzoeksvragen 
Door de scandinavische ijskap tijdens de ijstijden werden rivieren in Nederland gedwongen meer 
westelijke lopen te kiezen. Hierdoor stromen de Rijn en Maas in het rivierengebied dwars over de 
Peelrandbreukzone (Fig. 2.2, p. 21). Waar oudere rivierlopen de breukzone kruisen, raakten zij in 
de loop der tijd vervormd als gevolg van beweging langs de breuken. Door in het veld de locaties 
op te sporen waar oude rivierlopen breuken kruisen en de grootte van vervormingen in de 
ondergrond te bepalen, kan tektonische activiteit aangetoond worden. Daarmee wordt de 
differentiële bodemdaling gekwantificeerd. De vervormingen zijn groter naarmate de afzettingen 
ouder zijn. Doel van het onderzoek was de grootte van differentiële bodemdaling te bepalen. Dit 
om te onderzoeken of de bewegingen met constante snelheid plaatsvinden (lineair toenemende 
grootte van het verzet met de tijd = constante differentiële bodemdaling) of dat de breukactiviteit 
schoksgewijs plaatsvindt (korte perioden van aanzienlijke beweging, afgewisseld met langere 
rustiger perioden). 

In de huidige rivierlopen is van breukwerking weinig te zien. Weliswaar verbreedt de rivierdelta 
zich direct stroomafwaarts van de Peelrandbreukzone, maar een aan breukwerking toe te 
schrijven hoogteverschil in het huidige oppervlak is er niet. De afwezigheid van vervormingen 
aan het huidige aardoppervlak, in combinatie met de aanwezigheid van vervormingen in oudere 
oppervlakken in de ondergrond, roept de vraag op in hoeverre rivierlopen in het verleden door 
actieve tektoniek beïnvloed zijn. Vervormingen in oudere rivierafzettingen zijn ontstaan na het 
verlaten raken van de rivierlopen (post-depositioneel). Zijn er echter ook aanwijzingen dat 
differentiële bodemdaling oudere rivierlopen tijdens hun activiteit (syn-depositioneel) heeft 
beïnvloed? Het onderscheid tussen post- en syn-depositionele activiteit is om meerdere redenen 
van belang bij het kwantificeren van differentiële bodemdaling: 

• Het niet onderkennen van syn-depositionele bodemdaling (c.q. alle aangetroffen vervorming 
toeschrijven aan schijnbaar post-depositionele bodemdaling) kan resulteren in overschatting 
van de mate van bodemdaling.  

• Post-depositionele vervormingen zijn geaccumuleerd over relatief lange tijd. De periode(n) 
waarin breukwerking daadwerkelijk plaatsvond, is alleen indirect af te leiden, door de 
vervormingen van oppervlakken van verschillende ouderdom te analyseren. Identificatie van 
syn-depositionele effecten plaatst tektonische activiteit direct in de tijd: de activiteit vond 
plaats in de relatief korte periode waarin de afzetting daadwerkelijk vormde.  

• Resultaten die gebaseerd zijn op syn- en post-depositionele bodemdaling kunnen elkaar 
wederzijds bevestigen (cross-validation). Door ze te integreren kan variatie in differentiële 
bodemdaling nauwkeuriger in de tijd geplaatst worden. 
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7.2 Aanpak 

Voor dit onderzoek is veldwerk verricht op een aantal locaties in het rivierengebied. Van de 
polders Nederbetuwe, Land van Maas en Waal en de Maaskant zijn rivierlopen uit het Laat 
Glaciaal en het Holoceen (ca. 25.000 tot 11.000, resp. sinds 11.000 jaar geleden) gedetailleerd in 
kaart gebracht (Addendum 1). Hiervoor werd gebruik gemaakt van beschrijvingen van 
handboringen uit het archief van het departement Fysische Geografie, Universiteit Utrecht 
(Berendsen, 2003), aangevuld met gegevens uit nieuwe handboringen (Tabel 7.1). Verder zijn ter 
datering basisveenmonsters verzameld op diverse locaties in het Land van Heusden en Altena, de 
Bommelerwaard, het Kromme Rijn gebied, de Nederbetuwe, de Tielerwaard en de Lopikerwaard.  

Tabel 7.1: Veldwerklocaties 
Polder  nabij  jaar  Hoofdstuk 
Nederbetuwe  Maurik  1999, 2000 Ch. 3 
 Buren 1999  Ch. 3 
Land van Maas en Waal  Dreumel 1999, 2000 Ch. 5 
Maaskant (geheel) 1999  Ch. 2 
 Maren-Kessel 1999 Ch. 5 
 Berghem 2001 Ch. 5 

 
Om de patronen in differentiële bodemdaling in kaart te brengen zijn twee methoden gebruikt: 
(1) Het opsporen en kwantificeren van vervormingen in oppervlakken van oude rivierbeddingen 

in de ondergrond. Hiervoor zijn zandverhanglijnen (lengteprofielen) van voormalige 
rivierlopen geconstrueerd, gebaseerd op beschrijvingen van grondboringen (Fig. 2.5, 3.9, 
5.5). De top van zandige afzettingen komt ongeveer overeen met de waterlijn van een 
voormalige rivierloop bij geulvullende afvoer. Het verhang (10-30 cm/km) neemt in 
stroomafwaartse richting geleidelijk af. Waar breukwerking de afzettingen heeft vervormd 
ontstaan lokale afwijkingen in het verhang (trede, steiler, flauwer). Waar de vervorming 
groot genoeg is (bij de meest actieve breuken), kon de lokale vervorming van de 
zandverhanglijn worden bepaald en daarmee de breukactiviteit worden geschat (Hs. 2, 3, 5).  
Door de grootte van de vervorming te combineren met de ouderdom van het oppervlak is de 
gemiddelde snelheid van verplaatsing langs de breuk (differentiële bodemdaling) bepaald. 
Het vergelijken van resultaten gebaseerd op oppervlakken van uiteenlopende ouderdom en 
van meerdere locaties, beantwoordt de vraag hoe variabel de differentiële bodemdaling is in 
tijd en ruimte (Tabel 7.2). 

(2) Het opsporen en kwantificeren van vervormingen in oude grondwateroppervlakken in de 
komgebieden tussen (voormalige) riviertakken in de Rijn-Maas delta. Hiervoor is op 
verschillende diepten binnen het Holocene pakket het moment van bosveenvorming 
gedateerd. Bosveen vormt zich in de komgebieden op enige afstand van actieve 
rivierbeddingen. Bosveen vormt zich nèt (ca. 0-15 cm) onder de gemiddelde 
grondwaterspiegel. Waar bosveen zich vormde langs de flanken van donken (begraven 
rivierduinen), kunnen voormalige grondwaterniveaus worden gereconstrueerd, omdat de 
zandige donken ongevoelig zijn voor compactie. De donken vormden zich ca. 12.000 jaar 
geleden als rivierduinen langs de rivierlopen, in de laatste koude periode (Jonge Dryas) in 
het Laat Glaciaal. Daarna zijn ze, onder invloed van zeespiegelstijging, begraven door 
jongere afzettingen, waaronder bosveen. Door de basis van het bosveen net boven het 
duinzand te dateren is de grondwaterstand waarbij het bosveen ontstond vastgesteld: Ten 
tijde van de ouderdom van de datering, stond de waterspiegel gemiddeld op de hoogte (± 0.1 
m) van het gedateerde monster. Langs donkflanken is het mogelijk dateringen van meerdere 
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dieptes te verzamelen (bijv. Fig. 3.5, p. 51), waardoor lokaal de stijging van de 
grondwaterspiegel kan worden afgeleid (Hs. 3, 4, 5).  
De Rijn-Maas delta kent wijdverbreide bosveenvoorkomens, met name stroomafwaarts van 
de lijn Oss-Tiel-Utrecht. In het verleden zijn op diverse locaties series veendateringen 
verzameld, o.a. op donken rondom Rotterdam t.b.v. zeespiegelonderzoek (Jelgersma, 1961, 
Van de Plassche, 1982), maar ook op donken verder landinwaarts in het rivierengebied (Van 
Dijk et al. 1991, Törnqvist et al. 1998). Door de gegevens van meerdere locaties verspreid 
over de delta te combineren, zijn oude grondwateroppervlakken afgeleid. Waar differentiële 
bodemdaling de afzettingen heeft vervormd, ontstaan lokale afwijkingen. Het 
grondwateroppervlak lijkt hier lager te staan dan op grond van het regionale niveau verwacht 
werd. Dergelijke vervormingen in de grondwateroppervlakken zijn daarom nader 
onderzocht. Ook zijn regionale verschillen in de snelheid van (relatieve) grondwaterstijging 
geanalyseerd. De relatieve grondwaterstijging is groter in gebieden met een (tijdelijk) 
snellere bodemdaling. Waar vervormingen in vroegere grondwateroppervlakken en 
afwijkingen in hun stijgingssnelheden ruimtelijk samenvallen met de door methode (1) 
gevonden vervormingen, en met tektonische structuren uit de diepere ondergrond, zijn zij 
aan differentiële bodemdaling toe te schrijven.  

7.3 Resultaten 

In Midden Nederland vormen holocene delta-afzettingen van Rijn en Maas achter het 
strandwallen complex van de kustzone een sedimentwig die stroomopwaarts in dikte afneemt 
(coastal prism). Deze afzettingen hebben het laat-glaciale/vroeg-holocene rivierdal (palaeovalley) 
begraven. De ontwikkeling van het laat-glaciale dal naar de holocene delta is beschreven (Hs. 5, 
Addenda 1,2). 
• In het Laat Glaciaal vormden zich terrasniveaus doordat de actieve rivier zich insneed en 

versmalde, in reactie op het warmer wordende klimaat. Aan het begin van het Laat Glaciaal 
(Bølling/Allerød interstadiaal, 14.700-11.600 BP, BP = voor heden) ontstaan een aantal 
rivierlopen (WM en WR stroomgordels, App. 1), die gelijktijdig hebben bestaan. De 
begraven laat-glaciale rivier-morfologie in het studiegebied komt sterk overeen met wat reeds 
bekend was van de Rijn en Maas verder stroomopwaarts, waar het Laat Glaciale oppervlak 
nauwelijks begraven is (o.a. Huisink, 1999; Tebbens, 1999). Aan het eind van het Laat 
Glaciaal (Late-Dryas) zijn in het studiegebied alleen de meest noordelijke lopen van Maas 
(WM-3) respectievelijk Rijn (WR-3) nog actief. Het grootste deel van de ijstijd-riviervlakte is 
dan verlaten, en vormt een terrasniveau (Pleniglaciaal terras) met Laat Glaciale versnijdingen. 

• In het vroegste Holoceen (rond 11.000 jr BP) sneden de WM-3 en WR-3 rivieren zich in. De 
vroeg Holocene Rijn en Maas (HR en HM stroomgordels, 11.000-8.000 jr BP, App. 1) waren 
meanderend. Bochtmigratie en meanderafsnijdingen van de HM en HR stroomgordels hadden 
de WM-3 resp. WR-3 stroomgordels reeds in het vroeg Holoceen grotendeels omgewerkt. De 
top van de beddingafzettingen (zandverhanglijnen) van deze stroomgordels ligt 1-2 m onder 
het Pleniglaciale terrasniveau. De vroeg-holocene rivierlopen vormden een ondiep dal, 
ingesneden in de laat-glaciale riviervlakte. 

• Vanaf 8.000 jr BP veranderde deze situatie. Onder invloed van een stijgende zeespiegel 
vulden riviersedimenten het vroeg-holocene dal op, waarna zich door rivierverleggingen 
nieuwe stroomgordels buiten de ingesneden vroeg-holocene stroomgordels konden vormen. 
Dit transformeerde het laat-glaciale rivierdal tot de huidige rivierdelta. Rivieren verlegden 
zich en sediment hoopte zich op (aggradatie) tot in historische tijden, totdat de mens middels 
bedijkingen de rivieren vastlegde en komgebieden ging ontginnen.  
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Tot in het Midden Holoceen (ruwweg tot 4.000 jr BP) rees de zeespiegel in absolute zin, door 
afsmelting van de ijskappen. Dit gebeurde wereldwijd en ging relatief snel (>5 m/1000 jr, 
afnemend naar 1 m/1000 jr). De zeespiegelstijging aan de riviermonding werkt door in het 
achterland. Een riviersysteem is gedwongen zich aan de zeespiegelstijging aan te passen. De 
aanpassing gaat gepaard met aggradatie (het wateroppervlak en de riviersedimenten komen steeds 
hoger te liggen), met verhangafname en met het landinwaarts opschuiven van de riviermonding. 
In Nederland vormt zich vanaf 6000 jr BP een strandwal (min of meer ter hoogte van de huidige 
kustlijn) met daarachter een lagune. Vanuit het achterland vullen riviersedimenten deze lagune op 
(bijvoorbeeld in de Nederbetuwe). Vanuit de zee vullen sedimenten vanuit getijdekreken de 
lagune op (bijvoorbeeld rondom Rotterdam). Daartussen vormt zich in grote delen van de lagune 
wijdverbreid veen (bijvoorbeeld in de Alblasserwaard). Gedurende het Midden Holoceen was de 
sedimentlast van de Rijn en Maas onvoldoende om de door de zeespiegelstijging gecreëerde 
ruimte in de delta volledig met sedimenten op te vullen (Hs. 4). 

In het Laat Holoceen neemt de zeespiegelstijging wereldwijd aanzienlijk af, tot vrijwel nul. In het 
Noordzeebekken blijft de zeespiegel relatief wel stijgen, als gevolg van bodemdaling. Het is 
mogelijk de relatieve stijging van de grondwaterspiegel in het Holoceen (gereconstrueerd met 
veendateringen op donkflanken) op te splitsen in een absolute component (aanpassing aan 
wereldwijde, eustatische zeespiegelstijging) en een bodemdalingcomponent. Op deze wijze is de 
absolute grootte van de bodemdaling geschat (Hs. 4), zij het minder nauwkeurig dan dat relatieve 
verschillen in bodemdaling kunnen worden bepaald. Vanwege differentiële bodemdaling kan de 
grondwaterspiegel lokaal sneller stijgen dan gemiddeld voor de delta. Behalve gebieden met 
relatief snel stijgende waterspiegels door extra bodemdaling (zoals de Bommelerwaard), zijn er 
ook gebieden met hoge snelheden door extra opheffing van de waterspiegel, als gevolg van 
veranderende hydrologische omstandigheden. Zo blijkt grondwateruitstroming (kwel) zich in de 
loop van het Holoceen te concentreren in een steeds kleiner gebied (ZO-Utrecht) t.g.v. afdekking 
door ondoorlatende Holocene sedimenten verder naar het westen, resulterend in extra verhoging 
van de waterspiegel in de loop van het Holoceen. In de reconstructie van de grondwaterstijging, 
zijn lokale effecten gesuperponeerd op de patronen over de hele delta, tengevolge van 
zeespiegelstijging (benedenstroomse factor) en afvoer veranderingen (bovenstroomse factor). 
Door trends op deltaschaal aan de interactie tussen laatstgenoemde factoren toe te schrijven, en 
regionale afwijkingen aan lokale factoren (differentiële bodemdaling, veranderende hydrologie), 
is het mogelijk effecten van beneden-/bovenstroomse en lokale factoren apart te onderscheiden en 
te kwantificeren (Hs. 4). 

Grootte en snelheid van differentiële bodemdaling 
In het begraven Pleniglaciale terrasoppervlak zijn de meest actieve breuken van de 
Peelrandbreukzone gekarteerd. De breuken hebben overwegend een ZO-NW richting. De 
differentiële bodemdaling ten gevolge van verticale verschuivingen in de laatste 15.000 jaar langs 
deze breuken is 0.9 – 1.5 m. Ze zijn ongeveer even groot als de terrasrandtreden ten gevolge van 
Laat-Glaciale insnijdingen. De terrasranden hebben voornamelijk een (Z)W-(N)O richting. Het 
onderscheid tussen een terrasrand en een breuktrede in het begraven terrasoppervlak, is niet op 
basis van hoogteverschillen en richting alleen te maken. De geïdentificeerde breuken kenmerken 
zich verder door:  
• Vergelijkbare (maar minder grote) vervormingen in bedekkende jongere afzettingen, 
• lateraal doorlopen van een breuk in afzettingen van verschillende ouderdom (cross-cutting 

relaties in jongere stroomgordels), 
• hydro-geochemische verschijnselen (oxidatie-verkleuringen onder grondwater niveau). 
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De voor de Peelrandbreukzone (PBF) vastgestelde snelheden van differentiële bodemdaling zijn 
weergegeven in Tabel 7.2 (= Table 6.1). Bodemdalingsnelheden blijken niet constant in de tijd te 
zijn (non-lineair). Waarden afgeleid voor kortere tijdsperioden zijn groter dan voor de 
gerelateerde langere tijdspannes, bijvoorbeeld: 
• Geodetisch gemeten snelheden zijn hoger dan geologische gemiddelden voor de laatste 

7.000 jaar en 15.000 jaar. 
• Korte holocene tijdspannes (1000-2000 jaar) geven hogere snelheden dan lange Holocene 

tijdspannes (7000 jaar);  
• Laat-glaciale (laatste 15.000 jaar) snelheden zijn hoger dan laat-kwartaire (laatste 450.000 

jaar) snelheden. Dit is in overeenstemming met bevindingen van Houtgast (2003). 

 

Tabel 7.2: Differentiële bodemdaling over de Peelrandbreukzone in het rivierengebied 
Tijdspanne segment1 Snelheid2 

m/103jr 
Gebaseerd op Referentie (locatie) 

• Modern   Geodetische metingen  
1950 – 1978 AD 
1926 – 1959 AD 

PH 
 

1 - 2 
1 - 3 

2-6 cm, 4e-3ewaterpassing 
4-8 cm, 3e-2ewaterpassing 

Groenewoud et al.,1991 
Houtgast et al., 2003 

• Laat Holoceen 
laatste 2,500 jaar 

 
MH 

 
 0.18  

Zandverhanglijn  
Bommel (25) stroomrug 

Stouthamer & 
Berendsen, 2000 

     
     

• Midden en Laat Holoceen  Kom afzettingen Dit proefschrift 
Laatste 7,000 jr MH 0.03-0.07  Breuk-verzet in basisveen - Ch. 3 (Maurik) 
7,000–5,000 jr BP MH > 0.03-0.07 Syn-depositionele 

effecten in 
komafzettingen 

- Ch. 3 (Maurik) 

7,500–4,500 jr BP PH,MH 0.07±0.04 Breuk-verzet in  
GW verhanglijnen 

- Ch. 4 
(Maurik, Dreumel). 

   

• Laat Glaciaal en Holoceen Zandverhanglijnen Dit proefschrift 
Laatste 15,000 jr MH ca. 0.06 - Neder-Betuwe  - Ch. 3 (Maurik) 
Laatste 15,000 jr MH 0.07-0.09  - Land van Maas en Waal  - Ch. 5 (Dreumel) 
Laatste 15,000 jr PH 0.09-0.15 - Maaskant - Ch. 2 
15,000–8,000 jr BP MH > 0.07-0.09 Syn-depositionele effect 

in lengteprofielen  
- Ch. 5 (Dreumel) 

Last 15,000 jr BP,  
   N-Z tilt 0.05 m/km 

PH,MH 0.05 Maaskant ten opzichte van 
Land van Maas & Waal 

- Ch. 5  
(Berghem-Dreumel) 

     
     

• Kwartair   ‘Backstripping’ analyse  
Laatste 0.45 ·106 jr 
1.8 – 0.45 ·106 jr 

PH 0.08 
0.05 

- Noordelijk segment ‘Bp’ 
van de PBF-breukzone 

Houtgast & Van Balen, 
2000: Fig. 11  

Laatste 0.65 ·106 jr 
1.8 – 0.65 ·106 jr 
Laatste 2.4 ·106 jr 

PH 0.050 
0.033 
0.042 

- RVG gemiddelde minus  
Peel-Horst gemiddelde 

Houtgast & Van Balen, 
2000: Tabel 2 

Laatste 2.5 ·106 jr PH,MH ca. 0.04 - Model-berekening over 
de PBF, ter hoogte van 
het studiegebied. 

Kooi et al., 1998: Fig.8 

1) PH, MH = PBF stroomafwaarts van Peel Horst (omgeving Oss), respectievelijk 
stroomafwaarts van het Maasbommel Hoog (omgeving Echteld). 
2) Lineair gemiddelde over de aangegeven tijdspanne. 
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Het niet-lineaire gedrag uit zich over uiteenlopende tijdschalen, hetgeen suggereert dat er meer 
dan één factor verantwoordelijk voor is. Op kortere tijdschalen (binnen de laatste 15,000 jaar) kan 
interne dynamiek van de breukzone de non-lineairiteit verklaren. Binnen deze tijdschaal lijken 
langere perioden (millennia) van relatieve rust af te wisselen met kortere periodes (eeuwen) van 
grotere activiteit. Waarschijnlijk vallen perioden met grotere activiteit samen met aardbevingen 
langs de breuk (zoals Uden-1932 en Roermond-1992). Beiden zijn het gevolg van schoksgewijze 
verschuivingen op vele kilometers diepte (Roermond-1992: 17 km) in de aardkorst. In de 
betrekkelijk jonge, ongeconsolideerde rivierafzettingen direct onder het oppervlak vindt het actief 
verschuiven langs de breuk niet noodzakelijk schoksgewijs plaats. Harde aanwijzingen voor 
schoksgewijze bodemdaling in het Holoceen zijn in het rivierengebied niet gevonden, 
aanwijzingen voor perioden met tijdelijk verhoogde geleidelijke bodemdaling wel. Het is 
waarschijnlijker dat een aardbeving (of een zwerm aardbevingen) op grote diepte gevolgd wordt 
door een periode van tijdelijk versnelde, maar geleidelijke, differentiële bodemdaling aan het 
oppervlak (relaxation creep; Houtgast, 2003).  

Langs de Peelrandbreuk in het studiegebied (het noordelijke segment langs het Maasbommel 
Hoog) zijn bovengemiddelde snelheden afgeleid voor 7.000-5.000 jr BP (Hs. 3). Dit wil niet 
zeggen dat meer zuidelijke breuken (het segment van de PBF langs de Peel Horst) in diezelfde 
periode ook verhoogde activiteit vertoonden. Naast temporele variatie in bodemdalingssnelheden, 
is er ook laterale/ruimtelijke variatie. Activiteit kan afwisselend langs de verschillende breuken 
van de Peelrandbreukzone zijn opgetreden, bijvoorbeeld dan eens 102-103 jr langs de ene breuk, 
en dan weer langs een andere breuk binnen de breukzone (Hs. 6). 

Verschillen in gemiddelde snelheden over langere tijdschalen (bijv. de laatste 15.000 jaar binnen 
de laatste 125.000 jaar) hoeven niet door de interne dynamiek van de breukzone verklaard te 
worden. Over langere tijdspannes is het meer waarschijnlijk dat externe factoren de gemiddelde 
dalingssnelheid bepalen. In het Kwartair kunnen cyclische afwisselingen van tijdelijk snellere en 
langzamere bodemdaling ook worden toegeschreven aan glacio- en hydro-isostatische 
bewegingen als gevolg van het aangroeien en afsmelten van ijskappen in ijstijden. Deze 
bewegingen kunnen de achtergrondwaarde van ‘klassieke’ tektonische bodemdaling (bv. 
gerelateerd aan plaattektoniek) versterken. Zowel ijskap-gerelateerde als klassiek-tektonische 
krachten in de aardkorst uiten zich vermoedelijk langs dezelfde breukstructuren, getuige het 
samenvallen van verhoogde PBF breukactiviteit met het afsmelten van de Weichseliën ijskappen 
in Scandinavië en in Schotland en de afgeleide verlaagde activiteit in de daaraan voorafgaande 
periode. Ook de opbouw van de Rijn-Maas delta, in het bijzonder het daarin voorkomen van 
vroeg-holocene deltaische rivierafzettingen (beneden 15 m-NAP, Ch. 4), wijst erop dat de snelste 
(differentiële) bodemdaling plaatsvond in het Laat Glaciaal en Vroeg Holoceen. 

De eustatische component in grondwaterstijging in de Rijn-Maas delta was nul aan het begin van 
het Holoceen. Met de landinwaartse migratie van de kustzone, nam de invloed van de 
zeespiegelstijging toe. In het studiegebied werd vroeg in het Midden Holoceen (8.500-8.000 jaar 
geleden) een maximum waarde in de waterspiegelstijging bereikt. Daarna nam de eustatische 
component in grondwaterstijging af tot (vrijwel) nul. Stroomafwaarts van de PBF, in de 
Roerdalslenk (RVG) is de bodemdalingscomponent nooit nul geweest, maar was wel een orde-
grootte kleiner dan de eustatische component tijdens het midden holocene maximum (Hs. 4). De 
bodemdaling in het Holoceen was hier 2-3 keer groter dan gemiddeld over de laatste ijstijdcyclus 
(Eemien-Weichselien-Holoceen, de laatste 125.000 jr). De PBF kan beschouwd worden als de 
hinge zone (omslagzone tussen absolute daling en opheffing) van het Noordzeebekken in Midden 
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Nederland (zoals ook gesuggereerd door Kooi et al., 1998). Binnen de Rijn-Maas delta blijken de 
blokken stroomopwaarts van de PBF (Peel Horst, Maasbommel Hoog) relatief stabiel (geen netto 
daling/opheffing), alhoewel een Zuid-Noord scheefstelling (tilt) is afgeleid.  

Invloed van actieve tectoniek op het Rijn-Maas systeem 
In het studiegebied zijn syn-depositionele effecten van differentiële bodemdaling zowel in Rijn- 
en Maasafzettingen van het laat-glaciale rivierdal als van de holocene delta te zien. In het gebied 
heeft tijdens de insnijding en terrasvorming in het Laat Glaciaal (primair een reactie op 
klimaatsverandering bovenstrooms) heeft onder invloed van tektoniek afbuiging (deflection) van 
de rivierlopen  plaatsgevonden. Op de overgang van Laat Glaciaal naar Vroeg Holoceen (11.600 
jaar BP) was, in zowel het Rijn- als het Maasdal, alleen de meest noordelijke loop watervoerend. 
Deels is de afbuiging het gevolg van laterale migratie, in interactie met breuksystemen (Tegelen-
breukzone). Waar een terrasrand samenvalt met een breuk, kan verdere migratie in het relatief 
opgeheven blok gehinderd worden door de aanwezigheid van slechter erodeerbaar materiaal. Dit 
bevordert laterale migratie van de breuk/terrasrand af en migratie in stroomafwaartse richting 
langs de breuk (Hs. 2). Het noordwaarts afbuigen wordt verder bevorderd door het noordwaarts 
scheefzakken (tilt) van de Peel Horst en Maasbommel Hoog naar het noorden. Hierdoor werd een 
steeds groter percentage van de afvoer door de noordelijke geulen afgevoerd. Deze sneden zich 
daardoor effectiever in, hetgeen het verlaten van de zuidelijke geulen verder bevorderde. 

De positie die Rijn en Maas onder invloed van laat-glaciale/vroeg-holocene tektoniek uiteindelijk 
stroomopwaarts van de PBF innamen, bleef in het Holoceen nog lang stabiel. Er zijn in het 
Holoceen nieuwe rivieraftakkingen gevormd die de PBF op andere posities kruisten, maar dit 
bleven steeds nevenlopen en werden geen nieuwe hoofdlopen. Net als de in het Laat Glaciaal 
gevormde lopen, hebben ook de Holocene deltavertakkingen allen een NO-ZW richting, min-of-
meer loodrecht op de Peelrandbreukzone. De stroomgordel waar de huidige Nederrijn deel van 
uitmaakt was (tussen Rhenen en Wijk bij Duurstede) ca. 11.000 jaar lang de Rijn hoofdloop over 
het Maasbommel Hoog. Pas in het Laat Holoceen (ca. 1.800 jr BP, direct na de Romeinse tijd) 
evolueerde de Waal zich tot nieuwe hoofdloop, en werd de Nederrijn een nevenloop. De Maas 
heeft zich ca. 8.000 BP verlegd, en daarbij haar vroeg holocene loop verlaten. Waarschijnlijk 
gebeurde dit in reactie op laat-glaciale/vroeg-holocene differentiële bodemdaling. Sindsdien ligt 
de Maas hoofdloop waar zij de Peel Horst verlaat stabiel op haar huidige positie (nabij Lith). De 
lange levensduur van de rivierlopen over de Peel Horst en het Maasbommel Hoog staat in schril 
contrast met de gemiddelde levensduur (ca. 1.300 jaar; Stouthamer, 2001) van rivierlopen in de 
delta. Dit laat zien dat ook in de deltaische situatie de benedenlopen van rivieren door 
differentiële bodemdaling beïnvloed worden: de invloed uit zich in lokaal conservatief gedrag.  

7.4 Implicaties 

Het onderzoek suggereert het bestaan van een tijdelijk opheffingsgebied in het Noordzeebekken 
tijdens ijstijden. Het bestaan van een Weichselien forebulge in het Noordzeebekken is nog niet 
met zekerheid aangetoond. Geofysische modellen voorspellen een ringvormig opheffingsgebied 
(forebulge) rondom de Schotse en Scandinavische ijskappen. De aardkorst onder deze ijskappen 
zakt tijdens het aangroeien van de ijskap, en veert terug (rebounce) na afsmelten van het ijs 
(glacio-isostasie). In een ring om de ijskappen heen is de beweging precies omgekeerd omdat 
onder de ijskappen weggedrukt mantelmateriaal zich hier naartoe verplaatst. Het gebied komt 
omhoog tijdens het aangroeien van de ijskappen (forebulge updoming), en zakt terug na het 
afsmelten van het ijs (forebulge collapse). Ook het dalen en stijgen van de zeespiegel verandert 
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de belasting van de aardkorst en heeft met name op het continentaal plat compenserende verticale 
bewegingen tot gevolg (hydro-isostasie). De resultaten van dit onderzoek suggereren dat het 
studiegebied op de zuidelijke flank van de forebulge ligt (Fig. 6.1, p.143). De belangrijkste 
aanwijzingen zijn: 
• bovengemiddelde dalingssnelheden in het Laat-Glaciaal/Vroeg Holoceen,  
• Noordwaarts scheefzakken van Peel Horst en Maasbommel Hoog, 
• De aanwezigheid van vroeg holocene afzettingen aan de basis van de delta. 
 
De geobserveerde verschijnselen kunnen, gezien ‘timing’ en de richting van de verzakkingen 
verklaard worden als het gevolg van het terugzakken van de tijdelijk opgeheven forebulge. Een 
complicerende factor is dat in het studiegebied, ijskap-gerelateerde differentiële bodemdaling 
zich uit langs structuren die ontstaan door klassieke tektoniek. Vermoedelijk is sprake van een 
ijskap-gerelateerd effect boven op een ‘klassiek’ tektonisch te verklaren achtergrondwaarde. Op 
grond van de resultaten langs de Peelrandbreukzone in Midden Nederland alleen, kan de bijdrage 
van beide componenten niet individueel vastgesteld worden. Hiervoor moet het onderzoek 
geïntegreerd worden met resultaten van andere locaties in het Noordzeebekken, op andere 
tektonische blokken. In het Midden Weichselien verlegde de Rijn zich zuidwaarts (Gelderse 
Poort, Van de Meene & Zagwijn, 1978), mogelijk ten gevolge van forebulge-opheffing, op 
vergelijkbare wijze als de noordwaartse verplaatsing in het Laat Glaciaal tijdens het inzakken van 
de forebulge. Wat dit betreft zijn er binnen het IJsseldal interessante gebieden voor verder 
onderzoek naar de grootte van een eventuele forebulge (Noord Nederland), en om de interactie 
met het riviersysteem te onderzoeken (Oude IJssel gebied). 

In de Rijn-Maas delta stroomafwaarts van de Peelrandbreuk, is behalve verhoogde differentiële 
bodemdaling door glacio-isostasie, mogelijk ook een hydro-isostatische component gerelateerd 
aan zeespiegelstijging en delta-grondwaterspiegelstijging van belang. Het onderscheid tussen 
relatieve stijging door bodemdaling en het absoluut omhoogkomen van de waterspiegel is van 
belang bij het verklaren van de ontwikkeling van de Rijn-Maas delta. In het verleden is veelal de 
totale relatieve zeespiegelstijging als controlerende factor in de vorming van de delta gezien. 
Voor mariene elementen in het systeem kan dit realistisch zijn, maar voor een rivier is dit niet zo: 
(1) Absolute zeespiegelstijging forceert de rivier, door het omhoogkomen van de waterspiegel aan 

de monding, tot landinwaartse aanpassing van het lengteprofiel. Afvoer en sedimentlast 
bepalen de landinwaartse afstand tot waar aanpassing van het lengteprofiel plaatsvindt en 
hoeveel op te vullen ruimte hierbij wordt ingevuld. 

(2) Bodemdaling daarentegen, verlaagt de rivierbedding en komgebieden, maar verlaagt de 
waterspiegelhoogte aan de riviermonding niet. De landinwaartse afstand waarover op te 
vullen ruimte wordt gecreëerd, wordt niet bepaald door afvoer of sedimentlast, maar door de 
ligging van tektonische structuren in de ondergrond. 

 
Relatieve zeespiegelstijging ten gevolge van alleen bodemdaling heeft alleen invloed 
stroomafwaarts van het omslagpunt tussen netto opheffing en daling (voor de Rijn-Maas delta is 
dat de Peelrandbreukzone). Bij het verklaren van de opbouw van delta (delta architecture) en bij 
het voorspellen van de ruimtelijke verbreiding van afzettingen van een bepaalde ouderdom, 
maakt het dus uit of zeespiegelstijging relatief of absoluut was. Voor de Rijn-Maas delta heeft dit 
met name implicaties voor de vroeg-holocene basis van de delta-afzettingen. Recente schattingen 
van differentiële bodemdaling in het zuidelijke Noordzeebekken (o.a. dit proefschrift) impliceren 
dat de component van vroeg-holocene eustatische zeespiegelstijging geringer is dan in het 
verleden werd aangenomen. Nabij de huidige kustzone kan de basis van de vroeg holocene Rijn-
Maas delta (voor ca. 8.500 jr BP) primair onder invloed van bodemdaling zijn geaccumuleerd, en 
niet noodzakelijkerwijs primair door zeespiegelstijging zoals de jongere afzettingen. In 
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toekomstige studies naar laat-glaciale en vroeg-holocene afzettingen in het benedenstroomse deel 
van de Rijn-Maas delta moet bodemdaling beschouwd worden als een onafhankelijke factor. 
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APPENDIX 1 

New introduced channel belts 

 

Weichselian Late Glacial and Early Holocene channel belts that cross the Peel boundary 
Faultzone in the study area (Addendum 1). All channel belts appear in section Oss-Rhenen 
(Addendum 2). Channel belts are named after their time of formation (W = Late Weichselian, H = 
Early Holocene) and source (Rhine: R, Meuse: M). 

Name Abandonment Trend Process causing 
abandonment 

Activity  
(kyr BP)* 

Activity  
(14C yr BP)* 

Rhine      

WR-1 Allerød Incision Flow contraction 15 – 13.5  

WR-2 Younger Dryas Incision Flow contraction 15 – 12  

WR-3 Early Holocene Incision Migration 15 – 11.0  

HR-1 Early Holocene Reworking Migration 11.0 – 8.5  

HR-2 Early Holocene Reworking Migration, and 
partial avulsion 

8.5 – 7.0 7,700 – 6,200 

Maurik 104** Middle Holocene Aggrading  7.0 – 6.3 6,200 – 5,500 

HR-3 Middle Holocene Aggrading  8.0 – 6.8 7,200 – 6,000 

      

Meuse      
WM-1 Allerød Incision Flow contraction 15 – 13.5  

WM-2 Younger Dryas Incision Flow contraction 15 – 12  

WM-3 Early Holocene Incision Migration 15 – 11.0  

HM-1 Early Holocene Reworking Migration / Cut off  11.0 – 9.1 9,500 – 8,100 

HM-2 Early Holocene Aggrading Avulsion (full) 11.0 – 8.0 9,500 – 7,170 

HM-3 Middle Holocene Aggrading  8.0 – 6.5 7,170 – 5,700 

*) Dates in italics: indirect estimates; in bold: direct 14C dates. 
**) Upstream continuation of Maurik (104) channel belt cf. Berendsen & Stouthamer (2001). 
 

Note: 
Channel belts are not named after time of abandonment, i.e. the Late Glacial channel belts WM-3 
and WR-3 continued their activity into the Early Holocene, and the Early Holocene channel belts 
HR-3 and HM-3 continued their activity into the Middle Holocene. 
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APPENDIX 2 

Descriptions of Holocene channel belts of the PBF zone 

 
Introduction 
The description of channel belts in this appendix follows the naming and numbering of Berendsen 
& Stouthamer (2001, their App. 3) and allows to update their palaeogeographic reconstruction 
with the results of this study on the PBF zone.  

References 
For references and reference to radiocarbon dates by lab-code and number, see Berendsen & 
Stouthamer (2001, their Appendices 1-3). 

Definitions 
Channel belt A channel belt is regarded as the body of sediment (mostly sand with some 

gravel), deposited in a former or presently existing river bed, irrespective of 
the type of river pattern (braided, meandering, straight or anastomosing). 
Hence, the genetically associated overbank deposits and natural levees are not 
included in the channel belt. Channel fills are inclu 

Period of activity The period of activity of a channel belt is defined as the time interval of clastic 
sedimentation in the channel belt (formation of sandy channel deposits) and 
adjacent overbank areas (predominantly clayey natural levee deposits, 
crevasse-splay deposits and flood-basin deposits).  

River system A river system is defined as a complex of channel belts that have certain 
common characteristics. These may involve: age, source area, or direction of 
flow (see Berendsen & Stouthamer, 2001: Ch. 6).  

Abbreviations 
GTS Gradient of the top of the sand in a channel belt (Dutch: zandverhanglijn) 
NAP Dutch Ordnance Datum, approximately mean sea level. 

A2.1 Identification and naming of fragmented channel belts 

After correlating the numerous channel belt fragments preserved in the Rhine-Meuse delta, 
Berendsen & Stouthamer (2000, 2001) identified 206 individual channel belts, that represent 
palaeo courses of  Rhine and Meuse distributaries. Following earlier publications, the channel 
belts were named after topographic names of fluvial channels (e.g. Rijn, Nederrijn, Kromme Rijn, 
Lek, Maas, Waal, Linge) or nearby villages/farms/roads (e.g. Werkhoven, Maurik, Houten).  

Channel belts in the shallow subsurface (within 4 meters below the surface) were well studied 
and many Middle and Late Holocene channel belts were individually named. From the less 
intensively studied channel belts of the deeper subsurface, fewer dates were available and hence 
their names refer to complexes of channel belts rather than to individual channel belts.  

The 206 channel belts are in fact 206 channel belt fragments: over the full length of the river from 
delta apex to coast palaeo river courses are formed by a chain of channel belts (e.g. the Echteld-
Bommel-Est-Gameren river). Upstream and downstream continuations for each channel belt are 
described in Berendsen & Stouthamer (2001, their App. 3). 
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A2.2 List of channel belts appearing on the  
‘Geological map of the Peel Boundary Faultzone’ (Addendum 1) 

ID Channel belt name 
 
 

Period of 
activity 
(14C yr BP) 

8 Altforst   4765-4370 
11 Appelaar 4700-3800 
12 Autena   6110-5350 
13 Avezaath 2410-1842 
15 Benschop   7600-5350 
24 Boelenham  2650-2200 
25 Bommel  2936-2310 
27 Brakel   6515-5590 
30 Broek   5590-4800 
32 Bruchem   2560-1760 
34 Buren   2410-1842 
36 Deil   5788-5360 
37 Distelkamp-Afferden   4605-2250 
38 Dreumel   3700-3020 
41 Dwarsdijk   4520-3700 
42 Echteld   2770-1901 
43 Eigen Blok  4820-4000 
44 Enspijk  2510-2200 
45 Erichem   4376-2420 
46 Est   3124-1860 
47 Esterweg   4820-3818 
51 Gellicum  2510-2200 
59 * Haren  4570-3020 
60 Hedel-Wordragen 4020-3210 
61 Heesselt 2560-1760 
63 Hennisdijk  3818-2975 
70 Honswijk   3945-3050 
71 Hooiblok   2500-2200 
73 Hoorzik  4020-3210 
74 Houten  3795-2560 
75 Huisseling-Demen   3000-2000 
77 Ingen   2700-1915 
82 Kesteren   4500-4000 
84 Kortenhoeven   7600-6260 
85 Kromme Rijn   3000-828 
90 Leeuwen   3000-2000 
91 Lek  1950-present 
95 Lienden   1915-1200 
97 Linge   2160-643 
99 * Lith  4500-2734 
   
   

ID Channel belt name 
 
 

Period of 
activity 
(14C yr BP) 

101 Maas (Meuse) 1760-present 
102 * Macharen  3000-2000 
103 Mars-Oude Rijn   1915-326 
104 * Maurik  6200-5350 
111 Middelkoop   7370-5350 
112 * Molenblok   5500-4370 
116 Nederrijn  2500-present 
121 * Nieuweschans   4370-3765 
123 Ochten   4610-3290 
124 Oensel   2590-2000 
125 Oevershof   2560-1760 
126 Ommeren   5530-2100 
128 Opijnen   2590-2000 
143 Ravenswaaij  2200-1000 
144 Redichem   2200-1000 
145 Regulieren   5350-4820 
150 Schaik   5285-4240 
153 * Schuurkamp   5788-5360 
162 Tienhoven   7000-6260 
164 Tweesluizen   2900-2200 
166 Varik  5500-5000 
168 Vecht  2270-828 
169 Velddriel   3090-1760 
170 * Vretstrooi   6100-5660 
174 Waal 

(downstream from Tiel) 
1625-present 

175 Waal 
(upstream from Tiel) 

2160-present 

179 Wamel 3000-1760 
181 Werkhoven  5660-3430 
182 Westerveld   4000-3290 
184 Wijchens Maasje  4765-3020 
188 * Winkels   4500-4020 
189 Winssen   6430-5105 
190 Wuustegraaf   2800-2400 
191 Zaltbommel-

Nederhemert  
4820-4160 

196 Zennewijnen  2934-1890 
198 Zijvond 3441-3020 
199 Zoel   1000-700 
200 Zoelen   4376-2420 
201 * Zoelmond 5350-4620 

 * updated descriptions 
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A2.3 Middle-Late Holocene channel belts of the Peel Boundary Faultzone: 
Updated descriptions 

59. Haren  4570-3020 
Upstream/downstream coordinates: 171-422/166-423. 
Highest sand elevation (relative to NAP in m): +4.7 to +4.1 
Average gradient (cm/km): 7.5 
Connections: upstream: unknown; downstream: Lith. 
Dating evidence: 14C dating, archaeology. 
Beginning of sedimentation: Berendsen & Stouthamer (2001) estimated beginning sedimentation at 

approximately 4020 BP, based on the downstream connection to the Lith and Hedel-Hoorzik channel 
belts. New (Cohen, 2003) datings obtained near Berghem indicate clay deposition started after 4570 ± 
70 BP (UtC-11760). 

End of sedimentation: based on two residual channel dates: 3020 ± 60 BP (UtC-7807) and 3303 ± 39 BP 
(UtC-8122). Both dates are considered to be correct, but the date of 3303 ± 39 BP (UtC-8122) may be 
representative only for the northern channel. Therefore the youngest date is taken to represent the end 
of sedimentation. 

Archaeology: Bronze Age, Iron Age, Roman Age, Early and Late Middle Ages. There are some Mesolithic 
traces in the surrounding area, but these must be related to the Pleistocene subsurface or eolian river 
dunes. 

References:  Van Diepen (1954). 
Remarks:  
The residual channel sample dated at 3020 ± 60 BP (UtC-7807), is confusingly named Macharen after the 

nearest village; the dated sample has no relation to the Macharen channel belt. The Haren channel belt 
seems to be crossed by the Macharen channel belt. The Haren channel belt deposits do not contain 
calcium carbonate. Channel deposits are at greater depth below the surface than channel belt deposits 
of Macharen, which suggests that the Haren is indeed older than Macharen. 

The 14C date UtC-7866: 6870 ± 130 BP refers to the earliest peat formation in the Raam valley, a little 
river/brook draining the north-eastern section of the Peel Horst. It probably reoccupied a Late Glacial 
course through the eastern Maaskant area (Cohen, Stouthamer & Berendsen, 2002), has nothing to do 
with the Haren channel belt. 

 
99. Lith 4500-2734 
Upstream/downstream coordinates: 159-423/155-423. 
Highest sand elevation (relative to NAP in m): +3.5 to +2.5 
Average gradient (cm/km): 11.1 (measured along the channel belt) 
Connections: upstream: Molenblok, Haren; downstream: Winkels, later Hoorzik, Hedel-Wordragen, later 

Velddriel. 
Dating evidence: 14C, relative dating. 
Beginning of sedimentation: Downstream, the Lith channel belt are connected to a number of channel belts 

known from the Bommelerwaard, of which the Hedel channel belt formed shortly after 4020 BP (GrN-
18102). However, the Lith channel belt predates the Hedel channel belt. A direct terminus post quem 
date for beginning activity underneath the lower overbank deposits gave an age of 4504 ± 41 BP (UtC-
8124). Since the channel belt has multiple overbank levels, this date must be interpreted as the 
beginning of an older phase of the Lith channel belt. 

End of sedimentation: A direct residual channel date: 2734 ± 44 (UtC-8125) dates the abandonment of the 
Lith channel belt. 

Archaeology: possibly Bronze Age, certainly Iron Age, Roman Age, Early and Late Middle Ages. 
References: Weerts & Berendsen (1995: 205), Weerts (1995: 81). 
Remarks:  
1. Berendsen & Stouthamer (2001) mapped all Meuse channel belts in the Western Maaskant area as one 

system (Lith, 4020-2734). Cohen (2003) split the complex into 3 channel belts. 
- Lith 1 channel belt 4500 – 4000 BP 
- Lith 2 channel belt 4020 – 3400 BP 
- Lith 3 channel belt 3500 – 2734 BP 

2. In the southwest of the Lith channel belt complex, two levels of overbank deposits (0.5-1.5 m +NAP and 
2.0-3.0 m +NAP respectively) with interbedded peat are present. These two phases represent Lith-1 
and Lith-2 channel. The basal peat date series at Maren (UtC-10188 – 10192; 5068 - 4478 BP; Cohen, 
2003) is from a peat bed underlying floodbasin deposits of Lith-1 channel belt. 
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3. Within the Lith channel belt complex, Lith-3 is located north of Lith-1 and Lith-2. Lith-3 has many 
crevasse splays towards the southwest. The Lith channel belt complex shows a characteristic small-
scale pattern of meandering, related to local erosion and reworking of Late Glacial aeolian sand 
(coversand-ridges, inland dunes). The channel belt deposits do not contain calcium carbonate, showing 
that this was a Meuse distributary, without any influx from the Rhine. 

4. The residual channel of Lith-3 possibly still contained water during Roman times. 
 
102. Macharen  3000-2000 
Upstream/downstream coordinates: 165-424/162-423. 
Highest sand elevation (relative to NAP in m): +4.6 to +3.5 
Average gradient (cm/km): 17.5 
Connections: upstream: Huisseling-Demen (although a connection to the Haren channel belt cannot be 

excluded with certainty); downstream: Meuse-Velddriel. 
Dating evidence: 14C dating, archaeology, historical evidence. 
Beginning of sedimentation: estimate: 3000 BP, based on the abandonment of the Lith channel belt 2734 ± 

44 (UtC-8125). The fill of a crevasse channel dated to 2590 ± 44 (UtC-11126) is attributed to the 
Macharen channel belt. 

End of sedimentation: estimate: 2000 BP. Its reach between Lithoijen and Heerewaarden was not 
abandoned, river activity continues as the Maas (101) channel belt. 

Archaeology: Neolithic, Bronze Age, Iron Age, Roman Age, Early to Late Middle Ages. 
References:  Van Diepen (1954). 
Remarks:  
1. The Macharen channel belt is incised into Pleistocene sands over most of its length; therefore it is hard 

to determine whether the channel belt has one or more periods of activity (contrary to the Lith channel 
belt, that clearly has two levels of overbank deposits). The channel belt has not yet been radiocarbon 
dated, because organic material in this area is extremely scarce. Archaeological traces suggest that the 
river existed already during the Bronze Age, and possibly even earlier. The final phase of activity is 
Roman Age: a Roman vessel was found in a residual channel near Macharen (Van Diepen 1952: 116). 
Unfortunately the exact location is unknown. The channel belt deposits do not contain calcium 
carbonate. GTS-lines suggest that the Macharen channel belt is younger than the Haren channel belt, 
but this is not necessarily so, because tectonic movements along the Peel Boundary Fault may have 
resulted in a relatively high occurrence of sand in the Macharen channel belt. 

2. South of the cut-off Lithoijen meander of the present Meuse, two relatively small and probably short-
lived palaeo-channels exist that were assigned to the Macharen channel belt. by Berendsen & 
Stouthamer (2001). However, reinterpretation of archived data suggests that they are older and 
probably co-existeted with the Molenblok (112) channel belt. 

 

104. Maurik  6200-5350  
Upstream/downstream coordinates: 170-440/149-439. 
Highest sand elevation (relative to NAP in m): +2.6 to +1.9. 
Average gradient (cm/km): 11.7. 
Connections: Upstream: The Maurik channel evolved from an underlying Rhine trunk channel that was 

continously active since the Late Glacial, with incised Early and Middle Holocene meandering channels 
mainly reworking the Younger Dryas channel belt. This trunk channel can be traced in the subsurface 
directly south of the Late Holocene Ingen, Lienden, Mars channel belts, but the channel belt of Maurik 
age was probably located further North, and is mostly eroded by the Late Holocene channels. Small 
fragments can be found in-between the younger channel belts and the Nederrijn in the small floodbasin 
at x=167. Further upstream the Maurik channel belt was connected to Herveld, Ressen and Winssen. 
Downstream: Autena and Benschop channel belts. A small  secondary channel south of the main Maurik 
channel belt, connects to the Vretstrooi channel belt. 

Dating evidence: 14C, relative dating. 
Beginning of sedimentation: around 6200 BP (Hofstede, Berendsen & Janssen 1989: 412). The Maurik 

channel belt and a slightly younger reoccupation (Zoelmond channel belt) form the upper levels of a 
stacked channel belt complex occupying a Late-glacial incised channel belt (Cohen et al., 2003). There 
is no clearly definable beginning of sedimentation for this channel belt; because the Maurik channel belt 
gradually evolved from an older channel at slightly deeper level (unlike most other channel belts that 
initiated by avulsion). The predecessor of the Maurik channel belt (HR-1, HR-2; Cohen, 2003) was the 
trunk channel that fed the channel belts of the Benschop river system (cf. Berendsen & Stouthamer, 
2001). The date used here as the beginning of sedimentation is an estimate of the local onset of 
aggrading conditions, at the level of the Late Glacial LT-terrace (cf. Berendsen & Stouthamer, 2001). The 
estimated age of 6200 14C yr BP is confirmed by a series of 4 basal peat dates in the floodbasin directly 
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south of the Maurik channel (Utc-10748, 10750, 10751, 10792) that range from 6299 ± 36 to 6060 ± 36 
(Cohen et al., 2003). Some distal floodbasin clays (crevasse splay deposits) attributed to the Maurik 
channel overly the dated basal peat bed.  

End of sedimentation: 5350 ± 40 BP (GrN-12461), which is a date of the base of peat, overlying the 
overbank deposits directly north of this channel belt. South of this channel belt the base of peat overlying 
a crevasse deposit from the Maurik channel belt was dated at 5179 ± 48 (UtC-10749).  
The series of dates on the Zandberg eolian dune (Van Dijk et al. 1991: 320; Törnqvist et al. 1998; Cohen 
et al., 2003) can also be used to constrain the age of abandonment of the Maurik channel belt. Dates 
UtC-3947, UtC-3948 (5660 ± 80, 5880 ± 260) and GrN- 11475 (5895 ± 35) are from a humic clay 
deposited by the Maurik channel. Dates UtC-3946 (5220  ± 70) and GrN-11473 (5220  ± 35) are from a 
floodbasin peat overlying this clay bed. Therefore, the final phase of activity of 5350 14C yr BP might be 
estimated 100-200 14C yr too young (at the maximum). 

Archaeology: Neolithic, Bronze Age, Iron Age, Roman Age, Middle Ages. 
References: Hofstede, Berendsen & Janssen (1989), Berendsen (1982: 147), Havinga & Op ‘t Hof (1969). 
Remarks:  
1. The Maurik channel belt formed during the last phase of the Benschop river system (~6200-5350 BP). 

Prior to 6200 BP, the trunk channel underlying the Maurik channel belt, was already aggrading. Small 
aggrading channel belts that predate the Maurik channel occur to the south of it. These are secondary 
channels that invaded a floodbasin area formed by the drowning of the LT terrace (Cohen et al. 
2003:Fig. 6). These channels correlate to the Tienhoven en Middelkoop stages (7000-6260 BP) of the 
Benschop river system. 

2. The date of abandonment of the Maurik channel (peat overlying overbank deposits) practically coincides 
with the beginning of activity of the Werkhoven channel belt. This was a major avulsion, abandoning the 
Benschop system, and starting the Utrecht system (cf. Berendsen & Stouthamer, 2001).  

3. Shortly after abandonment, the Maurik channel belt has been reoccupied by the younger Zoelmond 
channel belt; at least two levels of overbank deposits exist. Overbank deposits of the Maurik channel belt 
directly overlie the Kreftenheye Formation (Wijchen Member), showing that the channel belt originated 
just east of Wijk bij Duurstede. Both the Maurik and Zoelmond channel belts are overlain by a Late 
Holocene complex of crevasse splays that seems to be related to one or more avulsions near Wijk bij 
Duurstede (forming the Ravenswaay and Lek channel belts, Stouthamer, 2001: p170; see description 
Zoelmond channel belt). 

 

112. Molenblok  5500-4370 
Upstream/downstream coordinates: 166-428/157-424. 
Highest sand elevation (relative to NAP in m): +3.6 to +2.8 
Average gradient (cm/km): 18.2 
Connections: upstream: Altforst; downstream: Varik, Lith, Appelaar. 
Dating evidence: 14C dating, archaeology. 
Beginning of sedimentation: 4765 ± 60 BP (GrN-6996) is a qyttja date marking a phase of renewed 

sedimentation by a northern distributary of the Molenblok 112 system, underlying Nieuweschans (see 
discussion Nieuweschans, 121). Berendsen & Stouthamer (2001) used it as the begin of activity of 
Molenblok. However, many channels to the south appear older. Here, the Molenblok system has been 
active since ca. 5500 14C yr BP, the suggested date of abandonment of HM-3 channel belt  (Cohen, 
2003: Chapter 5). 

End of sedimentation: based on residual channel date of Wijchens Maasje: 4370 ± 60 BP (GrN-6998).   
Downstream of coordinates 159-428, the Nieuweschans (121) channel belt reoccupied a branch of the 
Molenblok (112) channel belt complex. A channel fill within the resulting complex was dated, resulting in 
a date of (UtC-10753: 4556±41) from silty humic clay at 3.0 m depth. To the northwest of the 
reoccupation, peat in-between deposits of the Molenblok (112) and Nieuweschans (121) channel belts 
produced dates of 4800±50 (UtC-10186) and 47970±42 (UtC-11128). Channels of the Molenblok (112) 
complex further to the south may have remained active longer. 

Archaeology: Late Neolithic, Iron Age, Roman Age, Middle Ages. 
References: Verbraeck (1984:  208-210); Berendsen, Hoek & Schorn (1995); Cohen (2003). 
Remarks: Age estimates are uncertain, based on age of the oldest phase of the Wijchens Maasje.  

See description of Nieuweschans. 
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121. Nieuweschans  4370-3765 
Upstream/downstream coordinates: 163-429/156-427. 
Highest sand elevation (relative to NAP in m): +2.9 to +2.8. 
Average gradient (cm/km): 6.1. 
Connections: upstream: Wijchens Maasje;  downstream: Appelaar. 
Dating evidence: 14C dating, archaeology. 
Beginning of sedimentation: 4370 ± 60 BP (GrN-6998). 
End of sedimentation: based on residual channel dates of the Wijchens Maasje: 3765 ± 55 BP (GrN-999) 

and 3810 ± 55 (GrN-6997).  
Archaeology: no archaeological traces. 
References: Verbraeck (1984:  208-210); Berendsen, Hoek & Schorn (1995); Cohen (2003) 
Remarks:  
1. Berensen & Stouthamer (2001) age estimates are based on the age of the oldest phase of the Wijchens 

Maasje (Verbraeck 1984, cross section Altforst). Samples were taken from excavations, and are 
considered to be reliable. However, the geological map (Verbraeck 1984) of the Altforst area does not 
agree very well with other maps (Berendsen, Hoek & Schorn 1995; Berendsen Faessen & Kempen 
1994; Berendsen & Stouthamer; 2001). Mapping is locally complicated by the occurrence of Younger 
Dryas eolian dune sand, that was sometimes transported over small distances. Also, all river deposits in 
this area do not contain calcium carbonate and therefore are hard to distinguish from eolian dune 
sands.  

2. The small age difference between the end of Nieuweschans-Appelaar and Esterweg is considered 
insignificant, considering the reliability of the age determination of the Esterweg-Zaltbommel-
Nederhemert channel belt (Berendsen & Weerts 1995). 

3. West of x=160 the Nieuweschans channel belt reoccupied an Early Holocene channel belt (EHM-III cf. 
Cohen, 2003), that may have continued as part of Molenblok (112). The Nieuweschans channel 
however, has a considerably lower width (150 m) than this channel (ca. 250 m), suggesting that the 
Nieuweschans channel did not carry the full Meuse discharge.  

4. From a residual channel at the southern margin of the Nieuweschans channel belt, two AMS 
radiocarbon dates were obtained: a humic clay at 1.5 m below surface  (UtC-10752; 2838±40), and a 
silty humic clay at 3.0 m depth (Utc-10753: 4556±41); separated by less humic beds. However, at the 
sampling location, a second residual channel exists on the northern margin of the channel belt. This 
residual channel would be of the Nieuweschans channel belt; the results of the southern channel 
suggests it is from underlying the HM-3 / Molenblok (112) channel belt that was reoccupied by 
Nieuweschans. The upper date is rather young, and even post dates Dreumel (31), that is considered 
younger than Nieuweschans.  

 
153. Schuurkamp  5788-5360 
Upstream/downstream coordinates: 165-432/151-428. 
Highest sand elevation (relative to NAP in m): +0.8 to +0.7. 
Average gradient (cm/km): 6.5, but channel belt too short to measure accurately. 
Connections: upstream: unknown; downstream: Deil. 
Dating evidence: 14C dating, GTS-lines. 
Beginning of sedimentation: 5788 ± 50 BP (UtC-7812). 
End of sedimentation: 5360 ± 120 BP (UtC-7867). 
Archaeology: no archaeological traces. 
References:  Berendsen, Faessen & Kempen (1994), Berensen et al. (2001), Cohen (2003). 
Remarks: Dating is based on the Deil channel belt, which is the downstream continuation of this channel 

belt. The channel belt is older than the Appelaar channel belt. GTS-lines strongly suggest a connection 
with the Deil channel belt; all the other channel belts in the surrounding area are younger. In the NW of  
the Land van Maas en Waal the upstream continuation of Schuurkamp (153) has been mapped (Cohen, 
2003). 

 
170. Vretstrooi  6100-5660 
Upstream/downstream coordinates: 144-438/143-437. 
Highest sand elevation (relative to NAP in m): circa -4.2. 
Average gradient (cm/km): 0.2 – 0.3 m/km 
Connections: upstream: Maurik, secondary channel, south of main channel. Downstream: unknown, 

probably reoccupied by/incorporated in Regulieren and Schaik systems. 
Dating evidence: 14C, relative dating. 
Beginning of sedimentation: estimate: after 6150 ± 40 (UtC-10024); this is a basal peat date near eolian 
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dune de Treeft. The peat overlies floodbasin clays of the Vretstrooi channel belt. A date by Makaske 
(1998) points to a begin of sedimentation after 6220 ± 70 BP (UtC-4646). 

End of sedimentation: 5650 ± 40 (UtC-10021), a basal peat date on the flank of the eolian dune de Treeft  
(Cohen et al., 2003; fig. 5). The channel belt was abandoned before the beginning of sedimentation of 
Schaik: 5285 ± 50 BP (UtC-1396/1397). A date by Makaske (1998) suggest an end of sedimentation 
before 5170 ± 110 (UtC-4644). 

Archaeology: no archaeological traces. 
References: Berendsen, Faessen & Kempen (1994). 
Remarks: Originally known as a small erosional remnant, east of x=145. Fieldwork at the dune The Treeft 

and in the Maurik floodbasin (Cohen, Gouw & Holten, 2003) identified the upstream part of this ca. 100 
m wide channel belt, and its upstream connection to the Maurik channel belt (Cohen, 2003). The channel 
runs parallel to the younger Hennisdijk channel belt. In studies of the Hennisdijk channel belt (Makaske, 
1998) the overbank deposits of the Vretstrooi system had been noticed and dated, but the corresponding 
channel belt was not mapped.  

 
188. Winkels  4500-4020 
Upstream/downstream coordinates: 148-418/144-419. 
Highest sand elevation (relative to NAP in m): +0.9. 
Average gradient (cm/km): not enough data to measure accurately. 
Connections: upstream: most likely an older phase of the Lith channel belt, possibly the Molenblok channel 

belt. Downstream: unknown, a connection to Zaltbommel-Nederhemert seems likely, but has not been 
found. 

Dating evidence: 14C, relative dating. 
Beginning of sedimentation: Maximum age: UtC-10259 (5017 ± 41). This is a basal peat date. The peat is 

overlain by overbank sediments related to the Winkels and the Hoorzik channel belts. Winkels (and 
Hoorzik) channel belts started later. Based on the presumend connection with the Lith channel, 
sedimentation starts ~4500. Based on a connection with the Molenblok channel belt (cf. Berendsen & 
Stouthamer), sedimentation would start 4765 BP. 

End of sedimentation: Based on its low calcium carbonate-content (implying no connection to the Rhine), the 
Winkels channel belt must have been abandoned when/before the Hoorzik channel (higher calcium 
carbonate content) formed (4020 BP). The latter event is also correlated with the start of the second 
phase of the Lith channel belt complex. 

Archaeology: no archaeological traces. 
References: Weerts & Berendsen (1995: 205), Weerts (1995: 81), Berendsen ed. (1986: 44). 
Remarks:  
1. The channel belt is largely eroded by the younger Hedel-Wordragen channel belt. Age determination is 

uncertain, but at present the only reasonable alternatives are a connection with an older phase of the 
Lith channel belt complex and/or the Molenblok channel belt. 

2. Detailed mapping in the SE Bommelerwaard by Van Helvoort (PhD-thesis in prep., exp. 2003), revealed 
the presence of channels at approximately the same level as the Late Glacial coversands, that may 
belong to the Winkels channel belt. It is suggested that the Winkels channel belt occupied the valley of 
a small brook that drained the SE-Bommelerwaard prior to the onset of fluvio-deltaic conditions. A 
radiocarbon date (UtC-10755; 8360 ± 60 BP) from a local peat bed confirms the existence of Early 
Holocene brooks in the area. 

 
201. Zoelmond  5350-4620 
Upstream/downstream coordinates: 155-440/149-439. 
Highest sand elevation (relative to NAP in m): +2.6 to +1.9. 
Average gradient (cm/km): 11.7. 
Connections: upstream: Werkhoven; downstream: Zijderveld. 
Dating evidence: 14C, relative dating. 
Beginning of sedimentation: around 5350 ± 40 BP (GrN-12461), which is a date of the base of peat, 

overlying the overbank deposits of the Maurik channel belt. The Zoelmond channel belt is a reoccupation 
of the Maurik channel belt, and is probably connected to the Zijderveld channel belt. 

End of sedimentation: based on the residual channel date of the Zijderveld channel belt: 4620 ± 60 BP (GrN-
5221). 4850 ± 60 (UtC-10747, Cohen, Gouw & Holten, 2003) is a date of a peat bed overlying crevasse 
splay deposits of the Zoelmond channel near its upstream avulsion-node (x=155). 

Archaeology: Neolithic, Bronze Age, Iron Age, Roman Age, Middle Ages. 
References: Hofstede, Berendsen & Janssen (1989), Berendsen (1982: 147), Havinga & Op ‘t Hof (1969). 
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Remarks:  
1. The Zoelmond channel belt reoccupied the Maurik channel belt (Stouthamer, 2001: 170). Below the 

Maurik channel belt level, older overbank and channel belt deposits exist. These are part of the trunk 
channel feeding the Benschop system. Together with the Maurik channel belt and the Zoelmond 
channel belt, a stacked channel belt complex is formed, representing more or less continous fluvial 
deposition since the Younger Dryas channel belt (Cohen et al. 2003, Fig. 4). 

2. The Maurik and Zoelmond channels at their NW banks locally eroded the Zandberg eolian dune and 
underlying Kreftenheye Formation (Van Dijk et al. 1991; Cohen et al. 2003, fig. 3).  

3. The Zoelmond reoccupation originated from a partial avulsion just east of Wijk bij Duurstede. The 
residual channel of the Zoelmond channel belt was reoccupied by a small crevasse of the Lek / 
Ravenswaay avulsion that incised into the residual channel deposits (Stouthamer 2001: 170). Channel 
lag deposits of the crevasse are found overlying residual channel deposits of the Zoelmond channel 
belt. The Zoelmond channel belt is overlain by a complex of crevasse splays that are related to 
avulsions that occurred  near Wijk bij Duurstede. 
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APPENDIX 3 

Datings at the ‘Dreumel’, ‘Maren’ and ‘Berghem’ sites (Chapter 5) 

 
 

 
 
 
 
 

 
(next pages) 
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Appendix 3: Radiocarbon dates ‘Dreumel’, ‘Maren’ and ‘Berghem’ sites 
No. Lab. code Date ± 1σσσσ 

[14C yr BP] 
1σ calendar age range 
[yr cal BP]  

Sample name Coordinates, surface 
elevation [km] / [m]  

Sample depth  
[m ± O.D.] … 

Early Holocene Meuse, south of ‘Dreumelse Berg’ (Fig. 5.2)     

1 UtC-10182 8140 ± 60 9240-9220, 9190-9175, 
9130-9010 

9905.012 M2 159.890 / 429.462 / 
3.81 m +NAP 

3.27 m -NAP  

2 UtC-10183 6980 ± 50 7915-7900, 7840-7740 9905.012 M1 159.890 / 429.462 / 
3.81 m +NAP 

1.35 m -NAP  

3 UtC-10187 7170 ± 60 8105-8100, 8025-7940, 
7890-7880 

9905.029 M1 160.050 / 429.167 / 
3.29 m +NAP 

1.59 m -NAP  

4 UtC-10754 8100 ± 60 9125-9115, 9090-9050, 
9030-9000 

0005.006 M1 160.240 / 428.880 / 
3.50 m +NAP 

2.77 m -NAP  

5 UtC-11129 7650 ± 45 8480-8470, 8460-8380  0005.030 M1 159.856 / 429.292 / 
4.19 m +NAP 

2.69 m -NAP  

Buried dune site ‘Dreumelse Berg’ (Fig. 5.3)    

a ** UtC-10184 3099 ± 43 3360-3320, 3310-3300, 
3290-3265 

9905.023 M1 159.691 / 429.372 / 
4.33 m +NAP 

2.41 m +NAP  

b UtC-10185 3247 ± 40 3545-3540, 3475-3440, 
3430-3400 

9905.024 M1 159.690 / 429.375 / 
4.31 m +NAP 

1.69 m +NAP  

c ** UtC-11127 3460 ± 80 3840-3630 0005.026 M1 159.786 / 429.416 / 
4.48 m +NAP 

1.86 m +NAP  

d ** UtC-10186 4800 ± 50 5595-5575, 5540-5475 9905.024 M2 159.690 / 429.375 / 
4.31 m +NAP 

1.22 m +NAP  

e ** UtC-11128 4797 ± 42 5600-5570, 5540-5470 0005.029 M1 159.816 / 429.459 / 
4.63 m +NAP 

1.33 m +NAP  

f UtC-11126 2590 ± 50 2780-2700, 2640-2610, 
2580-2540, 2530-2510 

0005.023 M1 159.754 / 429.240 / 
3.23 m +NAP 

0.56 m -NAP  

Additional ‘Dreumel’ dates (Fig. 5.7)     

g  * GrN-6993 1815 ± 50 1820-1690, 1650-1630 Dreumel I 158.475 / 428.170 / 
3.70 m +NAP 

2.37 m +NAP  

h  * GrN-6994 2560 ± 50 2760-2700, 2640-2610, 
2590-2490 

Dreumel II 158.475 / 428.170 / 
3.70 m +NAP 

1.90 m +NAP  

Section ‘Maren’ (Fig. 5.6)     

a ** UtC-07808 3680 ± 60 4100-3900 9601.009 M1 
Het Wild 272 

155.175 / 419.125 / 
2.30 m +NAP 

0.59 m + NAP  

b ** UtC-10192 4478 ± 37 5290-5160, 5140-5100, 
5080-5040 

9905.118 M1 
Maren 05 

154.655 / 420.100 / 
2.23 m +NAP 

0.21 m +NAP  

c ** UtC-10191 4598 ± 40 5450-5400, 5330-5280, 
5160-5140, 5110-5080 
 
 

9905.116 M1 
Maren 04 

154.480 / 420.580 / 
2.03 m +NAP 

0.20 m -NAP  

d ** UtC-10190 5047 ± 42 5900-5790, 5770-5730 9905.113 M1 
Maren 03 

154.430 / 420.725 / 
1.96 m +NAP 

0.69 m -NAP  

e ** UtC-10188 4933 ± 42 5710-5600 9905.111 M1 
Maren 02 

153.840 / 421.226 / 
2.51 m +NAP 

0.61 m -NAP  

f ** UtC-10189 5068 ± 48 5900-5740 9905.112 M1 
Maren 01 

153.826 / 421.275 / 
2.31 m +NAP 

0.90 m -NAP  

Section ‘Berghem’ (Fig. 5.8)     
a UtC-11758 4850 ± 60 5655-5580, 5530-5515, 

5515-5485 
 

Berghem-1 
0105.004 M1 

168.113 / 422.177 / 
5.29 m +NAP 

3.32 m +NAP  

b UtC-11759 9560 ± 60 11085-11080, 11075-11035,
11035-10935, 10885-10880,
10870-10740 

Berghem-2 
0105.004 M2 

168.113 / 422.177 / 
5.29 m +NAP 

2.69 m +NAP  

c UtC-11760 4570 ± 60 5445-5415, 5325-5255, 
5240-5235, 5220-5215, 
5190-5120, 5115-5050   

Berghem-3 
0105.012 M1 

168.151 / 422.242 / 
5.17 m +NAP 

3.17 m +NAP  

Additional dates near site ‘Berghem’ (Ch. 5.3)     

d GrN-
18095 

9420 ± 1201 11000-10900,  
10850-10400 

Appeltern II 
9001.611 

168.285 / 428.160 / 
5.65 m +NAP 

3.1 m -NAP  

e UtC-7866 6870 ± 120 7830-7580 Haren 270 
9601.012 M1 

168.120 / 424.160 / 
5.60 m +NAP 

2.3 m +NAP  

* ,** plotted in Fig. 5.6;  ** sample is a groundwater level index-point; NAP = Dutch Ordnance Datum  ≈ MSL; 
1) Date may be too old (0-1000 14C yr) due to aging effects in bulk-dated calcareous materials … 
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(continued) 

… 
Source material and 

stratigraphic position 
Dated material  
Seeds, fruits, nuts, leaves, buds 

References to  
full site descriptions 

    

 Calcareous gyttja, 
base of EH channel fill 

7 budscales; 3 buds; 2 Oenanthe aquatica, mericarps; 2 Scirpus lacustris, 
nuts; 1 Rubus fruticosus, endocarpus; 1 Alisma plantago aquatica, fruit. 

This thesis. Fig. 5.2 

 Clayey peat, top of 
EH channel fill 

1 Alnus glutinosa, cone; 6 bud scales. This thesis. Fig. 5.2 

 Clayey peat,  
EH  floodbasin 

19 Oenanthe aquatica, mericarps; 2 buds; 35 bud scales. This thesis. Fig. 5.2 

 Clayey peat,  
EH  floodbasin 

18 Oenanthe aquatica, mericarps; 6 Alisma plantago aquatica, fruits; 4 
potentilla, fruits; 1 Carex rostrata, nut, 4 bud scales. 

This thesis. Fig. 5.2 

 Calcareous gyttja,  
within EH channel fill 

ca. 60 bud scales; 2 bud; leave fragments. This thesis. Fig. 5.2 

    

 Basal Alnus peat 
on LG eolian dune 

1 Alnus glutinosa, cone; 9 Alnus glutinosa, nuts; 75 bud scales; 2 buds;  
30 leaf fragments. 

This thesis. Fig. 5.3 

 Reworked Alnus peat in 
slumped aeolian dunesand 

2 Alnus glutinosa, cones; 6 Alnus glutinosa, nuts. This thesis. Fig. 5.3 

 Basal Alnus peat 
on LG aeolian dune 

10 Alnus glutinosa, nuts; 3 Carex riparia, nuts; 4 Alisma plantago 
aquatica, fruits; 1 leaf fragment; 1 bud scale. 

This thesis. Fig. 5.3 

 Basal Alnus peat 
on LG aeolian dune 

10 buds; 290 bud scales; 15 leaf fragments. This thesis. Fig. 5.3 

 Basal Alnus peat 
on LG aeolian dune 

6 Carex rostrata, nuts; 5 Carex acuta, nuts; 7 Scirpus lacustris, nuts; 13 
Alisma plantago aquatica, fruits. 

This thesis. Fig. 5.3 

 Gyttjaic humic clay,  
 crevasse channel 

3 Oenanthe aquatica, mericarps; 6 Alisma planago aq., fruits; 1 Typha; 1 
Scirpus lacustris, nut; 1 Rumex palustris, fruit; 2 Polygonum sp., fruit. 

This thesis. Fig. 5.3 

    

 Vegetation horizon 
(palaeosoil A horizon) 

* bulk sample * Verbraeck, 1984:211 

 Vegetation horizon 
(palaeosoil A horizon) 

* bulk sample * Verbraeck, 1984:211 

    

 Basal Alnus peat 
on LG coversand ridge 

12 Alnus glutinosa,  3 leaf fragments This thesis. Fig. 5.6,  
B&S (2001) 

 Basal Alnus peat 
on LG coversand ridge 

180 bud scales; 8 bud; 15 leaf fragments This thesis. Fig. 5.6 

 Basal Alnus peat 
on LG coversand ridge 

10 Alnus glutinosa, nuts; 9 Alisma plantago aquatica, fruits; 22 Scirpus 
lacustris, nuts; 1 Solanum dulcamara, seed; 1 Carex rostrata, nut; 4 
Carex acuta, nuts; 3 Oenanthe aquatica, mericarps; 1 Urtica dioica, fruit; 
1 bud scale; 10 abscission layers. 

This thesis. Fig. 5,.6 

 Basal Alnus peat 
on LG coversand ridge 

91 Carex rostrata, fragments & nuts; 6 Alnus glutinosa, nuts; 7 Carex 
acuta, nuts; 3 Oenanthe aquatica, mericarps; 1 Solanum dulcamara, seed. 

This thesis. Fig. 5.6 

 Basal Alnus peat 
on LG aeolian dune 

57 Carex rostrata, fragments & nuts; 8 Alisma plantago aquatica, fruits. This thesis. Fig. 5.6 

 Basal Alnus peat 
on LG aeolian dune 

36 Carex rostrata, fragments & nuts; 1 Solanum dulcamara, seed; 1 
Lycopus europaeus, mericarp. 

This thesis. Fig. 5.6 

    

 Clayey peat, top of channel 
fill 

44 Alisma plant.-aq., seed; ¼ Alnus sp. fruit; 1 Alnus/Betula, budscale, 13 
Lythrum salicaria, seed; 1 Menta aq., seed; 1 Oenanthe aq., seed; 5 Salix 
sp. budscale, 2 stems; ½ Valeriana sp. seed. (total 0.4 mg) 

This thesis. Fig. 5.8 

 Peat,  
base of channel fill 

 

1 charred coniferious wood fragment (2.35 mg) 
 

This thesis. Fig. 5.8 

 Clayey peat,  
top of channel fill 

 

44 Alisma plantago-aquatica seed; 8 Lythrum salicaria, seed; 1 
Oenanthe aquatica, seed; 2 Ranunculus flammula, nutlet. (0.320 mg) 

This thesis. Fig. 5.8 

    

 Peat / calcareous gyttja,  
base of EH channel fill 

* bulk sample *  
 

Berendsen et al. 
1995:163, their Fig. 6 

 Peat 2 Buds, 24 Bud scales; 1 Carex acuta; 1 Carex sp.; 4 leaf fragments Berendsen & 
Stouthamer, 2001:173 

…
LG Late Glacial (OIS-2) 
EH Early Holocence 

Most (17/24) dates also documented in Berendsen & Stouthamer (2001), their App. 1 & 2. 
Exceptions: Dreumel 5, c, e-f; Berghem a-c   
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APPENDIX 4 

Description of architectural elements in Addendum 2  

(section Oss-Rhenen) 

Holocene architectural elements 
1. Channels of present rivers. Human managed active channels. Water level elevation for medium-

high discharge (Rhine: 5000 m3/s at delta apex, Meuse: 500 m3/s at delta apex). Elevation of 
artificial levees (dikes) to scale, based on topographic maps 1990. 

2. Floodbasin deposits. These generally consist of grey clays, with some more organic beds (humic 
and peaty clays) and occasionally thicker beds of clayey peat. Calcareous beds occur, but 
generally floodbasin clays and peat are non-calcareous.  

3. Levee and crevasse deposits. Natural levees and crevasse splays generally consist of sandy and 
silty clays and have non-erosive contacts with underlying deposits. Gradients in colour indicate the 
general fining upward trend in lithology. Usually their top is non-calcareous. Locally sandy bases 
with erosive contacts occur, representing crevasse channels. Natural levee deposits are related to 
nearby channel belts. Crevasse splays and crevasse channels may occur further away in the 
floodbasin. Crevasse channels occur at distinct levels: several crevasse channels occur at the base 
of the upper clay bed in the floodbasin.  

4. Holocene channel belts. Channel belt deposits consist mainly of sands and generally are fining 
upward (grading colours). Rhine channels are calcareous; Meuse channels are poor in lime. Within 
the channel deposits, channel fills occur that can be either clastic or organic, and generally are 
calcareous at their base. At key locations boreholes penetrated the channel sands, and allow 
reconstruction of the base of thickness of the channel belts (i.e. estimation of scour depth from lag-
deposits). If not available within the section, information of such cores upstream and downstream 
along the channel belt was used (e.g. Hesselink, 2002:95 for the river Waal). Limits of architectural 
units estimated in this way are drawn as dashed lines. The deepest bases of channel-fills are also 
indicative for the scour depth of Late Glacial and Holocene channels. Estimated scour depths were 
compared with borehole descriptions of mechanical cores (Busschers, TNO-NITG / Vrije 
Universiteit Amsterdam), confirming these estimates. Channel belts in the study area range in width 
between 100 m to several kilometres. Channel belts names / numbers refer to Appendix 1 (WM, 
WR, HM, HR codes) and 2 (Name (No.), cf. Berendsen & Stouthamer, 2001). 

5. Local brook deposits. Deposits of local system occur in the extreme south of section, consisting 
of humic sands, peats and occasional thin clay beds. They date to the first half of the Holocene and 
were buried by Meuse deposits when this river invaded the southern part of the section during the 
Holocene. Their location is largely determined by the Late Glacial relief of the underlying aeolian 
deposits. 

 
Weichselian Late Glacial architectural elements 

6. Aeolian deposits. These are Weichselian coversands and Weichselian Late-Glacial source-
bordering inland aeolian dunes. They consist of medium to fine sand. Usually their top is non-
calcareous and has a clearly developed soil. 

7. Floodplain deposits. These are loams and clay loams, usually with admixed coarser sand grains. 
In litho-stratigraphy this unit is known as the Wijchen Member. Part of the loams may date to the 
Early Holocene rather than the Late Glacial. The clays on top of the deepest incised Holocene 
channels have similar features as the Late Glacial loams on top of the buried Pleniglacial terrace. 
In many earlier publications, such clays have been described as part of the Wijchen Member. In the 
cross-section the unit applies to loams overlying Late-Glacial deposits only, not to ‘loams’ overlying 
Early Holocene deposits. The latter are attributed to the Holocene floodbasin deposits.  

8. Late Glacial channel belts. Late Glacial channel belts occur incised within the Weichselian 
Pleniglacial terrace. The depth of their base is primarily based on the deepest bases of channel fills 
within the channel belts. Channel fills consist of fine sand and clays, with occasional more-organic 
beds. Channel deposits consist of coarse sand and gravel. Towards the top medium and fine sands 
occur. This unit is laterally associated with the Wijchen Member.  
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Older elements 

9. Weichselian Pleniglacial terrace. These consist of gravel and coarse sands and are thought to be 
mainly of Weichselian Pleniglacial age. Its surface was abandoned in the Late Glacial (by ca. 15 
kyr cal BP). 

10. Older terrace(s). Based on elevation differences, patches of pre-Weichselian deposits appear to 
have preserved along the southern rim of the palaeo valley. The Saalian (OIS-6) is their most 
probable age. Only their very top is occasionally reached in hand corings that penetrated the 
relatively thin cover of Aeolian sand. In lithology this unit does not differ from the Weichselian 
channel deposits. 

11. Saalian ice-pushed complex. To the north the section ends on the Utrecht ice-pushed ridge. The 
ridge consists of ice-pushed Middle-Late Quaternary fluvial deposits and of Saalian outwash fans 
(Sandr plains). 
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order to pin-point active faults and identify fluvial response to 
tectonics. I followed the Ph.D. training programme of the Centre 
for Geo-ecological Research (ICG), including courses on 
Scientific Writing, Research Management and Presentation. I 
contributed to various fieldstudies in Fluvial Geomorphology and 
Quaternary geology, and in teaching multivariate statistics and 
Quaternary geology to undergraduate and graduate students. I co-
supervised several graduate students that did their major 
associated to my project. I visited several international meetings 
(FLAG Haarlem 2001; ICFS Lincoln, Nebraska, USA, 2001; 
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Geological - Geomorphological map of the Peel Boundary faultzone
in the Rhine-Meuse delta, The Netherlands
Addendum 1 to:
K.M. Cohen (2003) Differential Subsidence within a Coastal Prism
PhD thesis Dept. Physical Geography, Utrecht University

Legend after Berendsen & Stouthamer (2001), modified
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