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1 General Introduction
W.E. Westerhoff
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Upper Pliocene and Lower Pleistocene deposits in the southern
part of the Netherlands have been investigated for over a
century (see the extended References by Meijer, 1998; Zagwijn,
1998). Palaeontological investigations (plant macroremains,
pollen, large and small mammals, molluscs) and sedimentpetrographical studies (analyses of heavy-minerals and gravel)
have provided a palaeontologically based stratigraphical
framework for the late Cenozoic and Quaternary (Van der
Vlerk & Florschütz, 1953). Subsequently, this framework was
subdivided into palynologically defined stages and substages
(Zagwijn, 1960, 1963; Zagwijn & De Jong, 1984). Concurrently,
a new geological mapping programme at a 1: 50.000 scale was
begun in the 1950s. The combined results of heavy-mineral
investigations and the palaeontologically based stratigraphy
for the Pliocene and Pleistocene formed the main elements
for establishing the lithostratigraphical framework of this
mapping programme (Zonneveld, 1947; Doppert & Zonneveld,
1955; Zonneveld, 1958; Zagwijn, 1960, 1963; Doppert et al.,
1975). This lithostratigraphical framework was based on
a strict lithostratigraphical approach. However, through
time bio-, chrono- and lithostratigraphical criteria were
gradually intermingled as is common practice with many
other geological surveys in mapping Quaternary deposits
(McMillan, 2005). As a result, the mapping of the different
lithostratigraphically defined rock units became increasingly
influenced by palaeontological boundaries. However, the
time constraints of these boundaries frequently appear to be
unsecure (Menke, 1975; Kasse & Bohncke, 2001; Donders et
al., 2007; Kemna & Westerhoff, 2007). In order to overcome
these problems, TNO Geological Survey of the Netherlands
initiated a thorough revision of the lithostratigraphy for the
Upper Tertiary and Quaternary deposits in the Netherlands
(Ebbing, 2003; Westerhoff et al., 2003; Rijsdijk et al., 2005;
Weerts et al., 2005). The main goal of this reassessment was to
create a lithostratigraphical system that was strictly based on
lithological and petrographical (provenance) criteria, and the
stratigraphical position of the rock units (Weerts & Westerhoff,
2006). It was intended that the revised system should provide
the basic elements for the reconstruction of numerically
designed models of the subsurface. The present study provides
a contribution of this revision.
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1.2 Problem description
Mapping the fluvial Pliocene and Pleistocene deposits in
the southern Netherlands concentrates on the interplay
between four main fluvial systems: the pre-Rhine and Alpine
connected Rhine, the Meuse, to the north draining Belgian

rivers, and the Eridanos system that originates in the Baltic
area (Fig. 1.1). Downstream of their confluence, the Rhine
and Meuse together laid down a series of mixed deposits
that interdigitate with the vast fluvio-deltaic system of
the Eridanos (i.e. the Baltic river system) in the central and
western part of the Netherlands. At their debouchments to
the North Sea, the deposits of the different river systems pass
through estuarine environments into shallow-marine deposits
on the continental shelf (Kasse, 1986, 1988; Westerhoff et al.,
2003).
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1.1 Mapping the subsurface
Because a large part of the world’s population lives on
Quaternary alluvial and coastal plain deposits, the demand
for geological information and knowledge on the subsurface
in these areas is steadily increasing. Mapping and modelling
of Quaternary deposits is aimed at serving multiple goals
in a variety of practical issues, including mineral resource
exploration, groundwater supply, land-use planning,
construction, archaeology and landscape conservation
(e.g. Hageman, 1984; Baeteman & Paepe, 1991; McMillan,
2002; Rose, 2002, Ebbing et al., 2003; Van der Meulen et al.,
2005). The information required focuses on the lithological
composition, physical and chemical layer properties, and
the geometry or three-dimensional interrelationships of rock
units. In addition, the study of Quaternary deposits provides
insight into the response of geological and sedimentary
processes to the impact of changing conditions at the Earth’s
surface that result from global change.
Mapping is defined here as the group of activities that
deal with data acquisition and storage, interpretation
and analyses, and dissemination of the results obtained.
Traditionally the main end products of geological mapping
consisted of printed geological maps, cross-sections, and
written explanations of the subsurface composition and
geological history. However, in the last decades this practise
has changed drastically through the increased use of
numerical modelling, digitally stored geological data and
stochastic interpolation techniques. In part this change
in mapping approach has led to an increasing demand for
quantitative and accurate defined data and information that
can be used as basal building-blocks for subsurface modelling
and characterisation. The increased use of numerically
based interpolation and modelling methods is one of the
reasons for carrying out a re-evaluation of the existing (litho)
stratigraphical schemes of Tertiary and Quaternary deposits in
the Netherlands (Ebbing, 2003; Westerhoff et al., 2003; Rijsdijk
et al., 2005; Weerts et al., 2005).
The common factor in all types of subsurface models
and schematisations is that they need a framework for
organising the observational and analytical data. In respect
to this lithostratigraphy is the fundamental technique in
stratigraphical analyses and still provides the main basic
elements for subsurface modelling and schematisation
(Krumbein & Sloss, 1963; Nichols, 1999). Its main function
is to structure the apparent chaotic interrelationship of
subsurface rock units but it also enables prediction of the
patterns of subsurface geological composition and layer
properties.
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Main depositional direction of Pliocene and Early Pleistocene riversystems
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Fault structures of European Rift System

URG = Upper Rhine Graben

Areas of considerable subsidence

LRE = Lower Rhine Embayment

Rhine-Meuse catchment

RVG = Roer Valley Graben

Figure 1.1. The southern North Sea region, showing the main structural elements of the European Rift system and the present drainage area of the Rhine-Meuse system. The
depositional direction of the four major fluvial systems that supplied sediment to the southern North Sea Basin during the Pliocene and Early Pleistocene are also indicated.
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Figure 1.2. Overview of the position of 13 reference cross-sections and borehole evidence in the Roer Valley Graben and adjacent areas used in this study.

The three main aims of the study presented here were
formulated from this general objective:
1	The revision of the lithostratigraphy of the Early
Pleistocene mixed Rhine-Meuse deposits, together with the
deposits supplied by river systems of Belgian origin and
their interrelationships.
2	To review the sedimentary development of the Lower
Pleistocene fluvial deposits that form the key reference
sites for the pollen-based subdivision of the Early
Pleistocene.
3	The compilation of the fluvial history that is predominantly
based on the lithostratigraphical interrelationships of the
Upper Pliocene and Lower Pleistocene fluvial and marine
deposits.
The main area studied here is situated in the southern part of
the Netherlands which forms the north-western continuation
of the Lower Rhine Embayment (Fig. 1.1). Tectonically the
area forms part of the Roer Valley Rift system which is the
northern segment of the European Cenozoic rift system. From
southwest to northeast, the study area is subdivided into
the following main structural elements: the Campine Block,
the Roer Valley Graben (RVG) and the Peel Block. The area is
strongly dissected by southeast to northwest-aligned faults.
14

As a result of their near-permanent position adjacent to the
hinge line of the North Sea Basin, the preserved Cenozoic
deposits in the southern part of the Netherlands form an
excellent source of information of the marine and related
fluvial depositional history. At the basin scale, this record
encompasses the mixed influence of the four major controlling
factors on the depositional sequences: climate, uplift of
sediment supplying source-areas, basin subsidence and
eustacy (Shanley & McCabe, 1994; Miall 1996). However, it
should be realised that both the complex tectonic structure
and the position at the basin hinge line have resulted in a
discontinuous sedimentary record. The preserved deposits
often represent only short fragments of the geological
timeinterval. This property is known as the ‘Phenomenon of
the Gap being more important than the Record’ (Ager, 1993) and
forms an important conceptual foundation to the observations
and interpretations of the analyses of depositional sequences
reported here.
1.3 Main Approach
The data used for this study are derived from the extensive
files and database of the Geological Survey of the Netherlands.
This source of information contains thousands of borehole
records and geophysical logs that provide detailed evidence

of the subsurface geology. In addition, there are a wealth of
laboratory analyses associated with these borehole records
that consists of palaeontological (i.e. pollen, dinoflagellates,
molluscs, foraminifera, ostracods), sediment-petrographical
(i.e. heavy minerals, gravel composition), grain-size, and
geochemical data and analyses. These borehole data merely
consist of well records from hydrogeological investigations
and of reconnaissance boreholes for geological mapping.
Both the evidence itself and the explanatory reports form an
important source of geological information. Relevant sections
of them are used in the present study.
The borehole descriptions, geophysical logs, grain-size and
heavy-mineral data form the core of information that is used
to define the lithostratigraphical units. About 5000 boreholes
interpreted lithostratigraphically are used to reconstruct
the distribution maps of lithostratigraphically defined
formations presented. Further detailed interpretation of the
stratigraphical relationships of the formations in the RVG and
adjacent areas is based on some 250 to 300 boreholes. The
majority of these records is also used in a reference dataset
of 13 cross-sections constructed across the RVG (Fig. 1.2). In
addition, pollen analyses are available from c. 85 of these
boreholes and heavy-mineral data from c. 40 boreholes.

The second source of information is contained in the
published studies on the Pliocene and Quaternary deposits in
the southern part of the Netherlands that span over a century
of investigation (see overview by Meijer, 1998).
Thirdly, sedimentological information on the Lower
Pleistocene fluvial deposits is mainly obtained from field
surveys in several pits on the Peel Block (Tegelen and Reuver
area, south of Venlo) (Westerhoff, 2004).
Finally, the combined use of sediment description, geophysical
well-logging and provenance evidence (i.e. heavy-mineral
analyses) forms the basis of the mapping procedure. Lateral
correlation of units is determined through the use of several
cross-sections across the RVG. At the formation level the same
dataset is incorporated into the recently developed 2.5-D
subsurface model of the Netherlands, referred to here as the
DGM (Digital Geological Model, www.dinoloket.nl).
1.4 Outlines of the research
The results of the investigations are presented in seven
chapters. With the exception of chapters 1 and 7, all chapters
are compiled as papers suitable for submission to scientific
journals. Chapters 3 and 5 are already published (respectively,
15

Westerhoff et al., 1998; Westerhoff et al., 2008). Chapter 2
will form part of a special issue of the Netherlands Journal
of Geosciences on the revised Upper Tertiary and Quaternary
deposits in the Netherlands which is scheduled for publication
in 2009. Chapters 5 and 6 will be submitted to other journals.
Chapter 2 presents the revised lithostratigraphy of the
Upper Pliocene and Lower Pleistocene fluvial deposits in
the southern part of the Netherlands. Chapters 3 and 4 deal
with the sedimentology and pollen-defined stratigraphical
subdivisions of some key References sites of the Early
Pleistocene. Chapters 5 and 6 focus on the spatial occurrence
of specific, important lithostratigraphical units and their
temporal evolution.
1.4.1 A revised lithostratigraphy of Upper Pliocene
and Lower Pleistocene fluvial deposits from Rhine,
Meuse and Belgian rivers in The Netherlands
(Chapter 2)
This paper presents a thorough revision of the
lithostratigraphical subdivision of Upper Pliocene and Lower
Pleistocene fluvial deposits in the southern part of the
Netherlands. Two new formations are defined:
1	The Waalre Formation includes all mixed Rhine-Meuse
deposits that are typified by unstable heavy-mineral
associations.
2	The Stramproy Formation includes all deposits formed by
the northwards-flowing rivers that drained the central and
northern part of Belgium. The heavy-mineral composition
is dominantly stable.
The lower and upper boundaries of both formations are
formed by regionally extensive and easily-mapped marker
horizons, they comprise respectively the Reuver Bed at the
top of the Kieseloolite Formation, and the unconformity
at the base of the Sterksel Formation. Both newly-defined
formations include all deposits of the former Tegelen and
Kedichem formations (cf. Doppert et al., 1975) but are not
identical to them. Since the boundary definitions and the
content of the new formations differ considerably from the
former subdivision, new names had to be applied (Salvador,
1994; Walsh, 2005). Furthermore, it should be noted that the
Upper Pliocene Oebel Beds are no longer considered as part
of the Reuver Bed s.l. (i.e. uppermost part of the Kieseloolite
Formation) and instead now form the lowermost unit of the
Waalre Formation. These deposits show the marked change
in petrographical composition from stable to unstable heavy
mineral associations as a result of the southward extension of
the Rhine catchment into the Alpine region (Boenigk, 2002).
The Waalre and Stramproy formations abut each other
and interdigitate repeatedly. A wedge of clastic marine
deposits, assigned to the Maassluis Formation, subdivides
the Pleistocene part of the Waalre Formation into two main
subunits in the northern part of the Roer Valley Graben (RVG).
A major influx of material deposited by the Belgian rivers
also occurs at the same stratigraphical position. The threefold
subdivision of the Waalre Formation in the southern part of
the Netherlands forms a consistent framework for unravelling
the fluvial history of the area.
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1.4.2 Lower Pleistocene fluvial (clay) deposits in
the Maalbeek pit near Tegelen, The Netherlands
(Chapter 3)
This chapter deals with a detailed sedimentological and
palynological investigation of the clay deposits of the
Maalbeek pit. Fine-grained floodbasin deposits and the clayey
infill of an abandoned channel indicate that the deposits were
deposited by a meandering river system. The lower part of the
floodbasin clay shows Fagus-dominated pollen assemblages
that characterise pollen zone T-A of the Tiglian stage (cf.
Zagwijn, 1963). The overlying massive floodbasin clay includes
relatively high values of Ericaceae and Artemisia pollen. It was
previously assigned to the pollen-defined cool Eburonian Stage
but is now interpreted as pollen zone T-B. The main reason
for the re-interpretation results from the observation that
the floodbasin deposit is overlain by clay deposits, infilling
an abandoned channel, which show pollen assemblages
characteristic for pollen zone T-C. As a result, the sequence of
clay deposits at Maalbeek is older than previously indicated.
This is also of significance for the molars of Tapirus arvernensis
and Anancus arvernensis found at Maalbeek (Kortenbout
van der Sluijs, 1960; Zagwijn, 1960). Their re-adjusted lower
stratigraphical position corresponds more closely with the
generally accepted biostratigraphical evidence from elsewhere
in Europe (Van Kolfschoten & Van der Meulen, 1986; Azzaroli
et al., 1988).
Furthermore, it is of importance to note that the three pollen
zones of the Tiglian Stage occur in one coherent assemblage
of facies associations of the exposed fluvial sequence. The
consequences of this observation are discussed in the
following chapter.
1.4.3 Early Pleistocene Tiglian sites in
The Netherlands: a revised view of the significance
for Quaternary stratigraphy (Chapter 4).
Geological investigations on the Early Pleistocene Tiglian
sites in the Dutch-German border area, south of Venlo,
have formed the framework of the Early Pleistocene bioand chronostratigraphy. The sedimentology of the Lower
Pleistocene fluvial sequence in the Tegelen-Maalbeek area
indicates that the deposits accumulated in a fine-grained
meandering river system. Several facies associations occur
at nearly all levels within the fine-grained upper part of the
fluvial sequence up to 10 m thick. Pollen assemblages derived
from these fine-grained deposits show that they are partly
influenced by the facies development and local environmental
conditions, but that they also reveal indications of climate
change. The correlation of the pollen zones from the 20-30 m
thick fluvial sequence at Tegelen-Maalbeek with the stacked
fluvial sequences up to 100 m thick in the RVG encounters a
number of problems. Deposits in the RVG that were formerly
assigned to the Tiglian A Substage now appear to be the
equivalents of the Upper Pliocene Oebel Beds. The position
of pollen zone T-B, and thus the Tiglian B Substage, is still
insecure and cannot be extrapolated from the TegelenMaalbeek area to the RVG. Furthermore the question of how
the detailed pollen zones obtained from the oxbow lake at
the Russel-Tiglia-Egypte pit should be correlated with the
fine-grained deposits of the stacked fluvial sequences in the
RVG is also discussed. The so-called cool or cold phase of
pollen zone T-C4c in the stratotype of the Tiglian C Substage

is interpreted as being formed during the onset of crevassing
and therefore its significance as a regional indicator for
climate is questioned. Following these observations, the
general accepted extrapolation of the Tiglian pollen zones into
chronostratigraphical substages is discussed. It is concluded
that the chronostratigraphical subdivision of the Early
Pleistocene that is based on palynological characteristics and
palaeobotanical analyses should be reconsidered.

hampers reliable time control of the fluvial history. The lack
of absolute age determinations in the Early Pleistocene fluvial
and marine deposits of the onshore area of the Netherlands
is a well-known problem. Coupling of the terrestrial (fluvial)
record with the more continuous record of marine and
deltaic deposits in the North Sea Basin may contribute to an
improved Early Pleistocene (chrono)stratigraphical record of
the area.

1.4.4 The confluence area of Rhine, Meuse, and
Belgian rivers: Late Pliocene and Early Pleistocene
fluvial history of the northern Lower Rhine
Embayment (Chapter 5).
The Upper Pliocene and Lower Pleistocene fluvial deposits in
the southern part of the RVG result from the interplay of three
main river systems: the Rhine, the Meuse and the smaller
rivers draining the central and northern part of Belgium.
The complex tectonics of the area have hampered a clear
insight into the architectural relationships of the different
fluvial deposits. In addition, the problem has been hindered
by the use of a stratigraphical concept that has evolved
from a gradual intermingling of bio-, chrono-, morpho-, and
lithostratigraphical criteria through the last century. However,
the application of revised lithostratigraphical schemes in the
Netherlands, as well as in Germany, has provided a better
framework for the fluvial history. One of the main results is
the north-eastwards continuation of the Meuse, that flowed
through the so-called East Meuse valley in southern Limburg
while forming an extensive sheet of deposits across the RVG
and Venlo Block. This development prevented the Rhine from
adopting a course through the southern RVG. The resulting
accommodation space was filled with sediments supplied by
the Belgian rivers. The applied lithostratigraphical framework
is shown to be a reliable basis for the reconstruction of
the fluvial history of the southern part of the RVG. Finally
it is shown that previous reconstructions relied too much
on palynological correlations and failed to give sufficient
consideration to the regional tectonic pattern.
1.4.5 The Early Pleistocene fluvial record of
the Rhine-Meuse system in the Roer Valley Graben
and southern North Sea Basin (The Netherlands)
(Chapter 6).
This chapter focuses on the Lower Pleistocene sedimentary
fill of the northern part of the RVG and the adjacent areas at
the southern margins of the North Sea Basin which reaches
up to c. 120 m thick. It is shown that mapping of the area,
based on the recently revised lithostratigraphical scheme of
the Geological Survey of the Netherlands, provides a consistent
framework for unravelling the Early Pleistocene fluvial history.
The results show the relative position of the Rhine-Meuse
fluvial system with respect to the more extensive fluviodeltaic system of the Eridanos. The latter developed in the
northern and central part of the Netherlands during the same
time period. The stacked Early Pleistocene fluvial sequence
in the Netherlands is discussed, in particular noting that it
is fragmentary and may include a number of non-mappable
stratigraphical gaps. The latter result mainly from repeated
phases of sediment bypass and erosion of older deposits in the
alluvial and delta plain during periods of low sea-level. This
innate fragmentary Lower Pleistocene fluvial record therefore
17
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