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Abstract In the Cenozoic, the Lower Rhine Basin
formed as a rift at the southeastern terminus of the
Dutch German Central Graben, while the Rhenish
Massif was uplifted. The study focusses on the marginal
marine and fluvial fill of the Lower Rhine Basin. A basin
model is developed. Support for this study was given by
extensive industry outcrop and well data, by new
stratigraphical and sedimentological observations. The
ingression and subsequent regression of the Cenozoic
North Sea is analysed using the concept of base level
cyclicity. As the geohistory of the basin was complex, a
subsidence curve is constructed. Furthermore, an at-
tempt is made to trace the simultaneous uplift of the
Rhenish Massif.

Keywords Tertiary - Rift basin - Sedimentology

of marginal marine sediments - Lignite brown coal -
Base level cycles - Subsidence of Lower Rhine Basin -
Uplift of Rhenish Massif

Introduction

The Lower Rhine Basin forms a marginal marine rift
basin in the southern part of the Dutch German Cen-
tral Graben (Zagwijn 1989). It is cut into the north-
western headlands of the Rhenish Massif (Fig. la and
b), morphologically forming an ‘embayment’ (Schifer
1994; Schifer et al. 1997). The basin extends towards
the North and forms part of the Dutch German Cen-
tral Graben, a rift system that is connected to the
Upper Rhine Graben in the South (Sissingh 2003). The
German part of the basin contains about 1300 m of
Oligocene to Pleistocene siliciclastic sediments with
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intercalated brown coal layers attaining a thickness of
almost 100 m (Hager 1986). The brown coal (consisting
of lignite; Hager 1986; Schneider 1995) has been
exploited in open-cast mines for many years starting in
the 19th century, at locations where the seams were
easily accessable. Since then, the exploitation of the
coal has formed the basis for regional power supply.
Surface access to the basin fill of the Lower Rhine
Basin is possible in open-casts, where the structural
position of the brown coal seams allows for mining
(RWE Power AG, formerly Rheinbraun AG). More-
over, numerous wells provide insight to the depth of
the basin. Using the combination of surface exposures
and well-logs, the Lower Rhine Basin has been studied
intensely (Schneider and Thiele 1965; Teichmdiller 1974;
Zagwijn and Hager 1987; Hager and Priifert 1988;
Zagwijn 1989; Boersma 1991; Utescher et al. 1992;
Schifer et al. 1996; Hager et al. 1998). Many bio-
stratigraphical, palaeoecological, sedimentological, pal-
aeoclimatological, and structural studies have been
made (e.g. von der Brelie 1968, 1981, 1988; von der
Brelie et al. 1981; Ashraf and Mosbrugger 1995, 1996;
Heumann and Litt 2002; Mors 2002; Mors et al. 1998,
2000; Utescher and Mosbrugger 2000; Klett et al. 2002;
Schifer and Siehl 2002). More recently, a sequence
stratigraphical approach provided a time frame for the
fill of the Lower Rhine Basin (Schéfer et al. 2004).
Standke et al. (1993) and Standke (2002) investigated
Miocene coastal environments in the Lausitz brown coal
deposits at the southeastern shore of the Central Euro-
pean Tertiary basin (cf. Fig. 1b). Here, a moderately
inclined, more or less stable ramp provided the struc-
tural frame for the development of the depositional
systems. Thus, the relative sea level exclusively origi-
nated the sedimentary cycles. They cover a time span
equivalent to those of the Lower Rhine Basin. Yet, the
lignite seams in this stratigraphic range from the Rup-
elian (Early Oligocene) to the Serravallian (Middle
Miocene) are preserved to form five individual seams.
The seams are separated from each other by coastal
marine sands and clays. The entire succession can be
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differentiated into an initial transgressive unit, followed
by a regressive unit. Offshore, this is suspected to rep-
resent a third-order cyclicity. Close to the coast, a
fourth- to fifth-order allocyclicity with relevance for
stratigraphic use can be shown. Autocyclic smaller-
scaled cycles are also encountered in places.

Vandenberghe et al. (1998) provided a sequence
stratigraphic framework for Paleogene sediments mostly
from the western shore of the Central European Tertiary
basin (cf. Fig. 1b). A comprehensive summary of this
was published by Vinken (1989). Hager et al. (1998)
reported on the Rupelian of this basin, while Vanden-
berghe and Hardenbol (1998) focused on the Neogene.

In the present contribution, a base level control for
the marginal marine and fluvial depositional sequences
in the Lower Rhine Basin is derived from wells and their
geophysical data (kindly provided by RWE Power,
formerly Rheinbraun AG, Koéln). With help of new
stratigraphic data (Schéifer et al. 2004) the concept of
sequence stratigraphy can be applied. As the develop-
ment of the rift basin is closely related to the uplift of the
Rhenish Massif (Fuchs et al. 1983), a geohistory curve
will be constructed depicting the subsidence of the basin
and the uplift of the massif.

Methods and data acquisition

Our field work focusses on three open-cast mines that
are active today in exploiting brown coal; these are the
Inden, Hambach, and Garzweiler mines (Fig. 2). The
Vereinigte Ville, Fortuna, and Bergheim mines were
closed recently, after the work of Hermanns (1992),
Abraham (1994), Petzelberger (1994), Valdivia-Manch-
ego (1994, 1996), Schifer et al. (1996) and Klett (2000)
was completed. The Frechen and Zukunft-West mines
are only known to us from the publications of Boersma
et al. (1981) and Boersma (1991).

In the open-cast mines, measured sections for pale-
ontological investigations were taken (Utescher et al.
1992, 2000; Ashraf and Mosbrugger 1995, 1996; Ashraf
et al. 1997a, 1997b; Mors et al. 1998, 2002; Mors 2002;
Heumann and Litt 2002, Heumann 2001). Sedimento-
logical analyses from measured sections in open-cast
mines and from well and geophysical logs provided the
means for the interpretation of sediment models
(Abraham 1994, Petzelberger 1994, Schifer et al. 1996,
Klett 2000).

Well data were kindly provided as copies of the ori-
ginal analog readings from the archives of Rheinbraun
AG (Koln) and Erftverband (Bergheim). Additionally,
well data were provided by the Staatliches Umweltamt
(Bonn). The lithological logs were digitized, and the
geophysical logs were interpreted as facies logs by
mathematical interpretation methods developed from
Klett and Schifer (1997), Klett (2000) and Klett et al.
(2002). As a result, it was possible to specify sedimen-
tological models even at a subenvironment scale (Schi-
fer et al. 2004).
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Fig. 1 a The Lower Rhine Basin and the Roer Valley Graben
(RVG) both form the Dutch-German Central Graben, a rift that
deeply cuts into the Rhenish Massif and is assumed to continue to
the Upper Rhine Graben (URG). b Palacogeographical map of
Northern Germany and neighbouring areas in the Oligocene.
Redrawn after Ziegler (1990). LRB: Lower Rhine Basin; LB:
Lusatian Basin (each with vertical hatchures)



Forming the basin

The southeastern part of the Dutch German Central
Graben (Zagwijn 1989) cuts into the north-western
headlands of the Rhenish Massif (Hager and Prifert
1988; Schifer and Siehl 2002), forming the 100 km long
and 50 km wide lowland area of the Lower Rhine
Embayment in Germany (‘Niederrheinische Bucht’) (cf.
Fig. 2). The rift system consists of a mosaic of NE-ward
tilted half grabens and horst blocks separated by NW—
SE-trending and SW-ward dipping synthetic faults and
NE-ward dipping antithetic faults in the SW (Fig. 3a
and b). In the half grabens, the maximum thickness of
the Tertiary and Quaternary siliciclastic basin fill is at-
tained along the north-eastern faults of the Roer Valley
Graben and the Erft Block (Schifer and Siehl 2002). Up
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Fig. 2 The surface area of the Lower Rhine Basin (white) — cut into
the Rhenish Massif (medium grey) — shows structural blocks that
are separated by faults (thin black lines). Open cast mines on lignite
brown coal are indicated, both active and inactive (light grey). A
cross section A—B is redrawn from the ’Rosettenschnitt’ (courtesy
of Rheinbraun AG) to show the general structure of the basin (cf.
Fig. 3 b). Two cross-sections (dashed line E—E’ for Fig. 6 and thin
continuous line for Fig. 11) follow numbered well locations.
Extraordinary well locations are also named, in addition. The
position of the stratigraphic standard section (cf. Fig. 4) is marked
by a bold circle
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to 2000 m of sediments accumulated in the Roer Valley
Graben at the SW side of the Peel Fault, whereas up to
1300 m were deposited in the Lower Rhine Basin along
the SW side of the Erft Fault, separating the Erft Block
and the Ko6lIn Block (Zagwijn et al. 1985). In the Lower
Rhine Basin, rich brown coal seams with a total thick-
ness of about 100 m in the SE and close to the Erft Fault
formed (Hager 1986).

NW-SE trending faults define individually subsiding
structural blocks. These are subsiding with different
velocities. The Erft Block in the central part of the
Lower Rhine Basin is the deepest (cf. Fig. 3a). The Rur
Block in the West is relatively shallow. Both blocks are
gently inclined towards the East. The K6ln Block with
the Ville Ridge at its western margin forms the hang-
ingwall. These tectonic units continue towards the N, to
the western Krefeld Block and the eastern Venlo Block.
W of the Venlo Block, the Roer Valley Graben forms
the deepest block of the Dutch German Central Graben.
Beneath the Tertiary strata, rocks of Devonian, Car-
boniferous, and Triassic age form local subcrops (Hilden
1988).

The Erft and Rur Faults join towards the NW, to
form the Peel Fault, which can be traced towards the
NW along the eastern side of the Dutch German Central
Graben. These faults are inclined westward and have a
dip of 70-80°. In the W of the Dutch German Central
Graben, the Feldbiss Fault forms the opposite fault
system, dipping to the East with about the same angle.
The Lower Rhine Basin developed by extension forming
an asymmetric half graben. Close to the surface, the
faults are planar in shape. In the shallow subsurface, as
far as the Cenozoic sediment fill allows, the basin was
formed by SW-NE directed orthogonal extension. At a
crustal scale, a listric fault might have developed. The
Erft and the Peel faults, at depth, are suspected of
having a widely curved and W-ward oriented detach-
ment (although there is no deep seismic control at
present).

Plein et al. (1982) performed a satellite image analysis
on the Krefeld and Venlo blocks and concluded that
there was a strike slip component to the formation of the
Lower Rhine Basin. The E-ward displacement of the
Lower Rhine Basin with respect to the Roer Valley
Graben suggests a sinistral strike-slip origin of the basin
configuration (Schreiber and Rotsch 1998; Schéifer and
Siehl 2002). Recently, Michon (2003) and Michon et al.
(2003) pointed out that the Dutch-German Central
Graben formed by a N-S-ward oriented compression
leading to a strike-slip combined with a sinistral rota-
tion.

Seismicity has been active up to the present day. On
April 13th 1992 an earthquake occurred, with magni-
tude 5.8 and an epicentre located underneath Roermond
(Ahorner 1992; Pelzing 1992; Paulssen et al. 1992;
Plenefisch and Bonjer 1997).

During the Cenozoic, the Lower Rhine Basin sub-
sided at a rate of up to 2 mm per year, predominantly
along the northeastern margins of the individual sub-
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Fig. 3 a Faulted blocks of the base of Tertiary of the Lower Rhine
Basin, separated by major faults and inclined toward the NE. Bold
broken line marks the well section of Fig. 7a. The wells SNQ 1 and
Efferen are used for the compilation of the stratigraphic standard
section of Fig. 4 (virtual location at the encircled big cross). b The
‘Rosettenschnitt’ cross-section A to B through the Lower Rhine
Basin is redrawn from an early construction of Rheinbraun AG to
verify the sediments and the tentative stratigraphy of its basin fill.
Steeply dipping normal faults separate the structural blocks shown
in Fig. 2. The Plio-Pleistocene unconformity on the Koln Block is
marked by a dashed line. The interpretation of the basin’s
subsidence and uplift will be presented in Fig. 12

grabens (Quitzow and Vahlensieck 1955; Zijerveld et al.
1992). Due to the deep groundwater drainage with
respect to the mining of the brown coal, mining-related
subsidence is at least 30 mm per year (in some places
even more). The present day horizontal extension in an
E-W direction is up to 2 mm per year (inferred from
GPS measurements; Campbell et al. 2002). The present
day seismic activity is closely associated with structural
activity along the main fault systems (Ahorner 1997
Klostermann 1983).

On a SW-NE cross-section through the Lower Rhine
Basin (cf. Figs. 2, 3a and b) it is evident that its eastern
block, consisting of Oligocene strata, is directly overlain
by terrace gravels of the Rhine River. The uplift of this
eastern block presumably occurred after the deposition
of the Pliocene Reuver strata.

The structural development of the Lower Rhine Ba-
sin has been discussed by Plein et al. (1982), Knufinke
and Kothen (1997), Plenefisch and Bonjer (1997),
Schreiber and Rotsch (1998), Schifer and Siehl (2002),
Michon (2003), Michon et al. (2003), Hinzen (2003).
The uplift of the Rhenish Massif during the Pleistocene
(Fuchs et al. 1983) was recently discussed by a number
of studies on the terraces of the River Rhine and its
major tributaries in the Rhenish Massif (Meyer and
Stets 1998, 2002) and also in the Ardennes (Garcia-
Castellanos et al. 2000; Van Balen et al. 2002).

Sediment fill of the basin

The Cenozoic rocks of the Lower Rhine Basin are ex-
posed at various sites. Palaeocene and Eocene deposits
are locally preserved along the southeastern margin of
the basin, to the South of the city of Euskirchen, and in
the Antweiler Graben (Oehms 1980). The fill of the
Lower Rhine Basin dominantly consists of Oligocene,
Miocene, and Pliocene sediments (Fig. 4). Pleistocene
sediments were mostly derived from the Rhenish Massif,
and form only a thin veneer. Following the Rhine and
Maas tributaries towards the North, Holocene deposits
increase in thickness.

The basin fill forms three units, marine beds in the
deepest part of the basin, brown coal seams interfin-
gering with marine deposits in the middle, and fluvial
and lacustrine sediments at the top. The maximum
thickness of the Rhenish Main Seam in the eastern part
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Fig. 4 Stratigraphic standard section, compiled from two wells
(Schifer et al. 2004) and virtually located in the centre of the Erft
Block (cf. Fig. 2). Formation names and the lithostratigraphic
number code from Schneider and Tiele (1965) are inserted along
the section. Stratigraphic ages are from Berggren et al. (19995),
Heumann and Litt (2002), cycle ages from Haq et al. (1987, 1988)
and Hardenbol et al. (1998) as compiled by Schifer et al. (2004)

of the central Erft Block (Fig. 5) is about 100 m (Hager
1986). Towards the NW, it subdivides and forms three
separate smaller seams, the Morken, Frimmersdorf, and
Garzweiler seams (Minnigerode and Richter 1986). In
the western Lower Rhine Basin, the Upper Seam
developed during the Late Miocene. The Bergheim seam
in the E of the basin is of Early Pliocene age (cf. Fig. 4).
In the NW part of the Dutch German Central Graben,
the Oligocene to Miocene sediment fill of the basin is
marine, bearing glauconite, and no brown coal was
formed (Verbeek et al. 2002).

Sediment thickness and stratigraphy in the Lower
Rhine Basin are shown in the stratigraphic standard
section (cf. Fig. 4). This was compiled from two wells,
one in the western part of the Erft Block and the other
on the K6ln Block, corrected with help of industry cross-
sections through the basin (Schifer et al. 1997, 2004).
The virtual location of the stratigraphic standard section
found its location in the centre of the Erft Block, where
the Rhenish Main Seam should have been drilled com-
pletely (cf. Fig. 2: black bold circle; cf. Fig. 5).

Stratigraphic code numbers, marked on the profile,
were developed for industry purposes (Schneider and
Thiele 1965). The formation names do not strictly obey
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Fig. 5 Stratigraphical thickness of the lignite brown coal seams of
the Lower Rhine Basin (adopted from Hager 1986). The centre of
the Rhenish Main Seam is on the eastern Erft Block (cf. Fig. 3) at
almost 400 m below the present surface

the actual stratigraphical nomenclature, but have been
in common use as ‘Schichten’. Nevertheless, they form
the basis for synthesizing a consistent chrono- and se-
quence-stratigraphic standard for the region (cf. Fig. 4).
The biostratigraphical ages presented are derived from
Berggren et al. (1995), while the sequence stratigraphy
ages were adopted from Haq et al. (1987, 1988) and
Hardenbol et al. (1998).

Deposition in the Lower Rhine Basin began in the
Early Oligocene times. The most complete sedimentary
record was in the northern Rur Block (Walsum Fm,
Ratingen Fm, Grafenberg Fm, and Lintfort Fm) and in
the southern Venlo Block (Boom Clay, Nucula Clay and
Sand). In the SE Lower Rhine Basin, the Bergisch-
Gladbach Fm is the stratigraphical equivalent of those
formations. The beds of the Schneider—Thiele code
numbers 02-04 (Schneider and Thiele 1965) represent
the transgressive basal series of the basin forming mar-
ginal marine shaley sands rich in organic material.

This transgressive series extends to the upper Oligo-
cene to lower Miocene Koln Formation (Schneider—
Thiele code numbers 05-5), the deposits of which were
high-energy coastal marine sands and contain tidal
bedding features. South of these sands, lagoonal and/or
back-barrier fine-grained depositional environments
formed. The sediments are rich in organic material,
contain mostly wood, which today is preserved as brown
coal. Towards the sea in the North, shales deposited in
environments below the wave base predominate. The
upper part of the Kéln Fm (from sand 2 to the base of
strata 6) has been interpreted as a model of a stacked
high-energy coast (Schéfer et al. 1996).

Along the southernmost margin of the Lower Rhine
Basin, the depositional systems are dominated by flood
plain sedimentation, rich in fine-grained siliciclastics,

and thin brown coal seams. In the Siebengebirge, in the
SE of the Lower Rhine Basin, explosive volcanism led to
the deposition of extensive trachyte tuffs some hundreds
of metres in thickness into which trachyte, latite, and
basalt was intruded (Vieten et al. 1988; Meyer 1994).
The Drachenfels trachyte intrusives have an age of
24.99+0.07 Ma (Wijbrans et al. 1995).

Above these tuffs, in the northern promontories of
the Siebengebirge, the Rott Lake formed during the
uppermost Oligocene (Mors 1996, 2002). Thus, the Rott
Lake sequence is correlated with Clay 3, consisting of
lagoonal to lacustrine clay and brown coal (cf. Fig. 4).
Clay 3 forms a stratigraphic marker horizon throughout
the Lower Rhine Basin, at a posititon close to the Oli-
gocene/Miocene transition (Schéfer et al. 2004).

The Ville Fm (Schneider-Thiele code number 6) in
the centre of the Lower Rhine Basin is represented by
the Rhenish Main Seam (cf. Fig. 4). It has a thickness of
about 100 m. Prior to its compaction, the Rhenish Main
Seam is estimated to have had a thickness of 300 m of
peat (Hager 1986, 1993). Its age is Early to Middle
Miocene, and it formed within a time span of 17.5—
10.5 Ma (according to cycle ages of Hardenbol et al.
1998; Schifer et al. 2004). In Middle Miocene times, the
marine Frimmersdorf and Neurath sands intercalate
with the growing peats and demonstrate major flooding
events in the subsiding embayment (Petzelberger 1994).
The marine sands deposited along the seaward side of
the coastal lowlands contained salt marshes, peats, and
bush forests. At back-barrier positions, tidal and la-
goonal clays accumulated. Many of the coastal marine
sands were capped by aeolian dunes and sheet sands
(Clemmensen 1976; Petzelberger 1994).

In the W of the Lower Rhine Basin, the Inden Fm
preserved the Upper Seams with a cumulative thickness
of almost 40 m. Towards the north, these split into three
separate seams, the Friesheim (7B), Kirchberg (7D), and
Schophoven (7C) seams. Their biostratigraphical age is
Late Miocene. Further details are provided by Schéfer
et al. (2004). In the eastern part of the basin, only minor
brown coal deposits above the Rhenish Main Seam were
preserved. Instead, there are fluvial coarse-grained
greyish sands and clays of the Inden Fm (here called
Fischbach Fm) deposited by northward flowing mean-
dering rivers that drained the fluvial plain. Considerable
erosion of the Rhenish Main Seam underneath can be
observed, and intraclasts of various sizes are abundant
(Abraham 1994). Williams and Flint (1990) reported on
major collapse structures due to exposed river bank
reliefs, which they observed in the Inden Fm.

The Hauptkies Fm (Schneider—Thiele code number 8)
is interpreted as having been deposited as a coarse-
grained mixed-load braided-river system containing
numerous well-rounded white vein quartz and black
chert clasts from the Maas River system in the SW.
Additionally, Cretaceous silicified oolites are also noted.
These beds on top of the Rhenish Massif are named the
‘Kieseloolith’ (Boenigk 1981, 1990, 1995, 2002; Boersma
et al. 1981). In part, the underlying Inden Fm was



eroded considerably (Abraham 1994). The top of the
Hauptkies Fm (8/9A transition) exposes fine-grained
sediments, alternately bedded sands and muds, that were
interpreted as representing an estuarine facies (Valdivia-
Manchego 1996). The Hauptkies Fm was deposited
close to the Miocene/Pliocene boundary, however, as
biogenic remains are sparse, the stratigraphic control is
not precise.

In the Rotton Fm (Schneider—Thiele code number 9),
the input of coarse-grained sediments was reduced.
Sandy braided rivers provided coarse-grained sands
partially rich in coarse organic debris (wood, fruits, and
seeds), and also lacustrine clays (Ashraf et al. 1997a;
Schifer et al. 1997). Minor brown coal is preserved.

The Upper Pliocene Reuver Fm (Schneider—Thiele
code numbers 10-11) started with braided rivers deliv-
ering coarse-grained sediments. Sands of meandering
rivers and lacustrine clays contain reworked pal-
ynomorphs (Ashraf et al. 1997 b).

According to the regional chronology of the Lower
Rhine Basin, the Pleistocene begins with the deposition
of the Older Pleistocene Terraces, followed by the
so-called Tegelen Complex (Schneider—Thiele code
numbers are 12-15; the Tegelen s.str. is 13). The sedi-
ments of the Older Pleistocene Terrace are predomi-
nantly fluvial sands of braided rivers (Boenigk 2002), but
also consist of lake deposits. The overlying Younger
Main Terrace of the Rhine River (Schneider—Thiele code
number 16) is rich in heterolithic bolders, gravels, and
coarse-grained sands from nearby sources in the Rhen-
ish Massif (Boenigk 1981, 1990, 1995, 2002; Brunnacker
1978; Klostermann 1995), and formed a high-energy
fluvial fan (Schirmer 1995). As the source area of the
Main Terrace widened towards the South, the sediments
delivered also originate from beyond the Rhenish Mas-
sif. Younger terraces developed due to the incision of the
Rhine River and its tributaries, when the Rhenish
Massif was uplifted in the Pleistocene (Meyer and Stets
1998, 2002). Heumann (2001) and Heumann and Litt
(2002) have provided a sedimentological and biostrati-
graphical analysis on a Pleistocene section taken from
the Hambach mine. Stratigraphical ages resulting from
this investigation have been incorporated into the
stratigraphic standard section (cf. Fig. 4).

Eleven thousand years ago, the phreatomagmatic
Maria Laach volcano exploded, and spread windborne
ash towards the NE and SE (Schmincke 2000). This
volcanic ash was reworked by the River Rhine and is
suspected of having formed a stratigraphic marker
horizon in the terrace sediments (Meyer 1994). However,
up until now, no ash has been found in the Lower Rhine
Basin. This is probably due to the fact that it was in-
tensely reworked in the high-energy fluvial environments
and also altered by postdepositional weathering.

From the Paleogene onward, the Cenozoic North Sea
transgressed onto the lowlands of present-day Belgium,
The Netherlands, and Germany. Initial subsidence of
this area commenced in Early Oligocene times with the
onset of the Rupelian (Vandenberghe et al. 2001). The
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ingression of the Cenozoic North Sea led to the forma-
tion of early coastal marine environments. The subsi-
dence of the Lower Rhine Basin during the Rupelian
and the Early Chattian was due to late activities of the
Hercynian Aachen Thrust. Late Variscan thrust move-
ments are suspected to be probably responsible for dif-
ferential subsidence of the faulted blocks (Nickel 2003).
In the Chattian, cyclic marginal marine sediments
formed in the southern part of the basin, individually
overlain by marshland clays and peats. In the Early
Miocene, a wide coastal plain was vegetated by swamps,
bushlands, and forests.

The North Sea retreated again during late Miocene
and Pliocene times. Fluvial systems recovered the wide
marshland plain, once the coastline prograded seaward.
The early precursors of the rivers Maas, Rhine, Sieg, and
Wupper delivered sediments to the subsiding basin
(Abraham 1994; Petzelberger 1994; Valdivia-Manchego
1996). A gradual decrease in temperature has been
documented by analysis of the floral record (Utescher
et al. 2000, 2002). Finally, the Rhenish Massif was up-
lifted in the Pleistocene and attained its present eleva-
tion. This uplift provided the source for detritus to the
Lower Rhine Basin. The River Rhine deposited a thick
and coarse-grained fluvial fan (Boenigk 2002). In the
Rhenish Massif, fluvial terraces developed by the inci-
sion of the river network and due to the structural uplift,
showing the complex interaction of tectonics, sea level,
and climatic change (Meyer and Stets 2002).

Base level cycles

A selection of wells representative of the fill of the Lower
Rhine Basin were interpreted in terms of their base level
cyclicity. Base level cycles are correlative to the basin
volume by the ratio A/S, i.e. Accommodation space
versus Sediment supply (Cross et al. 1993; Cross and
Lessenger 1997, 1998; Ramon and Cross 1993, 2002).
Depending on the tectonic subsidence of the basin and/
or the rise or fall of the relative sea level, the accom-
modation space of a basin increases or decreases. In
general, sediment supply is from an uplifted source,
forming a climate dependent drainage network of ero-
sion and transport paths to the basin. Thus, the base
level provides information on the complex interaction of
tectonics, sediment transport, and the variation of sea
level. In this study (cf. Fig. 4) base level half cycles are
marked along field and well sections as base level rise
(white peak-up triangles) and base level fall (black base-
up triangles).

In coastal regimes, the base level is correlated with
the storm wave base, above which reworking of the
coastal profile may occur. Landward from the shore, the
base level is the undulating ideal surface, above which
no deposition is possible, and below which sediments
may accumulate (Wheeler 1964; Galloway 1989a,
1989b). Close to the sea, base level cycles correlate with
the sea level. Landward they change to show an intense
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interrelation with depositional systems in continental
sedimentary basins, their drainage pattern and structural
style (Ramon and Cross 1993, 2002; Aigner et al. 1999;
Huggenberger and Aigner 1999; Klingbeil et al. 1999;
Hornung and Aigner 2002a and 2002b). Base levels
provide a more specific signal to the depositional record
of individual measured sections and well profiles. Base
level cycles also faciliate the correlation between sections
and profiles over long distances, even without a precise
identification of their environments and subenviron-
ments (Cross and Lessenger 1998). With respect to se-
quence stratigraphy, flooding surfaces (tips of triangles)
mark the inundation of a preceding depositional se-
quence. On the other hand, sequence boundaries (base
of triangles) mark subaerial erosion of exposed sections
and landscapes. They need not be specifically attributed
to sequence stratigraphic orders but demand a thorough
interpretation of the depositional environment.

The stratigraphy of the early sediment fill of the
Lower Rhine Basin consists of base level fall and rise
cycles (cf. Fig. 4). They represent the marine sections
below the Morken Seam (the basal seam of the Rhenish
Main Seam). The Rupelian forms the base of the strati-
graphic record of the Lower Rhine Basin (Hager et al.
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1998). Since this major flooding event (the Rupelian
transgression, verified in European basins), individual
flooding events are recorded in well sections of the Lower
Rhine Basin. They occurred rapidly, initiating sediment
supply from sources in the hinterland, presumably from
the S of the Rhenish Massif. So, together with some
minor ravinement, the flooding events started with base
level fall cyclicity. The marine sections show a shallow-
ing-upward trend. Base level fall is representative for all
marine sections. When the sections extended into non-
marine environments, they were topped by base level rise.
The progradation of the coastal environments was from
the SE towards the NW, parallel to the basin axis.

As is shown in one of the profile sections of Klett
(2000), Sand 2 was closest to the maximum marine
flooding in the early Oligocene (Fig. 6) (Klett et al. 2002;
modified). In the following, the extension of Sand 4,
Morken Sand, and Frimmersdorf Sand (cf. Fig. 4)
slowly reduced. The Neurath Sand was deposited, while
the Lower Rhine Basin was inundated for the last time.

From the Lower Miocene onward, the North Sea
retreated from the Lower Rhine Basin. As the ground-
water table was still high and the subsidence of the
basin favourable, a thick peat layer formed from wood
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Fig. 6 The NW-SE oriented well section, compiled from well profiles compiled as facies code profiles (Klett 2000; Klett et al. 2002). The
lignite brown coal seams are vertically hatched, and their names indicated. The section shows marine sands (grey colours) intercalated to
the depositional record of the Lower Rhine Basin. These sands slowly retreated towards the NW, the younger they became with
stratigraphy. Base level cycles are shown as triangles in black and white, symbolizing their fall and rise (for location of the section cf.

Fig. 2)



fragments and leaves of extensive bush forests (Hager
1986; Huhn et al. 1997). Rivers drained the lowlands
and partially eroded the topmost horizons of the peats.
Thus, erosion surfaces on the tops of the coal seams are
present in many sedimentary sequences of the Lower
Rhine Basin, both in well profiles and measured field
sections (Abraham 1994).

The fluvial Inden Fm (7) represents the first marked
regressive event in the Lower Rhine Basin (Fig. 7). In
places, intense reworking of the underlying Garzweiler
Seam can be observed (Schéfer et al. 2004). Lags of clay
intraclasts, brown coal and wood fragments were inter-
bedded in the basal fluvial layers of the Inden Fm. The
Inden Fm formed a meandering river environment and
ended with lacustrine beds rich in lignites.

From the top of the Rhenish Main Seam onward,
base level rise cycles are representative for the upper
stratigraphic unit of the basin. They mostly contain
marked basal erosion features. The rivers were over-
supplied by sediments, and their sedimentary sequences
have small A/S ratios. Due to a widening and deepening
of the basin later on, the A/S ratios increase, and the
sections end with lacustrine beds. The individual sec-
tions of the strata 7, 8,9, and 10 are depositional systems
correlative over wide parts of the Lower Rhine Basin.
Sequence 7 is of a meandering facies. The sequences of §,
9, and 10 each started with major braided rivers, then
changed to form meandering rivers, and ended with
lacustrine environments (Abraham 1994). This is sum-
marized in the stratigraphic standard section (cf. Fig. 4)
and individually shown by the base level rise motifs of
the geophysical logs in the wells B 71 and 53 (cf. Fig. 6).
The lacustrine facies each followed preceding major
fluvial stages (transitional 8/9A, 9C, 11) and represent a
wide variety of lake bed and swamp environments hav-
ing had a minimal sediment supply. The corresponding
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log motifs form the base of the stratigraphic correlation
(as is shown in Fig. 7).

The facies section lengthwise through the Lower
Rhine Basin and the southern part of the Roer Valley
Graben (Fig. 8) shows a tentative summary of a base
level correlation from the SE to the NW of the Dutch
German Central Graben (Zagwijn et al. 1985; Klett et al.
2002; Schifer et al. 2004). The section is mostly based on
well profiles, while details from its SE interior are from
the brown coal open-cast mines along the Ville Ridge.

The Rupelian transgression is documented by the
Boom Clay (for stratigraphic details refer to Vandenber-
ghe et al. 1997, 1998), achieved a highstand and is then
followed by a slow retreat of the marine sands from sand 2
to Neurath Sand (6D). The subsequent regression during
the fluvial unit on top of these shows a base level rise trend.

The fluvial beds of the Inden Fm contain stacked
channels with medium- to coarse-grained sands and a
reduced amount of overbank clay layers. In places, the
Inden Fm started with a marine flooding horizon placed
on top of the Garzweiler Seam (where Pholas sp. borings
often can be encountered; Bertling et al. 1995), then
changing to meandering fluvial conditions within a
metre of section. The sinuosity of the river beds was of a
medium-sinuosity meandering style with a reduced
amount of flood basin clays. It may be characterized as a
perennial river system with a continuous water course,
rich in sediment freight, and stacked channels, as well as
abandoned meander loops of oxbow lakes, which are
filled by clay plugs (Abraham 1994). Overall, the fluvial
environment of the Inden Fm was that of a lowland
river, confined by the structure of the basin and forced
to form a stacking pattern. The structural subsidence of
the Lower Rhine Basin at this time was dominated by
the initial compaction of the peats of the underlying
Ville Fm.
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Fig. 8 Southeastern part of a NW-SE running facies section (cf. Fig. 2), showing the facies relationships from the Rupelian to the top of
the Rhenish Main Seam (black). First compiled by Zagwijn et al. (1985), then completed by Schéfer et al. (2002), to schematically show
the younger strata above the Rhenish Main Seam. Corrected by Schiifer et al. (2004) for stratigraphical thicknesses. Base level cycle
symbols are included to visualize the interpretation of the depositional environments. Numerical ages (of a 3rd-order hierarchy) and a
tentative systems tract nomenclature are inserted. The Lower Rhine Basin underwent a long-lasting base level fall when it was filled by
Cenozoic deposits. The ratio of accommodation space vs. sediment supply was reduced especially due to the uplift of the Rhenish Massif

The sediments of the Hauptkies Fm were deposited in
a deeply channelized braided river environment. Well
developed channels contain transverse trough cross-
bedding and channel-bar islands with downstream ori-
ented plane-shaped cross-bed sets. In places, these two
cross-bed features show tightly arranged sets. Both are
well organised and suggest ample accommodation space
while they were formed. The Hauptkies Fm is the stra-
tum that shows the richest sediment input to the basin.
Basal erosion on the underlying Inden Fm is significant
and forms a clear-cut sequence boundary that can be
traced throughout the Lower Rhine Basin. The Haupt-
kies Fm consists of two major fluvial cycles and a final
transition to meandering, estuarine and lacustrine con-
ditions on top (transition 8 to 9A).

The Rotton Fm sands (9B) were deposited in a sand-
rich braided river environment, showing numerous
stacked channels and confined by abundant unconfo-
rmities. The channels carried a sand-rich freight with a
large amount of wood remains, fruits, and seeds from
nearby forests. Nevertheless, the depositional sequences
of the Rotton Fm show a transition to meandering
environments, that ended with a well developed lake bed
environment (9C).

The Reuver Fm (sands 10 and clays 11) were also
deposited under similar environmental conditions dem-
onstrating that the basin repeated the change from low
to high accommodation space.

Finally, the deposition of the Pleistocene terrace
sediments of the River Rhine began under conditions of

low-accommodation space. Coarse-grained and boulder-
rich sediments forming stream-channel environments
were provided. A widening of the accommodation space
then followed, and the sediment freight was gradually
reduced. The deposits contain numerous unconformities,
cutting and reworking preceding deposits. The unit is
about 20 m in thickness, and mainly forms the Younger
Main Terrace of the River Rhine (Heumann and
Litt 2002).

The Holocene deposits also show fining-upward
sequences, and demonstrate a widening of the accom-
modation space of the basin together with a reduction in
sediment transport.

The overall base level tendency of the Lower Rhine
Basin has to be understood as a general base level fall,
because the fill of the Lower Rhine Basin has to be
correlated with the uplift history of the Rhenish Massif.
This uplift initiated erosion and a rich fluvial freight. As
a consequence, the base level fall trend is marked by rich
sediment supply and dramatic loss of accommodation
space. The uplift of the Ardennes also delivered sedi-
ments that were deposited in the Roer Valley Graben
(Van Balen et al. 2002; Garcia-Castellanos et al. 2000).

Geohistory

The subsidence history of the Lower Rhine Basin was
recorded by compiling geohistory curves for the region.
This is shown with a plot of stratigraphical thicknesses



versus stratigraphical age (Fig. 9). The stratigraphical
thicknesses of the strata are derived from the strati-
graphic standard section (cf. Fig 4). This contains an
isotope age datum from the Drachenfels trachyte (Wi-
jbrans et al. 1995) and was corroborated by biostrati-
graphical ages from Berggren et al. (1995). Cycle ages
(Schifer et al. 2004) were provided using sequence
stratigraphic concepts from Haq et al. (1987, 1988),
Mitchum et al. (1993), and Hardenbol et al. (1998).

Since the brown coal is compacted by a ratio of about
3:1 (Hager 1986), some uncertainty with the continuity
of the basin subsidence history remains. The siliciclastic
sediments mostly consist of sands, with only thin layers
of intercalated sandy muds. The sedimentary sequence
under consideration has a total thickness of 1 km or less.
The coastal marine to fluvial sediments were deposited
in, or close to, sea level and thus the differences between
a tectonic and a total subsidence history could be ig-
nored. On the other hand, Kooi et al. (1991), Zijerfeld
et al. (1992), Michon (2003), Michon et al. (2003) have
published backstripped subsidence curves from the Roer
Valley Graben that were calculated with corrections for
compaction and environment.

The subsidence history of the Lower Rhine Basin
presented here (cf. Fig. 9) shows a continuous curve — a
period of rapid subsidence in the Oligocene marine unit,
followed by a period of reduced subsidence, in much of
the Miocene, and again, finally, a phase of rapid subsi-
dence which began in the Messinian (Upper Miocene)
and extends to the Present. The fluvial unit above the
Rhenish Main Seam had a very high sediment input.
Except for the Inden Fm, the fluvial facies patterns
preferentially comprise braided systems and coarse-
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Fig. 9 The geohistory curve showing the subsidence of the Lower
Rhine Basin is compiled by stratigraphical thicknesses versus
stratigraphical ages as they are given in the stratigraphic standard
section (cf. Fig. 4) with respect to Berggren et al. (1995) and
Hardenbol et al. (1998). The uplift of the Rhenish Massif is
calculated from height positions of the Younger Main Terrace of
the Rhine River tributary system (Meyer and Stets 1998, 2002), in
relation to the top of the Rhenish Main Seam. Initiation of the
uplift of the Rhenish Massif is indicated by ‘Kieseloolith’, a wide
river terrace element at the Miocene/Pliocene boundary
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grained sediments. This would mean, that in the fluvial
unit the ratio of accommodation space to sediment
supply was rather small, i.e. more sediment was deliv-
ered than the basin could accommodate. The fluvial
facies patterns also indicate that most of the rivers were
proximal systems. Thus, a large amount of the fluvial
freight that must have bypassed the Lower Rhine Basin,
was transported towards the Cenozoic North Sea.

The Lower Rhine Basin subsided during the Tertiary,
especially from the Oligocene (in the Rupelian and the
Early Chattian; Nickel 2003). The Rhenish Massif was
markedly uplifted coincident with the initiation of fluvial
sedimentation in late Miocene. The overlying Tertiary
deposits were mostly removed and are only locally
preserved. Thus, the uplift history of the Rhenish
Massif was calculated on the basis of Plio-Pleistocene
fluvial sediments of the Rhine River tributary system,
preserved today in terrace positions (Meyer and Stets
1989, 2002).

Most of the Tertiary deposits in the Lower Rhine
Basin were derived from the Rhenish Massif consisting
of the weathered Devonian bedrocks, late Paleozoic and
Mesozoic cover rocks, and Cenozoic sediments trans-
ported northward in wide river systems (Sissingh 2003).
As Tertiary strata on top of the Rhenish Massif were
only locally preserved (Meyer 1994), their deposition
and subsequent removal must have been balanced by the
concomitant subsidence of the Lower Rhine Basin, and
also of the Roer Valley Graben (Zijerveld et al. 1992;
Van Balen et al. 2002).

Hermanns (1992) differentiated two types of clay-
mineral assemblages in the Tertiary fill of the Lower
Rhine Basin. The Lower Miocene Kaolinite-Illite zone
and the Upper Miocene to Pliocene Kaolinite-Illite-
Smectite-Vermiculite-Chlorite zone can be correlated
with the erosion of the weathering crust of the Rhenish
Massif. The denudation of the deeply weathered Rhen-
ish Massif began in the Miocene. The thickness of its
weathered zone is estimated to have been between 50
and 100 m (Spies 1986; Felix-Hennigsen 1990). How-
ever, it is difficult to calculate its precise former thick-
ness, since it was often completely removed or only
preserved in tectonic traps (Meyer 1994).

With the onset of the Pleistocene, the ratio of the
sediments supplied to the Lower Rhine Basin changed
significantly, when the Rhenish Massif (Meyer and Stets
1998, 2002) and the Ardennes (van Balen et al. 2002;
Garcia-Castellanos et al. 2000) were uplifted (Fig. 10a
and b). Rivers deeply cut into the Devonian rocks and
structures. In the Lower Rhine Basin, the uplift was
marked by the deposition of the Rhine River fluvial fan,
consisting of a mixed-load of gravel and coarse-grained
sands, transported and deposited in a wide braided river
system. The Rhine River fluvial fan was laterally inter-
connected with the Maas fluvial fan.

The uplift of the Rhenish Massif was of an order of
about 250 m above a maximum anomaly in the Eifel
volcanic field as can be shown by the present-day ele-
vation of the Rhine River terraces and those of its
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confluents (Meyer and Stets 1998, 2002). The Lower
Rhine Basin formed the sink to which the detritus of the
Rhenish Massif was delivered. The Maas and its tribu-
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Fig. 10 a The Pleistocene uplift of the Rhenohercynian block,
demonstrated by river terrace heights, as compiled by Meyer and
Stets (1998, 2002) along the Rhine River system in the Rhenish
Massif, and by Garcia-Castellanos et al. (2000) and Van Balen
et al. (2002) along the Maas River system in the Ardennes. The
isopachs verify the uplift of the younger main terrace (jJHT) during
the last 800000 years. The bold interrupted line running SE-NW
shows the position of the cross section. b SE-NW section through
the Rhenish Massif and the eastern part of the Lower Rhine Basin.
The Koln and Krefeld blocks consist of Oligocene strata, deeply
eroded during the Pleistocene uplift. Miocene and Pliocene deposits
were removed, and close to the Rhine River remnant Oligocene
strata are capped by the Low Terrace (LT) and Holocene deposits
(for details cf. Fig. 11). The Pleistocene HT and MT terraces are
present in other areas of the basin only. In the Rhenish Massif, the
terraces can be traced along the modern Rhine river system (Meyer
and Stets 1998, 2002)

taries mainly contributed material to the Roer Valley
Graben (Van Balen et al. 2002). Both systems together
formed the wide Maas-Rhine Fan (Boenigk 2002).

The terrace bodies in the Rhenish Massif were
deposited during a period of lateral erosion at the end of
the Menap cold stage (Early Pleistocene). As the uplift
of the massif continued into the following Cromer stage,
the rivers vertically cut into the bedrocks. This incision
was only interrupted by short cold stages each corre-
sponding with terrace remnants that have been classified
as Lower Younger Main Terrace and High Middle
Terrace (Hilden 1988).

During warm stages the transport of gravels, accu-
mulated during the cold stages, took place. The river
systems cut down into the bedrock and by this balanced
the continuous uplift of the Rhenish Massif. Thus, a
prominent increase in sediment supply and river slope
towards the Lower Rhine basin can be observed, espe-
cially during the transition from cold stages to warm
stages.

During the Saale Glaciation, the sediments of the
Middle Terrace developed in the Lower Rhine Basin.
Braided rivers formed and were entrenched into the
underlying Main Terrace sediment bodies of the Rhen-
ish Massif.

As is evident from the uplift curve (cf. Fig. 9; right
hand side of the diagram), the uplift of the Rhenish
Massif commenced with the development of the early
Pliocene fluvial unit in the Lower Rhine Basin (as indi-
cated by the Hauptkies Fm, equivalent to the position of
‘Kieseloolith’). Yet, the maximum uplift of the Rhenish
Massif occurred in the Pleistocene leading to the devel-
opment of a series of terraces along the major rivers
(Meyer and Stets 1998, 2002). With respect to the
thickness of the Pleistocene sediments in the Lower
Rhine Basin, it may be assumed that much of the
detritus bypassed due to the basin’s lack of subsidence.
A mixed-load fluvial fan formed, prograding from the
Rhenish Massif towards the North. A section of it is well
documented in the Hambach mine by Heumann (2001)
and Heumann and Litt (2002). The fluvial deposits in the
Lower Rhine Basin are organized as a system of High,
Middle, and Low Terraces correlated with the Pleisto-
cene glacial/interglacial cyclicity (Boenigk 1981, 1990,
1995, 2002). On the K&In/Krefeld Block and close to the
Rhine River, a profile section based on well logs
extending from NE of Bonn to NNW of Duisburg was
constructed (Fig. 11). This shows strata of the Kéln Fm
in the South and Grafenberg Fm to Walsum Fm
(equivalent to the Berg Sand in Fig. 8; pers. comm. Noel
Vandenberghe 2004) in its North. The entire section
exposes Oligocene strata, which were deposited during
the transgression of the Tertiary North Sea. These are
unconformably overlain by Pleistocene Low Terrace
deposits. Below the section, prominent thrust systems,
known from surface outcrops on either sides of the
Lower Rhine Basin, dissect the Devonian basement of
the Rhenish Massif (Hilden 1988). The Aachen thrust
probably was active during the Palacogene, since
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Fig. 11 A N-S well section through the eastern blocks of the Lower Rhine Basin (position indicated in Fig. 2 as a thin line running from
well 658 in the SE to well 202 in the NW) on the uplifted Ko6ln Block shows that only the Oligocene is preserved. Oligocene is
unconformably overlain by Pleistocene sediments of the Rhine River Low Terrace. The Devonian basement of the Rhenish Massif
underneath the Oligocene is given with structural elements as proposed by Hilden (1988)

differences in depositional facies and bed thicknesses on A e it Faul B
either sides of the thrust can be observed (Nickel 2003). ’ Rur | Erft Koln Block ’
The cross-section of the basin shows a tilt in its strata - Pleistocene —

towards the NE (cf. Fig. 3a and b). This asymmetry is
preserved only in the blocks to the W of, and close to,
the Erft and Peel faults. The strata of the Koln, Venlo
and Krefeld blocks have a more or less horizontal po-
sition. Subsidence of the Lower Rhine Basin was as a
result of right-angle extension leading to faults showing
a vertical to steep inclination (cf. Fig. 3 b). This was also
noted by Knufinke and Kothen (1997) and Jentzsch and
Siehl (2002). Michon et al. (2003) provided evidence of a
60° inclination of the Peel Fault based on their inter-
pretation of a seismic section through the central Roer
Valley Graben.

From the cross-sections of Fig. 3 an interpretation of
the basin formation of the interior Lower Rhine Basin
was made (Fig. 12). From the inclination of the Ceno-
zoic strata in the Lower Rhine Basin and surface maps it
is assumed that the easternmost border fault (east of the
Rhine River; position B) was the most active one during
the subsidence of the basin from Oligocene to Pliocene.
Moreover, this boundary fault is a prolongation of the
Middle Rhine River valley, dissecting the Rhenish
Massif. From the surface it is expected that the faults in
the Lower Rhine Basin are steep. However, with greater
depth, the right-angle extension could have provided a
listric shape in an example of Leeder and Gawthorpe
(1987) from elsewhere. While the uplift of the Rhenish
Massif started in the Pliocene, and accelerated during
the early Pleistocene, a reactivation of the faults is as-
sumed. Presumably, the eastern boundary fault renewed
its movement, contributing to major uplift of the eastern
part of the basin. In addition, the today Ville Ridge (the
border region between the Kéln and the Erft blocks) is a
position with a bundle of numerous faults (Jentzsch and
Siehl 2002; cf. Fig. 3b) that altogether are named Erft

Early Pleistocene
unconformity

W

Mio

Pleistocene Uplift

sediment thickness to be eroded
due to Pleistocene block uplift

Oligocene - Pliocene Subsidence

Fig. 12 Two interpretative SW—NE sections through the Lower
Rhine Basin (A to B in Figs. 2 and 3), showing the asymmetry of its
basin fill. The extension of the basin led to accentuated subsidence
during the Oligocene, Miocene, and Pliocene. The most important
normal fault during the subsidence phase was at the eastern margin
of the basin, bordering the Rhenish Massif east of the Rhine River
(Position B). The uplift of the Rhenish Massif became marked in
early Pleistocene. Within the basin, the Koln Block was also
uplifted, by repeated activation of the eastern fault (at position B)
and, most importantly, also of the Erft Fault that shows major
seismicity and movement until today. The Pleistocene and a thin
veneer of Holocene strata covering the entire basin are only
dissected by some of the faults.
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Fault. This Erft Fault faciliated major uplift of the K&In
Block leading to the erosion of the Neogene strata on
top of it. Therefore, the Oligocene of the K&In Block is
unconformably overlain by Pleistocene and some
Holocene.

Discussion
Basin subsidence, geohistory, and sequence stratigraphy

The Lower Rhine Basin forms the southeastern part of
the Dutch-German Central Graben and is strongly
correlated with the uplift of the Rhenish Massif and the
Ardennes (Schifer and Siehl 2002). The geohistory curve
(cf. Fig. 9) shows that the subsidence of the basin was
steady from the Oligocene — which was the beginning of
the stratigraphic control on the fill of the Lower Rhine
Basin (Schifer et al. 2004).

From Late Miocene time onward, the basin subsi-
dence became marked. The uplift of the Variscan massifs
(Ardennes and Rhenish Massif) can be monitored since
the latest Miocene times. In early Pleistocene especially,
the uplift of the Rhenish Massif accelerated and formed
a staircase-like arrangement of river terraces along the
valleys of the Rhine River and Lower Mosel River
(Meyer and Stets 1998, 2002).

The Rupelian transgression (Boom Clay; Stratum 03)
led to maximum flooding and the deposition of rich
clays in many basins of Central Europe (Vandenberghe
et al. 1997, 1998; Vandenberghe and Hardenbol 1998;
Hager et al. 1998), and also in the Lower Rhine Basin
(Nickel 2003). The marine sands overlying Rupelian
clays were deposited under a relative sea level highstand
(HST). Several trans- and regressions in the Lower
Rhine Basin are estimated as broad regional events of
higher order. During this highstand, when the fresh-
water level was high and the growth conditions of the
vegetation in the coastal lowlands were favourable (cf.
McCabe and Shanley 1992), the peats of the Rhenish
Main Seam and its sub-seams developed. This was from
30 to 10.5 Ma sequence stratigraphic cycle age (sensu
Hardenbol et al. 1998) (cf. Fig 4).

Highstand conditions with a maximum in the
Langhian changed to fluvial sequences and by this ini-
tiated the regressive phase after the Serravallian. The
fluvial sequences were stacked and are separated by
relatively thin lacustrine sandy clays.

The stratigraphy of the basin fill of Cenozoic strata in
the Lower Rhine Basin is in the time range of the third-
order cyclicity of the sequence stratigraphic concept
(Schifer et al. 2004). The depositional cycles of the
Grafenberg and the Kd&ln formations both commenced
with flooding surfaces. With only little reworking, so
that a marked ravinement surface was preserved, the
peats were flooded and followed shallowing upward with
coastal tidal environments and ended with onshore peats
(Minnigerode 1985; Petzelberger 1994; Schifer et al.
1996). While flooded again, most often there was time

enough for lamellibranchiate larvae to occupy the peat
substrate to start dwelling there, as borings of Pholas sp.
may prove (Bertling et al. 1995). In some cases, these
flooding surfaces were reworked to form intraforma-
tional clasts of brown coal and mud fragments (e.g.
Frimmersdorf seam at Garzweiler mine). In some places,
the flooding provided delicate features as are storm sand
layers by which the marine environment regained the
exposed topstratum of the peats (basal Neurath Sand on
Frimmersdorf seam at Hambach mine). The flooding
process was rapid and resulted in depositional environ-
ments of about the lower shoreface or the transition
zone of the coast. Tidal bundles show at least a meso-
tidal, or even a macrotidal range (Schifer et al. 1996).

The coastal sequences may be subdived to form a
series of sub-sequences. These are smaller-scaled and
follow on top of each other with intense erosion un-
conformities that are formed in stacked high-energy
sand-rich shoreface environments, e.g. in the Fortuna
mine (Schéfer et al. 1996). These sub-sequences are be-
low the resolution limit of dating, presumably higher
than the fourth-order range. On the other hand, some of
them have stratigraphical relevance.

In the Lower Rhine Basin, the regressive fluvial cycles
overlying the brown coal each begin with erosive
sequence boundaries (cf. Fig. 7). The erosional features
at the base of the fluvial sequences are generally well
developed. Thus, fluvial erosion unconformities can be
used for stratigraphic correlation of the depositional
sequences. The Hauptkies Fm, in particular, shows a
prominent sequence boundary at its base throughout the
Lower Rhine Basin. This sequence boundary erodes
major parts from the topstratum of the Inden Fm below
(Abraham 1994). Also, the sequence boundary at the
base of the Pleistocene Rhine River terraces is signifi-
cant.

The sequences in the Lower Rhine Basin can be
correlated with those of the Cenozoic basinfill of the
Roer Valley Graben, forming the centre of the Dutch
German Central Graben (Verbeek et al. 2002).

As sequence stratigraphy allows for overregional
correlations with separate basins, the drop of the sea
level in Late Miocene particularly, (Serravallian/Torto-
nian, 10.5 Ma sequence age according to Hardenbol
et al. 1998) is such an event. It marks a dramatic change
in the depositional record of various Cenozoic marginal
marine environments, even world-wide. In the Lower
Rhine Basin (Schifer et al. 2004), the base of the Inden
Fm cut a significant sequence boundary into the top of
the Rhenish Main Seam (cf. Figs. 6, 7, 8).

In southern Belgium, the Tortonian Diest Sands
transgressed into a large scale gully structure that was
deeply cut into the Rupelian Boom Clay underneath.
There are arguments that major erosion suggesting a
considerable drop of the late Miocene sea level occurred
prior to the deposition of the marginal marine sands
containing glauconites (Vandenberghe et al. 1998).

The Northwest European Tertiary Basin was only
open towards the northern higher latitudes (Vinken



1989), so that a significant drop in temperature accord-
ing to the palaebotanical record at the beginning of the
Tortonian could be realized (Schifer et al. 2004). Close
to the southeastern margin of this Northwest European
Tertiary Basin with respect to the Miocene, the strati-
graphic record of the Wursterheide well (south of Cux-
haven; Benda et al. 1989) does not give any hint that the
Cenozoic sea level might have dropped with the begin-
ning of the Tortonian (Gram Fm). On the other hand,
Michelsen et al. (1995) and Clausen et al. (1999)
reported about westward oriented progradational and
aggradational seismic patterns in the East of the Danish
North Sea sector in late Miocene. These presumabely
belong to the Eridanos Delta that prograded westward
into the southern Cenozoic North Sea, fed by a huge
fluvial tributary trailing along southern Scandinavia
(Overeem et al. 2001). Below its progadational stacking
patterns, the delta was bounded by a major unconfor-
mity about 10.7 Ma in age, which elsewhere marks the
Late Miocene fall of the sea level.

In the Upper Rhine Graben (Sissingh 1997, 1998,
2003), the Late Miocene Serravallian/Tortonian
boundary also forms a marked erosion feature. The
fluvial Dinotherium Sands unconformably rest on
lacustrine beds of Upper Tertiary 1.

On the Ragusa carbonate ramp of the Hyblean Pla-
teau, SE Sicily, Italy, a Serravallian rhodalgal (red algae)
biotic community was unformabely overlain by a Tor-
tonian chloralgal to chlorozoan lithofacies, giving proof
of a major lowering of the sea level (Ruchonet and
Kindler 2005). As a consequence, an increase in the
Mediterranean water temperature was argued due to a
change of the water circulation from an anti-estuarine to
an estuarine regime within the relief of the Mediterra-
nean water basin.

Recently, John et al. (2004) quantified the late Mid-
dle Miocene sea level drop at the Marion Plateau (ESE-
ward offshore Townsville, NE Australia) having been of
50+£5 m. This obviously may explain the above ob-
served environmental changes to be due to a worldwide
rapid fall of the eustatic sea level.

Base level stratigraphy and accommodation space

Base level stratigraphy has been demonstrated to be an
excellent field method for small-scale correlation of
depositional cycles (Cross and Lessenger 1998; Mjos
et al. 1998; Ramon and Cross 1993, 2002). The use of
this concept faciliated the tracing of the structural and
depositional history in sedimentary basins in many de-
tails, for instance in the Upper Rhine Graben (Derer
et al. 2003; Derer 2003). This approach was also used
here for the study on the Lower Rhine Basin.

Base level cycles form the basis for the interpretation
of marginal marine and fluvial sedimentary sequences;
the time concept for the Lower Rhine Basin was recently
published by Schifer et al. (2004). The ingressive phase
(the Rupelian Boom Clay) coincides with base level rise
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(cf. Fig. 8). The subsequent sedimentary sequences of
the basal fill of the Lower Rhine Basin are strongly
cyclic. They each show initial flooding of the preceding
terrestrial environments (marshlands with peats and
nearshore bush forests forming the present-day lignite
brown coal seams). This then was followed by a rapid
drowning that led to the establishment of coastal marine
conditions, most often starting with a lower shoreface
environment. Shallowing-upward developed beach,
lagoonal, salt marsh, and finally fresh-water environ-
ments. As is evident in length sections through the
Lower Rhine Basin, the marine ingressive sands (from
Sand 2 upwards to Neurath Sand) reduced their land-
ward extent with rising stratigraphic niveau (cf. Fig. 6).
The coastal marine sands provided each a slow but
accentuated offlap, although their base level motives
remained identical (cf. Fig. 7).

Base level cycles can be correlated with the structural
development of the Lower Rhine Basin. The marine fill
of the Lower Rhine Basin dominantly shows base level
fall patterns. Its fluvial fill consists of cycles showing
base level rise. Particularly during the fluvial unit, the
cycles not only indicate that they are controlled by the
relative sea level of the distant Cenozoic North Sea, but
they also show that the subsidence of the Lower Rhine
Basin was coeval with the uplift of the Rhenish Massif
(cf. Fig. 9).

A good correlation between the subsidence of the
Lower Rhine Basin and the uplift of the Rhenish Massif
is obvious as the 4/S ratio diminished (Accommodation
space vs. Sediment supply; Cross and Lessenger 1998).
This drop in the A4/S ratio was due to the increasing
input of erosion products from the massif while it was
uplifted. Although the fluvial strata individually show
base level rise cycles, the ‘Basinfill’ pattern of the entire
Lower Rhine Basin (on the right hand alongside the
section of Fig. 8) demonstrates an overall base level fall
while the basin was filled during the Cenozoic.

The Inden Fm at the beginning of the fluvial unit of
the Lower Rhine Basin developed a meandering archi-
tecture (Abraham 1994). All subsequent fluvial hori-
zons — the Hauptkies, Rotton, Reuver, Tegelen
formations, together with the Pleistocene terraces —
show dominantly braided river patterns. These Pliocene
fluvial sections individually transformed from a braided
to a short-lived meandering pattern and finally to a
lacustrine style. The sands and clays formed individual
base level rise cycles. The fluvial horizons differ much in
their individual outlook. This reflects the changing A4/S
ratio of the Lower Rhine Basin. Whenever the basin
subsided, the increase in accommodation space allowed
a free formation of heterogenous fluvial features. When
the accommodation space decreased, numerous discor-
dances confining the crossbed sets indicate a wide fluvial
plain with bypass of most of the sediments, resulting in
the deposition of stacked fluvial sequences. Comparable
observations were first specified by Ramoéon and Cross
(1993) in fluvial intracontinental environments else-
where.
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The fluvial beds of the Inden Fm developed their
bedding features in a style suggesting that there was
ample accommodation space. The Hauptkies Fm shows
a good balance between basin subsidence and sediment
supply from pebbly braided rivers. The Rotton Fm
achieved rather small accommodation space as the
sandy downstream accreting bedform sets expose
numerous reactivation surfaces and unconformities. The
Reuver Fm regained accommodation space, and the
fluvial bedforms enlarged their shape still having
downstream accretion surfaces of a sandy braided river
system. A complete change in fluvial architecture is
evident with the Pleistocene sequences. Coarse-grained
stream channel and bedload systems formed a wide-
spread fluvial fan of Rhine River terraces in the Early
Pleistocene.

While the Rhenish Massif was further uplifted, the
Elsterian fluvial fan was eroded by younger terraces
exposed along the course of the today Rhine River
through the Rhenish Massif (Meyer and Stets 1998,
2002). It is important to realize that the thickness of the
Pleistocene and Holocene alluvial beds in the Lower
Rhine Basin is only about 20 m. These erosion products
were provided from the Rhenish Massif during its uplift.
Thus, an intense bypass of the erosion products should
be taken into consideration.

Conclusions

Base level cycles are used in the Cenozoic Lower Rhine
Basin to subdivide sedimentary sequences. They are
subordinate in length and duration with respect to se-
quences and systems tracts in a sequence stratigraphic
terminology. They illustrate seaward and landward
shifts of the coastline at a much smaller scale. Never-
theless, they can be correlated with the third-order
sequence stratigraphic cyclicity.

The Cenozoic continuous subsidence of the Lower
Rhine Basin provided three groups of base level cycles
throughout the period the basin was filled.

1. Base level rise together with the ingression of the
Cenozoic North Sea to the southern end of the
Dutch-German Central Graben, the Lower Rhine
Basin being the southward termination of it. In se-
quence stratigraphic nomenclature, this section is
understood as a transgressive systems tract (TST).

2. Base level fall cycles are significant across the lower
part of the fill of the Lower Rhine Basin, including
the Rhenish Main Seam. This is interpreted as a
highstand systems tract (HST). An elevated table of
fresh groundwater was necessary for the continuous
generation of the bush forests and peats.

3. Several base level rise cycles constitute the regressive
systems tract (RST) during the upper unit of the
Lower Rhine Basin.

Overall, the basin fill of Lower Rhine Basin shows a
pattern that developed from marine flooding to coarse-

grained fluvial input, as a result of the structural
extension of the Dutch German Central Graben in the
Cenozoic, coeval with the uplift of the Rhenish Massif.
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