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Abstract
The River Rhine and its tributaries represent one of the largest drainage systems in Europe. Its prominence among other fluvial systems is due
to the location of its headwaters within the central Swiss Alps, which were repeatedly glaciated during the Quaternary, and the concurrence of
major parts of the River Rhine course with the European Cenozoic Rift System. Sediments of the Rhine have thus recorded both changes in
climate and tectonic activity as well as sea level change in the lower part of the river course.
The River Rhine is composed of different subdivisions characterised by distinct geographical and geological settings. Vorder- and Hinterrhein in
the headwaters are inner-alpine rivers frequently influenced in their course by tectonic lines and the blockage of valley floors by the deposits
of mass movements. The Alpenrhein is located in a main Alpine valley that drains into a large foreland basin, the Bodensee (Lake Constance).
The Hochrhein flows out of the lake following the Jura Mountains in a western direction. All these areas display a series of geological features
such as moraine ridges and outwash plains, which directly reflect Quaternary glaciations of the Alps. The Oberrhein (Upper Rhine) Valley, as a
graben structure, is part of the rifting system that started to develop during the middle Tertiary. The northern end of the graben is represented
by the triple junction of the Mainz Basin, which is mainly characterised by the remains of marine transgressions that occurred during the initial
rifting phase. The Rhine continues following the western branch of the tectonic system by passing through the Rhenish Massif. Uplift in this socalled Mittelrhein (Middle Rhine) area is well documented by a flight of late Tertiary to Quaternary river terraces. This region is also characterised
by young volcanic activity as found, for example, in the Eifel volcanic field. The Niederheinische Bucht (Lower Rhine Embayment), especially the
Roer Valley Rift System, represents the northern continuation of the rifting system. This area is characterised by differential uplift in the
southern and subsidence in the northern part of the basin, which continues into the Netherlands. Here, the main stream of the River Rhine is
separated into different branches developing an active delta at the coast of the North Sea. When the North Sea Basin was covered by ice during
the Elsterian, Saalian and probably also the Weichselian glaciation and global sea level was low, the Rhine continued its course through the
English Channel and flowed into the North Atlantic off Brittany.
Keywords: Geomorphology, fluvial sediments, neotectonics, Quaternary, Tertiary

Introduction
The River Rhine (German: Rhein, French: Rhin, Dutch: Rijn)
together with its tributaries represents one of the largest
drainage systems of Europe. It drains most of the northern and
central Swiss Alps, large areas of southern and western Germany,
parts of eastern France and Belgium, and a large portion of the
Netherlands (Fig. 1). It is unique among many other river
systems due to its specific setting along one of the most active
tectonic lines of Europe, the European Cenozoic Rift System

(Fig. 2), and the location of its main headwaters within the
central part of the western Alps. The latter were repeatedly
glaciated during the Quaternary as a result of naturally
occurring climate change. Consequently, deposits of the River
Rhine have recorded both tectonic developments and climateinduced changes in river dynamics. Furthermore, the River
Rhine system is an important sediment source for the southern
North Sea Basin and changes in fluvial dynamics will hence
have an impact on deposition in the basin (Rijsdijk et al., 2005).
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Fig. 1. Map showing the general setting along the River Rhine system including the location of relevant sites mentioned in the text (numbers follow
the appearance in the text): 1 – Kaiserstuhl (volcano); 2 – Neuwied Basin; 3 – Siebengebierge; 4 – Oberalppass; 5 – Flims rockslide; 6 – Silvretta group;
7 – Tamins, Kunkel and Domat/Ems mass movements; 8 – Walensee passage; 9 – Rhine Falls; 10 – Irchel; 11 – Forst site; 12: Heidelberg Basin;
13 – Rothaargebirge; 14 – Laacher See (volcano); 15 – IJsselmeer; 16 – The elevation model used in this figure refers to land surface in relation to
mean sea level. Due to this, mainland below sea level, mainly caused by human activity especially in the Netherlands, appears to be ’underwater‘.

The following gives an overview of the different sections of
the Rhine system, all of which show a distinct character due to
their specific geographical and geological setting. First, a brief
introduction is given to the general tectonic and geological
situation. Furthermore, the late Tertiary and Quaternary
evolution of the Rhine is briefly summarised. In this context,
it is necessary to refer to the recently rather controversial
discussion about the definition of the Quaternary and especially
its lower boundary (Gibbard, 2004; Gibbard et al., 2005; Clague
2006). Although the presently ‘official’ age of the Pliocene/
Pleistocene boundary is set to 1.8 Ma (Aguirre & Passini, 1985;
Partridge, 1997; Remane et al., 2002), which refers to the Vricca
section in Italy, referred here to is the in the present context
more reasonable age for the boundary of 2.6 Ma. ‘Tertiary’,
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which is not an ‘official’ stratigraphic term at the moment, is
used when referring to both the Palaeogene and Neogene.

General tectonic and geological setting
The Alpine orogeny results from the convergence of the
European and African plates with major faulting and rising of
the Alps during the Tertiary. The outer part of the western
Alps is built up by mainly intensively folded late Palaeozoic
and Mesozoic sediments. The interior of the Swiss Alps is
characterised by crystalline rocks, such as the intrusions of
the Aare and Gotthard Massif.
The molasse basin, representing debris of Alpine erosion of
Tertiary age deposited in shallow marine and fluvial environ-
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Fig. 2. Schematic map of the general tectonic setting along the Cenozoic rift system of Central Europe and assumed drainage pattern in the English
Channel region during Middle and Late Pleistocene glaciations (after Gibbard, 1988; Laubscher, 2001; Michon et al., 2003; Schirmer, 2003; Sissingh,
2001, 2003). See Fig. 1 for legend and comment on elevation model.

ments, is located around the margin of the Alps (cf. Sissingh,
1997). In the western part of the Alpine Foreland, the Jura
Mountains, situated north of the molasse basin, represent a
range of Mesozoic sediments folded in the late part of the
Alpine orogeny, probably during the Late Miocene (Laubscher,
2001). Further north follows a tectonic block built up by
Permian to Cretaceous, weakly folded sediments consisting
mainly of sandstone and limestone (from west to east: Lorraine
Tableland, Schwäbische Alb, Fränkische Alb). Tectonic stress
cohering with the faulting of the Alps initiated rifting within
this block that started during the Middle Eocene (Illies, 1977).
The rifting has formed the present Oberrhein (Upper Rhine)
Graben that is part of the European Cenozoic Rift System (e.g.

Ziegler, 1994; Sissingh, 1998; Laubscher, 2001) (Fig. 2).
Connected with the rifting is volcanic activity in the southern
part of the graben, which is dated to ca. 61 Ma on the western
flank (Keller et al., 2002) and to 18 - 16 Ma in the central
Kaiserstuhl area (Lippolt et al., 1963). Midlands along the
graben structure are the Schwarzwald (Black Forest), the
Vosges, the Odenwald, the Pfälzerwald/Haard and the Saar-Nahe
Depression built up by plutonic intrusions and late Palaeozoic
to Mesozoic sediments, respectively. The rifting structure runs
SSW to NNE and culminates in the Rhenish Triple Junction of
the Mainz Basin (cf. Sissingh, 2003), an area that is partially
covered by the remains of Tertiary marine transgressions. The
older, now inactive branch of the rifting system continues via
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the Hessian Depression (Leine Graben) and is traced as far
north as the Oslo Graben of southern Norway. The presently
active part of the tectonic system runs from the Mainz Basin
into a NW direction through the Rhenish Massif, the Lower
Rhine Embayment (including the Roer Valley Rift System), the
West and Central Netherlands Basins and continues with the
Central Graben of the North Sea (Ziegler, 1994) (Fig. 2).
The Rhenish Massif is built up by rocks of mainly Devonian
and Carboniferous age, which were folded during the Variscian
orogeny of the Late Palaeozoic. The Mittelrhein (Middle Rhine)
area as part of the Rhenish Massif represents a region generally
affected by uplift with local areas of subsidence such as the
Neuwied Basin. The uplift caused the formation of a flight of
Rhine terraces, which documents both the tectonic and climatic
history during the Quaternary (e.g. Kaiser, 1903; Bibus, 1980;
Schirmer, 2003). Connected to the tectonic activity is volcanism
of Tertiary and Quaternary age along the Rhine, such as in the
Eifel and Siebengebirge volcanic fields (cf. van den Bogaard &
Schmincke, 1990; Schreiber & Rotsch, 1998; Goes et al., 1999).
The Niederrheinische Bucht (Lower Rhine Embayment) is
characterised by two periods of subsidence during the Late
Paleocene and Oligocene-Quaternary time intervals (cf. Michon
et al., 2003). The basin is subdivided by a series of tectonic
blocks showing differential vertical movement with local highs
and lows (e.g. Ahorner, 1962). Quaternary deposits reach a
thickness of several tens of meters and cover mid to late
Tertiary sediments including economically important Miocene
brown coal deposits. The latter are mined in huge open cast
pits that allow a spectacular view into the earth history.
The continuation of the rift system in the Netherlands
(Roer Valley Rift System) is expressed by strong differences in
thicknesses of Quaternary sediments ranging between 10 m
(Peelhorst) and 250 m (Roer Valley Graben). The depth of the
Quaternary base increases towards the northwest and is located
below 600 m offshore (Zagwijn, 1989). The region is generally
characterised by a very flat topography. During interglacials
such as the Holocene, the River Rhine has developed a highly
active delta at the margin of the North Sea. During glacial times
of low global sea level large parts of the shelf were exposed
and the course of the Rhine was extended by several hundreds
of kilometres into the North Sea Basin and finally into the
North Atlantic. This tectonically constrained southeast-northwest route was drastically changed during late Middle Pleistocene
glaciations when the Fennoscandian ice sheet forced the
Rhine system to follow a western course through the English
Channel (La Manche) (Gibbard, 1988; Reynaud et al. 2003).

The headwaters (Hochrhein and Vorderrhrein)
Two separate medium-scaled rivers, the Vorderrhein and
Hinterrhein, drain the headwaters of the Rhine in the central
Swiss Alps (Fig. 1). Both systems have several minor tributaries
some of which also bear the name ‘Rhine’ (e.g. Valser Rhein,
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Rein d’Avers). The Vorderrhein originates from the Oberalppass
area and follows major tectonic lines through the mainly
plutonic and metamorphic basement of the Aare and Gotthard
Massif. The source of the Hinterrhein lies in the crystalline
Aduala nappe and flows to the north through the Via Mala
gorge and basement mainly consisting of schists (‘Bündner
Schiefer’). During the last glaciation (ca. 20 ka ago), the
headwaters of the River Rhine, together with the Alpenrhein,
the Bodensee (Lake Constance), and the eastern part of the
Hochrhein area, were covered by ice of the so-called Rhine
glacier, one of the largest ices masses of the Alpine glaciation.
The ice dome that developed in the Oberalppass area represented
one of the main accumulation areas of Alpine ice during the
last glaciation (Florineth, 1998; Florineth & Schlüchter, 1998).
The rivers in the headwaters are characterised by coarse
sediment load. Rock falls, avalanches and landslides repeatedly
shifted the river’s course. The most impressive of these mass
movements is the Flims rockslide, which blocked the
Vorderrhein close to its confluence with the Hinterrhein
(Nabholz, 1975). This event is probably of Early Holocene age,
as indicated by radiocarbon ages of 9500 cal. yr BP determined
for pieces of wood found at the base of the rock fall deposits
(von Poschinger and Haas, 1997; Schneider et al., 2004). The
huge amount of rock fall material (ca. 15 km3) blocked the
whole valley floor, dammed up the Vorderhein and caused the
development of the so-called Lake Ilanz. Vertical erosion in
the central part of the valley repeatedly caused outbursts of
water and a subsequent lowering of the lake level, which is
recorded by different lake terraces upstream of the rock fall
levee. Erosion continued to cut into the rock fall material
until it reached its natural level, which has led to the
impressive gorge still present today.

Alpenrhein (Alpine Rhine)
From the confluence of Vorderrhein and Hinterrhein near the
village of Reichenau onwards, the stream is called Alpenrhein
(Alpine Rhine). It runs in a more or less straight south-north
direction until it reaches the Bodensee (Lake Constance). The
Alpenrhein mainly collects small tributaries, the two largest
of which, the rivers Ill and Landquart, originate from the
Silvretta Group located at the Swiss/Austrian border. Bedrock
geology along the Alpenrhein Valley is characterised by nappes
of intensively folded, mainly Mesozoic, sediments dominated
by limestone. These nappes are partially thrusted over the
North-Helvetic Flysch and over the Lower Marine and Lower
Freshwater Molasse (Pfiffner, 1993). This indicates that
thrusting was active at least until the Oligocene.
Characteristic young geological features along the southern
part of the Alpenrhein are the mass movements of Tamins,
Kunkel and Domat/Ems, which are presumably younger than
the Flims event in the Hinterrhein area (Pfiffner et al., 1997;
Schneider et al., 2004). Postglacial loess deposits in the central
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Alpenrhein Valley were first described by Escher von der Linth
in the mid-19st century (cit. in Penck & Brückner, 1901-09)
but are not well exposed today and are only poorly investigated.
Glacial landforms such as moraine ridges, kame terraces and
meltwater channels, which belong to different stages of the
melting of Würmian ice, characterise part of the Alpenrhein
Valley (Keller & Krayss, 1993, 2005; Krayss, 1996). The valley
bottom itself is relatively flat, reaches a width of more than
5 km and has a quite different, more open character when
compared to the valleys of the headwaters. The Würmian
Rhine glacier difluenced near the present town of Sargans.
While the smaller portion of the ice mass flowed through the
Walensee passage, confluenced with the Linth glacier and
terminated north of present Lake Zürich, the main branch
followed the Alpenrhein Valley into the Bodensee area.

Bodensee (Lake Constance)
The Bodensee has a surface of 572 km2, a maximum depth
of 254 m, and a capacity of 48.5 km3 and is one of the largest
lakes in Europe. It is subdivided into the small and shallow
Untersee (Lower Lake) and the deeper Obersee (Upper Lake).
The whole lake is situated within molasse sediment but its
surroundings display a variety of geological features resulting
from glacial erosion and deposition of meltwater deposits. The
basin itself is a product of lowland glaciations, formed by
repeated erosion of the ice of the Rhine glacier that may have
already began during the late Early Pleistocene (Keller, 1994).
The Bodensee basin was abandoned by the ice of the Rhine
lobe after the last maximum Alpine glaciation, presumably
approximately 17,500 yr ago (Keller & Krayss, 2000). Since
then the lake has slowly filled with sediment, thus recording
changes in climate during the Late Glacial and Holocene
(Wessels, 1998). During the melting down of the Würmian
Rhine glacier, the Bodensee and a series of smaller connected
lakes covered a large area of the Alpenrhein Valley (up to the
present town of Chur). Subsequently, the basin of that former
lake system within the Alps was filled up. The southernmost
lake, Lake Chur, had already vanished about 16,000 yr ago but
the last remains of a lake in the Rhine Valley existed into the
early Holocene (Keller, 1994, 2003).

Hochrhein
At the present town of Konstanz, the Rhine leaves the Bodensee
and is now called Hochrhein. It flows into a westerly direction
and takes in the river Aare as its first major tributary river
system. The river Aare has its headwaters in the Grimsel and
Susten areas, within a mountain range partly above 4000 m
elevation and thus one of the highest regions in the Alps. Near
the town of Brugg, the Aare meets with two further mediumsized rivers, the Reuss and Limmat, which drain the central
and eastern part of the western Swiss Alps. During most of its

course, the Hochrhein cuts into Mesozoic limestone of the
Table Jura. The famous Rhine Falls at the town of Schaffhausen
are the product of a Late Pleistocene change of the river course.
The oldest deposits in this region that are attributed to a
proto-River Rhine system are exposed at Irchel, an inselberg
made up by molasse and topped by gravel deposits (‘Höhere
Deckenschotter’; Graf, 1993). The coarse gravel is divided into
four subunits of glaciofluvial deposits originating from the
Linth-Walensee branch of a former Rhine Glacier (Graf, 2000).
Faunal remains found within overbank deposits intercalated
with the gravel are dated to vertebrate unit MN17 (Bolliger et
al., 1996), which corresponds to an age of 2.3 to 1.8 Ma
(Earliest Pleistocene). The next younger unit is a complex of
gravel deposits (‘Tiefere Deckenschotter’) and overbank
deposits, some of which display evidence of intense weathering
(Graf, 2000). The three different gravel layers within this unit
presumably represent three independent glaciations of
unknown age and without any feasible correlation to the
classical stratigraphic system of the Alps (cf. van Husen,
2000).
While the gravel deposits of the two ‘Deckenschotter’ units
represent a drainage pattern quite different from today, the
lower levels of the High and Low Terraces show a similar flow
direction to the present River Rhine. However, this frequently
used simple dichotomy, based on morphological observations,
is apparently oversimplifying the complex sedimentation
history. This is indicated by the internal composition of
terrace and glacial deposits (Graf, 2000) as well as by the first
geochronological results (Preusser & Graf, 2002). According to
recent investigations it is likely that the High and Low Terraces
represent at least four glacial episodes (Graf & Hofmann,
2000).

Oberrhein (Upper Rhine) and Mainz Basin
At the city of Basel, the River Rhine changes its direction and
flows in a NNE direction following the tectonic structure of the
Upper Rhine Graben, which is part of the European Cenozoic
Rift System (Fig. 2). The Valley is 35 - 40 km wide and reaches
from the northern slope of the Jura Mountains to the southern
border of the Rhenish Massif. The major tributary rivers fed by
the Rhine are the River Neckar, originating from the eastern
midlands of the Schwäbische Alb, and the River Main, draining
a substantial part of central Germany. The eastern flank of the
graben (Schwarzwald (Black Forest), Odenwald, Kraichgau
Depression) is built by exhumed pre-Permian granitic basement
and Permian to Mesozoic sediments. The so-called ’Vorbergzone’,
mainly built of Jurassic limestone, is located at the western
margin of the Schwarzwald. West of the graben, the Vosges
Mountains are an equivalent of the Schwarzwald followed to
the north by Mesozoic (Zabern Depression, Haard/Pfälzerwald)
and Permian (Saar-Nahe Depression) deposits. Evidence for
young tectonic uplift is found on both flanks of the graben,
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for example at the Forst site, where Middle Pleistocene loesspalaeosol deposits are vertically dislocated along strongly
altered Triassic sandstones (Weidenfeller & Zöller, 1996).
Deposition within the graben structure began in the midEocene. Cenozoic sediments reach a maximum thickness of
3300 m in the Heidelberg Basin (Doebl & Olbrecht, 1974).
Initial deposition of limestone and lignite, reflecting limnic
environments, are followed by a mainly marine influence during
the Upper Eocene to Miocene. Late Tertiary sediments are well
preserved only in the northern part of the graben and reflect
brackish to lacustrine conditions (cf. Sissingh, 1998). The earliest sedimentary evidence of a river system roughly following
the drainage pattern of the present Rhine is preserved by the
Late Miocene Dinotherium Sands, which bear a rich subtropical
fauna. Originally described in the Mainz Basin, similar deposits
are also found in the western part of the Upper Rhine Graben
(Bartz, 1936; Boenigk, 1987).
Young Cenozoic sediments reach their maximum thickness
in the Heidelberg Basin (>1000 m). However, the position of
the Pliocene/Pleistocene boundary within these deposits as
well as the whole stratigraphy of the Upper Rhine Graben is
rather controversial (cf. Ellwanger et al., 1995; Fetzer et al.
1995). Generally, the sediments of the Upper Rhine Graben
show a trend towards smaller grain size from south to north.
The oldest unit, Iffezheim Formation, is mainly built up by
sandy sediments of an explicitly pronounced local origin. The
next younger unit, Breisgau Formation, consists in the southern
graben of diamictic gravel and a mixture of alpine and local
(Schwarzwald) material. The youngest unit, the Young Gravel,
represents coarse alpine meltwater deposits including prominent
drift blocks in the southern graben. In the northern graben
this unit consists of sand and gravel (Ellwanger et al., 2003).
At the northern margin of the Mainz basin, the ‘Weisenauer
Sande’ are interpreted as representing Early Pleistocene
deposits of the River Rhine system (Semmel, 1983). The
Middle Pleistocene is represented by the sediment series of the
‘Mosbacher Sande’ (Brüning, 1970; Boenigk, 1978a; Bibus,
1980). Terrace deposits reflect fluvial activity during the Late
Pleistocene, similar to the Middle Rhine Area (cf. Fetzer et al.,
1995).

Mittelrhein (Middle Rhine) Area
Near the town of Bingen, the River Rhine leaves the Mainz
Basin entering the western part of the Rhenish Massif and
cutting deeply into the Palaeozoic basement. This section of
the Mittelrhein represents an outstanding example of an
antecedent valley in central Europe. The Rhine collects two
major tributary systems during this part of the course, the
rivers Lahn and Mosel. The Lahn originates from the
Rothaargebirge in the eastern part of the Rhenish Massif. This
river subdivides the massif into Westerwald (north of the Lahn
river ) and Taunus (south of the Lahn river). One of the largest
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tributaries of the Rhine is represented by the river Mosel
having its headwaters in the southern Vosges Mountains,
France. Similar to the eastern part of the Rhenish Massif, the
river marks the border between two regions, Eifel (N) and
Hunsrück (S). The Neuwied Basin, an area of local subsidence,
divides the Mittelrhein Area into an upper and lower section
(Fig. 1).
Along the Rhine Valley, the Rhenish Massif is mainly built
up by intensively folded, partly thrusted, Lower Devonian
shale and sandstone deposited in a shallow marine environment.
Main deformation took place as part of the Variscian orogeny
during the Upper Devonian and Lower Carboniferous (cf.
Meyer, 1994). Since the late Palaeozoic, the Rhenish Massif
was an elevated area affected by erosion and weathering
(Felix-Henningsen, 1990). Since the Upper Oligocene, the
region has been subject to increased uplift first coinciding
with volcanism in the Westerwald (e.g. Siebengebirge) and
later, starting approximately 700 ka ago, in the East Eifel
region (van den Bogaard & Schmincke, 1990). Shallow lakes
developed during this time as a result of differential uplift of
the basement and filling-up of these depressions with finegrained sediment originating from displacement of in-situ
weathered Devonian rocks (e.g. Bottke, 1963).
The oldest sedimentary evidence of a fluvial system in the
Middle Rhine Area is represented by patchy remains of the socalled Vallendar river system found on the elevated plains
along the Middle Rhine Valley (Mordziol, 1908; cf. Schnütgen,
2003). The headwaters of this river system were presumably in
the Vosges Mountains but its exact course is inadequately
understood. Deposition of this gravel is presumably of Late
Eocene to Oligocene age (Schnütgen, 2003). A similar source
area is attributed to the Late Miocene/Pliocene river system of
the Kieseloolite Formation (cf. Quitzow, 1978; Bibus, 1980;
Boenigk, 1981). The flight of Quaternary fluvial terraces is
usually subdivided into three different major sections called
Main, Middle, and Lower Terrace (Kaiser, 1903). Bibus (1980)
introduced an alternative approach by numbering the terraces
from oldest to youngest (tR1 = Earliest Quaternary; tR12 =
Latest Quaternary / Holocene). The Main Terrace covers most
of the widespread plateau above the Rhine Valley and is usually
subdivided into an older and a younger subunit. However,
there is evidence indicating one further younger, as well as
one older, subunit of the Main Terrace (Bibus, 1980; Boenigk
& Hoselmann, 2003). At least three subunits of the Middle
Terrace are found in the valley but are usually poorly preserved
(cf. Bibus, 1980; Schirmer, 2003). The Lower Terrace as the
youngest unit also shows a clear differentiation into several
subunits. Deposition of the younger Lower Terrace took place
after the Laacher See eruption, dated to 12 900 yr BP (Brauer
et al., 1999; cf. Litt et al., 2003). This age of terrace aggradation
is clearly indicated by the presence of reworked Laacher See
Tephra within the gravel deposits. Assuming cold climatic
conditions during formation, the older Lower Terraces is
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assigned to the last glaciation (cf. Schirmer, 1990a). Schirmer
(1990b) described an older subunit of the Lower Terrace from
the Neuwied Basin that presumably reflects an early phase of
aggradation during the last glaciation (cf. Schirmer, 2003).
While the lower Middle Terrace is usually interpreted to reflect
the Penultimate glaciation, correlation of older terraces is
only tentative. Correlations are based on the stratigraphy of
cover sediments on top and on the content of volcanic minerals
within the gravel deposits (Boenigk & Frechen, 2006).
Following this approach, the younger Main Terrace is older
than the onset of volcanic activity in the Eifel, and so, older
than 700 ka (Boenigk, 1995).

Niederrhein (Lower Rhine)
At the town of Bonn, the Rhine leaves the Rhenish Massif and
enters the Niederrheinische Bucht (Lower Rhine Embayment)
as part of the lowlands of northern central Europe. East of the
river, the Rhenish Massif continues with the midlands of
Bergisches Land. The SW margin of the embayment consists of
Palaeozoic rocks of the Hohes Venn midlands. West of the present
course of the River Rhine follows a series of differentially
uplifted tectonic blocks with Tertiary sediments located near
the present surface (e.g. Miocene brown coal). This area and
the Roer Valley Rift System that continues to the north of it
correspond to the northern segment of the European Cenozoic
Rift System (cf. Michon et al., 2003). Major tributaries to the
Rhine in the Lower Rhine Embayment are the rivers Sieg,
Ruhr, and Lippe, all of which originate from the eastern
midlands. The only important tributary to the west of the
Rhine is the River Erft with its headwaters at the northern
slope of the Rhenish Massif.
Tertiary to Quaternary sediments are well exposed in the
Lower Rhine Embayment in huge open cast brown coal mines
and several gravel pits. Miocene to Pliocene deposits consist of
interbedded strata of sand/gravel with clay/lignite. This
succession represents a marine deltaic setting with partially
lagoonal and swampy environments (Boenigk, 1981). A
pronounced change in heavy mineral composition of the Rhine
deposits occurred during the latest Pliocene (Boenigk, 1978a).
Fluvial deposits of the River Rhine, which are well exposed in
several pits along the Dutch/German border have been interpreted to represent an exceptional record of Early Pleistocene
stratigraphy (cf. Boenigk, 1978b; Zagwijn, 1985, 1992; Gibbard
et al., 1995).
The stratigraphy of staged terraces in the southern part of
the Lower Rhine Embayment generally follows that of the
Middle Rhine with its allocation of Main, Middle and Low
Terraces, but the subdivision of this is even more complex in
parts (cf. Brunnacker et al., 1982; Boenigk, 1995; Klostermann,
1995; Schirmer, 2003; Boenigk & Frechen, 2006). Both Main
and Middle Terraces are subdivided into several sub-members
but little is known about the absolute age of the different

units (cf. Boenigk & Frechen, 2006). Towards the North, the
vertical distance between the separate terrace levels decreases
steadily due to the reduced impact of uplift that affected the
southern part of the basin. From around the Dutch/German
border onwards to the North Sea (hinge line; cf. Törnqvist,
1995), the fluvial sediments are found as stacked bedding.
Prominent geomorphic features in the northern Lower Rhine
Embayment are Saalian ice-pushed ridges (terminal moraines)
and the presence of the Scandinavian ice sheet had an
important impact on the course of the River Rhine (see below).

Rhine Delta
The change from the Niederrhein to the delta roughly coincides
with the political border between Germany and the Netherlands.
In the Netherlands, the present Rhine discharge is divided
among three major branches, the Nederrijn-Lek (2/9 of total
annual discharge), the Waal (6/9 of total annual discharge) and
the IJssel (1/9 of total annual discharge). The Nederrijn-Lek
and Waal continue their courses to the west and form a spacious
delta together with the River Meuse. The smaller River IJssel
flows to the north entering the IJsselmeer (a lake that
remained after damming of the former Zuiderzee in 1932).
From a tectonic point of view, the Rhine delta is situated
at the southern margin of the North Sea Basin. The south
eastern margin of this basin is built up by the Rhenish Massif.
Rifting in the Roer Valley Rift system started during the
Oligocene and continues to the present day (Michon et al.,
2003). Tectonic movements related to the development of the
rift system form one of the major controlling factors of the
southern North Sea Basin leading to a succession of stacked
sand and clay deposits (Cohen, 2003). The other controlling
factors on the development of the Rhine delta are environmental (i.e. climate) conditions (Busschers et al., 2005), shifting
positions of coastal lines due to global sea-level change
(Törnqvist et al., 2000; Wallinga et al., 2004) and isostacy
(Wallinga et al., 2004; Busschers et al., 2005).
While the present delta region was situated in a marine
environment during the early and mid Tertiary, the fluvial
influence started with the general lowering of sea level
towards the Quaternary (de Mulder et al., 2003). Since the
Late Pliocene, sedimentation in the Netherlands has been
mainly fluvial but was repeatedly interrupted by marine
ingressions (cf. Zagwijn, 1989; Berendsen, 1998, 2004). The
Rhine and Meuse, together with small rivers draining the
Scheldt catchment, controlled deposition in the southern basin.
The northern and eastern part of the Netherlands was influenced
by the so-called Eridanos system that drained most of the
Fennoscandian and Baltic Shield as well as eastern Central
Europe (Zagwijn, 1974; Overeem et al., 2001). After termination
of the Baltic river system in the late Early Pleistocene,
deposition of primarily coarse grained Rhine sediments occurred
in a structurally controlled southeast-northwest oriented zone.
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The Elsterian and Saalian glaciation had a large impact on
the River Rhine system since the North Sea Basin was covered
by ice and forced the Rhine into a SW direction (see below).
At the end of the Eemian, sediments of the River Rhine had
filled completely the IJssel glacial basin. The Rhine first
flowed in a northerly direction but shifted to a more southerly
course during the early part of the last glaciation (cf. Bosch
et al., 2000; Wallinga et al., 2004; Busschers et al., 2005). The
Holocene evolution of the Rhine-Meuse delta was governed by
complex interactions of the location of the Late Weichselian
palaeovalley, sea level rise, peat formation and neotectonics
(Berendsen & Stouthamer, 2000), leading to frequent
avulsions (Berendsen and Stouthamer, 2001).

Evolution of the River Rhine system
The present River Rhine system experienced several important
evolutionary developments during the Late Cenozoic (Fig. 3).
The first evidence of fluvial activity along the present course
of the Rhine is represented by the Late Eocene to Oligocene
Vallendar river system (cf. Schnütgen, 2003). However, the
assumed origin of this system in the Vosges Mountains
suggests an interpretation as a proto-Mosel rather than an
explicit predecessor of the Rhine. It is probable that another
early drainage system existed in the Upper Rhine Graben that
followed the direction of the present Rhine during at least
part of the Oligocene (Schirmer, 2003). During the Miocene,
the river systems in the Middle Rhine Area and the Upper
Rhine Graben were connected and drained into the Lower
Rhine Embayment (Boenigk, 1982). The proto-Rhine system
later extended its catchment to the northern slope of the Jura
Mountains during the Pliocene (Boenigk, 1987).
In the foreland of the rising Alps, a fluvial system (Lower
Sweetwater Molasse) developed during the Late Oligocene /
Early Miocene that drained to the East, into the Pannonian
Basin (cf. Keller, 2000). This system was flooded during the
marine ingression of the Early Miocene (Upper Marine Molasse)
but small to medium-scaled rivers from the Alps continued to
drain in the direction of the former river system. One of these
rivers, Toggenburger Rhein according to Schirmer (2003),
probably drained a similar area, taking into account the
ongoing sculpting of the Alps, as do the present Vorder- and
Hinterrhein. After the marine regression during the late Early
Miocene, another large fluvial system (Upper Sweetwater
Molasse – ‘Glimmersandsteinrinne’) developed in the northern
foreland of the Alps that flowed into a south westerly direction.
With further uplift of the Alps during the Miocene, the
drainage pattern of this system was inverted causing the
establishment of the so-called Aare-Donau river (Fig. 3) that
comprised the headwaters of both the present Aare and Rhone
rivers (Petit et al., 1996). During the middle Pliocene, the Aare
was captured by the palaeo-Doubs river and flowed into the
Bresse graben (‘Sundgau gravel’; cf. Giamboni et al., 2004).
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Several aspects in relation to the Pliocene / Early Pleistocene
course of the Rhine in the Alpine Foreland are still controversial.
The Alpenrhein was a tributary of the River Donau (Danube)
at that time and drained in a northeasterly direction (e.g.
Villinger, 1998). According to Villinger (1998), the headwaters
of the Rhine (Vorder- and Hinterhein) were tributaries of the
Danube system until the Early Pleistocene. In contrast, Graf
(1993) presented evidence from the Hochrhein indicating that
one branch of the Rhine, probably representing Vorderrhein
and Hinterrhein, flowed through the Walensee passage in a NW
direction. According to this reconstruction, this branch of the
Rhine joined the River Aare and followed it in a westerly
direction (Graf, 1993; cf. Ellwanger et al., 2003). Since the
Early Pleistocene, the Aare system has been connected to the
Oberrhein, indicated by the appearance of metamorphic heavy
minerals in Rhine deposits (Zonneveld, 1958; Boenigk, 1982).
The capture of the Alpenrhein by the Aare/Rhine system is
probably related to landscape sculpting caused by Alpine
glaciers during the Middle Pleistocene (Ellwanger et al., 2003).
Since then, the Rhine in the Alpine Foreland follows approximately its present course, apart from a change in the upper
part of the Hochrhein caused by ice geometry during the Last
Glacial Maximum (cf. Graf, 2000).
While the course of the Rhine was rather similar to that of
the present in the Upper Rhine Graben and Middle Rhine area,
some changes have been recognised in the lower part of the
River Rhine. During the Early Pleistocene, the course of the
Rhine was situated further to the West (Fig. 3) and migrated
subsequently to the East (Boenigk, 1978b). During the Elsterian,
and in particular during the early part of the Saalian glaciation,
when the Rhine occupied a similar course to today in the Lower
Rhine Embayment, Scandinavian ice that reached that far
south forced the Rhine into a more westerly course (Fig. 3).
In the Netherlands the Late Pliocene and Early Pleistocene
Rhine deposited large amounts of sediments belonging to the
Kieseloolite and Waalre Formations (De Mulder et al., 2003),
while the Baltic Eridanos system formed a second much larger
delta system to the north (Zagwijn, 1989). A strong net
extension of this deltaic system occurred throughout the Early
Pleistocene. During the Middle Pleistocene the Rhine started
to deposit primarily coarse-grained sediments with intercalated
clay layers belonging to the Sterksel Formation. Deposition of
Rhine sediments primarily occurred within the Roer Valley
Graben until this area was abandoned approximately 500 ka
ago (Schokker, 2003) and the Rhine started to incise a new
river valley further to the east. Approximately 450 ka ago the
heavy mineral augite became abundant in the Rhine sediments,
in deposits referred to as the Urk Formation. Although little
is known about the pre-Elsterian Rhine courses further downstream, presumably the Rhine continued into the central North
Sea (Gibbard, 1988, 1995).
A major re-arrangement of drainage in the North Sea area
occurred during the Elsterian glaciation. The ice sheet of the
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Fig. 3. Development of the Rhine drainage system since the Mid Oligocene (after Boenigk, 1978b, 1982; Ellwanger et al., 1995; Gibbard, 1988, 1995;
Graf, 1993; Keller, 2000; Schirmer, 2003; Schlüchter, 2004; Schnütgen, 2003; Törnqvist et al., 2000, Van de Meene & Zagwijn, 1978).

Elsterian glaciation forced the Rhine to the SW, through the
Strait of Dover, instead of draining into the North Sea Basin
(Gibbard, 1988). The same flow path was followed during the
Saalian glaciation when an ice-marginal Rhine system was forced
to flow through the western Netherlands (Thome, 1959; Van
de Meene & Zagwijn, 1978; Busschers et al., 2005). During the
Saalian deglaciation, the Rhine avulsed and took a northerly
course through the glacially eroded depression at the location
of the present IJssel Valley, where it most probably stayed
until the onset of the Weichselian Pleniglacial (Van de Meene
& Zagwjn, 1978; Törnqvist et al., 2000; Törnqvist et al., 2003;
Wallinga et al., 2004). Later on, it re-shifted again towards the
western Netherlands and deposited a 10 - 25 m thick stacked

sequence of mid Weichselian gravel-bearing sand deposits
capped by Holocene deposits (Van de Meene & Zagwijn, 1978;
Busschers et al., 2005).
The Elsterian glaciation caused the formation of a huge icedammed lake in the southern part of the North Sea that
collected all major fluvial systems of the region including the
Rhine (Ter Wee, 1983; Gibbard, 1988). Spillage from this lake
caused substantial erosion in the English Channel (La Manche)
area. During the Saalian, when the North Sea was again mainly
covered by ice, this already existing line was used to drain
most of central Europe and England (Gibbard, 1988, 1995).
The Rhine system, together with afflux from the East (e.g.
Weser river) and South (Meuse), was joined north of the Strait
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of Dover by the Rivers Thames and Scheldt, and south of it by
the Somme, Seine, and Solent (cf. Antoine et al., 2003).
While the Rhine system terminates today at the southern
end of the North Sea Basin, exposure of the North Sea shelf
and the Channel area must have considerably extended the
length of its fluvial profile during times of low global sea level.
The Quaternary climate history indicates that the lowermost
part of the Rhine river system (ca. 800 km or nearly the half
of its total length) was emergent for longer intervals than it
was submerged, as it is today, at least since the Middle
Pleistocene (Gibbard & Lautridou, 2003).
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