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Abstract

The European Cenozoic rift system (ECRIS) and associated fault systems transect all
Variscan Massifs in the foreland of the Alps. ECRIS was activated during the Eocene in
the foreland of the Pyrenees and Alps in response to the build-up of collision-related
intraplate stresses. During Oligocene and Neogene times ECRIS evolved by passive
rifting under changing stress fields, reflecting end Oligocene consolidation of the
Pyrenees and increasing coupling of the Alpine Orogen with its foreland. ECRIS is
presently still active, as evidenced by its seismicity and geodetic data.

Uplift of the Massif Central and the Rhenish Massif, commencing at the Oligocene-
Miocene transition, is mainly attributed to plume-related thermal thinning of the mantle-
lithosphere. Mid-Burdigalian uplift of the SW-NE striking Vosges-Black Forest Arch, that
has the geometry of a doubly plunging anticline breached by the Upper Rhine Graben,
involved folding of the lithosphere. Late Burdigalian broad uplift of the northern parts of
the Bohemian Massif reflects lithospheric buckling whereas late Miocene-Pliocene uplift
of its marginal blocks involved reactivation of pre-existing crustal discontinuities. Crustal
extension across ECRIS, amounting to no more than 7 km, was compensated by a finite
clockwise rotation of the Paris Basin block, up warping of the Weald-Artois axis and
reactivation of the Armorican shear zones. Intermittent, though progressive uplift of the
Armorican Massif, commencing in the Miocene, is attributed to transpressional
deformation of the lithosphere.

Under the present-day NW-directed compressional stress field, that developed during the
early Miocene and further intensified during the Pliocene, the Armorican Massif, the
Massif Central, the western parts of the Rhenish Massif and the northern parts of the
Bohemian Massif continue to rise at rates of up to 1.75 mm/y whilst the Vosges-Black
Forest arch is relatively stable.

Uplift of the Variscan Massifs and development of ECRIS exerted strong controls on the
Neogene and Quaternary evolution of drainage systems in the Alpine foreland.

Introduction

In the Alpine foreland, the internal parts of the Variscan Orogen are exposed in the
Massif Central, the Armorican and Bohemian Massifs, the Odenwald, Vosges and Black
Forest, whereas its external fold-and-thrust belt crops out in the Rhenish Massif and
Ardennes. These Variscan arches, which prior to their uplift were covered to variable
degrees by Mesozoic platform sediments, are closely associated with the European
Cenozoic Rift System (ECRIS) and related fault systems (Fig. 1; Ziegler, 1990). Uplift of
these arches, that generally commenced during the Neogene and persisted during the
Quaternary, is intricately related to the evolution of ECRIS that was controlled by
collision-related compressional intraplate stresses, accompanied by mantle-plume activity
(Dézes et al., 2005).

ECRIS extends from the coast of the North Sea to the Mediterranean over a distance of
some 1100 km and transects most of the Variscan massifs (Fig. 1). ECRIS consists of the
Rhine and Massif Central-Rhéne Valley rift systems, which are linked by the Burgundy
and Paris Basin transfer zones, and the shallow Eger (Ohre) Graben of the Bohemian
Massif. The Rhine Rift System, forming the northern parts of ECRIS, includes the Upper
Rhine Graben that crosscuts the Vosges-Black Forest Arch, and the Roer Valley-Lower
Rhine and Hessian grabens that transect the Rhenish Massif. The Massif Central-Rhéne
Valley rift system, forming the southern parts of ECRIS, consists of the Limagne, Roanne
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and Forez grabens of the Massif Central, and the Bresse and Valence, Alés, Manosque
and Camarque grabens of the Rhéne Valley that flank this massif to the East (Ziegler,
1994; Prodehl et al., 1995; Séranne 1999; Merle & Michon, 2001; Sissingh, 2003a; Dezes
et al., 2004). The Armorican Massif is linked to ECRIS by a seismically active system of
northwest striking Variscan shears that branches off from the Massif Central (van Vliet-
Lanoé et al., 1997; Cloetingh et al., 2005).

The Variscan arches of the Alpine foreland are partly characterized by major topography
(Fig. 2). For instance the Vosges and Black Forest rise to 1424m and 1493m,
respectively, whereas the alluvial plain of the intervening URG is located at 200-220 m
above MSL. Similarly, the Massif Central attains elevations of 1634 m whilst the surface
of the Limagne Graben does not exceed 330m. The Bohemian Massif peaks in the
Bohemian Forest and the Erzgebirge at 1452 and 1214m, respectively. By contrast, peak
elevations of the Rhenish Massif are considerably lower (Taunus 880 m; Hunsriick 816
m, Snow Eifel 697 m), whilst elevations of the low-lying Armorican Massif hardly reach
250 m. Geodetic data show that most of these arches are currently rising at rates of up to
1.75 mm/y with seismic activity being concentrated on the Rhine-Rhéne rift system, the
Armorican shear zones and the northern parts of the Bohemian Massif (Fig. 3; Cloetingh
et al., 2005).

Development of these arches appears to be closely related to the evolution of ECRIS that
began during middle and late Eocene times in response to the build-up of compressional
stresses that were exerted by the evolving Pyrenean and Alpine orogens on their
northern forelands (Dézes et al., 2004). However, whilst the timing and level of volcanic
activity associated with the different arches and the timing of their uplift vary considerably,
mechanisms controlling their uplift differ as well. In the following we summarize the
evolution of the different arches that are associated with ECRIS, assess mechanisms
controlling their uplift, and discuss implications for the development of drainage systems
on the European Platform.

Crustal and lithospheric configuration and mantle plumes

The depth map of the crust/mantle boundary, given in Fig. 4, clearly illustrates that
ECRIS is superimposed on a broad zone of Moho shallowing that can only be partly
attributed to Cenozoic crustal extension which amounts to no more than 7 km across the
Limagne-Bresse graben system and the Upper Rhine Graben and tapers to zero at the
NW end of the Roer Valley Graben (Dézes et al., 2004).

The Massif Central Arch is characterized by irregular shallowing of the Moho to as little as
24 km that must be attributed to a combination of Permo-Carboniferous crustal thinning,
particularly along the Sillion Houillier, Eocene-Oligocene crustal extension and Neogene
regional uplift. By contrast, the Armorican Massif is characterized by crustal thicknesses
in the 30-34 km range (Ziegler & Dézes, 2005). At the level of the Moho, the Vosges-
Black Forest Arch coincides with the culmination of a SW-NE trending anticlinal feature
that extends from the northern margin of the Massif Central via the Burgundy transfer
zone into the northern parts of the Bohemian Massif. The Rhenish Massif, that straddles
the triple junction of the Upper Rhine, Hessian and Roer Valley-Lower Rhine grabens, is
not associated with a distinct broad shallowing of the Moho, though the different graben
axes are clearly expressed by Moho shallowing. The shallow Eger Graben separates the
southern parts of the Bohemian Massif, which are characterized by an up to 38km thick
crust, from its northern parts in which crustal thicknesses vary between 29 and 32km.

In the wider ECRIS area, the thickness of the lithosphere (Fig. 5) varies between 100-120
km but decrease to as little as 50-60 km beneath the volcanic fields of the Massif Central
(Sobolev et al., 1997) and the Rhenish Massif (Fig. 6; Prodehl et al., 1995; Basbuska &
Plomerova, 1992) and to 80 km beneath the Eger Graben on the Bohemian Massif (Fig.
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7; Babuska & Plomerova, 2001). By contrast, the Vosges-Black Forest Arch is
characterized by a 100 km thick lithosphere (Fig. 6a; Achauer & Masson, 2002).

Mantle tomography images beneath the Massif Central, the Rhine Rift and the Bohemian
Massif a system of low velocity anomalies in the lower parts of the upper asthenosphere
(Fig. 8). These are interpreted as plume heads that have spread out above the 410 km
discontinuity (Goes et al., 1999; Spakman, 2004; Sibuet et al., 2004; Dezes et al., 2005).
From these anomalies secondary, relatively weak plumes presently rise up beneath the
Eifel (Ritter et al., 2001) and the Massif Central (Granet et al., 1995). Presumably these
deep-seated anomalies started to develop during the Paleocene in conjunction with the
activation of the NE Atlantic and Iceland plumes and subsequently evolved further, as
evidenced by persisting volcanic activity, particularly on the Rhenish and Bohemian
Massifs (Dézes et al., 2004, 2005). As in time a shift in areas of main volcanic activity can
be observed (e.g. decreasing towards the end of the Oligocene on the Bohemian Massif
[Ulrych et al., 1999] and Western Rhenish Massif, increasing during the early and middle
Miocene on the Eastern Rhenish Massif and shifting in the Quaternary back to the
Western Rhenish Massif [Lippolt, 1983; Jung, 1999]; increasing on the Massif Central
during the middle Miocene and Pliocene [Michon & Merle, 2001]), it is likely that the
supply of partial melts through secondary upper mantle plumes was not steady state but
pulsating and entailed a shift in their location.

Broad, and still on-going uplift of the Rhenish Massif is mainly attributed to thermal
thinning of its lithospheric mantle and to the buoyant load of the Eifel mantle plume (Fig.
6a; Jung. 1999; Garcia-Castellanos et al., 2000; Ritter et al., 2001). In this respect it
should be noted that the zone of lithospheric mantle thinning extends in an SW-NE
direction over a distance of more than 200 km across the entire Rhenish Massif (Prodehl
et al., 1995), and thus is considerably broader than the modern Eifel plume that has a
diameter of some 100 km (Ritter et al., 2001). This is presumably the effect of earlier
plume activity in eastern parts of the Rhenish Massif. Similarly, plume-related thinning of
the lithospheric mantle apparently contributed significantly to the Neogene and
Quaternary uplift of the Massif Central (Fig. 6b; Granet et al., 1995; Sobolev et al., 1997),
whereas the Armorican Massif is characterized by lithospheric thicknesses in the range of
120-150 km (Judenherc et al., 2002). For the Bohemian Massif, tomographic data
indicate thinning of the lithosphere from 100 km under its northern and southern parts to
80 km under the Eger Graben (Fig. 7; Babuska & Plomerova, 2001). This may be
attributed to thermal thinning of the lithospheric mantle during the Oligocene main phase
of volcanic activity in the Eger Graben area (Ulrych et al., 1999; Dézes et al., 2004).
Although there are indications for asthenospheric upwelling beneath the Eger Graben,
there is no evidence for an active plume penetrating the lithosphere that could underlie
the Plio-Quaternary resumption of volcanic activity in this area (Babuska et al., 2005;
Ulrych et al., 1999). For the Vosges-Black Forest Arch, seismic tomography indicates a
lithospheric thickness of about 100 km (Fig. 6a) and that only very small amplitude low-
velocity anomalies occur in the depth range of 67-107 km (Achauer & Masson, 2002).
Correspondingly, thermal thinning of the lithospheric mantle cannot be held responsible
for the uplift of the Vosges-Black Forest and Armorican arches and perhaps contributed
only marginally to the uplift of the Bohemian Massif (Dézes et al., 2004).

Uplift history of ECRIS arches

Development of ECRIS in the foreland of the Alps and Pyrenees was preceded by a
latest Cretaceous-Paleocene phase of intraplate compression (Fig. 9a), involving broad
lithospheric buckling (e.g. areas of Massif Central and Vosges-Black Forest) and, by
reactivation of pre-existing crustal discontinuities, inversion of Mesozoic tensional basins
(e.g. West Netherlands and Lower Saxony basins) and upthrusting of basement blocks
(e.g. Bohemian Massif). This caused profound truncation of Mesozoic platform sediments
and the development of a regional erosional unconformity (Ziegler, 1990; Dézes et al.,
2004). During the middle and late Eocene initial rifting phase of ECRIS (Figs. 9b, 9c),
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sedimentation in the evolving graben segments was dominated by fluvial and lacustrine,
partly evaporitic environments (Sissingh, 2003a), with the local development of
conglomeratic fans (e.g. Upper Rhine Graben: Duringer, 1988), indicating flexural uplift of
the graben flanks (Kusznir & Ziegler, 1992; van Wees & Cloetingh, 1996). This suggests
that by these times the entire ECRIS region was still located above sea level. During the
Oligocene and early Miocene (Fig. 9d & e) intermittent marine transgressions advanced
from the North Sea-North German Basin into the Rhine Rift, and during the early
Oligocene from the Alpine Foreland Basin into the Bresse and Massif Central grabens
(Sissingh 2001, 2003a,b; Berger et al., 2005a). This shows that the different graben
segments of ECRIS had subsided close to sea-level with the rift flanks forming emerging,
though generally low relief highs, as indicated by the prevalence of fine-grained, low
energy sediments accumulating in its grabens (Sissingh, 2003a).

Magmatic activity commenced in the ECRIS area, after a long Mesozoic lull, during the
latest Cretaceous and Paleocene with the intrusion of olivine melilite and olivine
nephelinite dykes in the Massif Central, the Vosges-Black Forest area and the Rhenish
and Bohemian Massifs (Wilson et al., 1995; Lippolt, 1983; Ulrych et al., 1999; Michon &
Merle, 2001; Keller et al., 2002). This reflects very low-degree partial melting of the
lithosphere/asthenosphere boundary layer in response to a temperature increase of the
asthenosphere to above ambient levels (Wilson et al., 1995), presumably in conjunction
with activation of the Iceland plume (Ziegler, 1990; Bijwaard & Spakman, 1999) and
further development of the NE-Atlantic plume (Hoernle et al., 1995). During the Eocene,
volcanic activity persisted in the western parts of the Rhenish Massif and along its
southern margin (Lippolt, 1983), as well as on the Bohemian Massif (Ulrych et al., 1999),
but was at a low level on the Massif Central (Michon & Merle, 2001) and in the area of the
Vosges-Black Forest (Keller, et al., 2002). During the Oligocene, volcanic activity
increased on the Rhenish Massif, shifting to its northern and eastern parts (Lippolt, 1983;
Jung, 1999). On the Bohemian Massif, volcanic activity peaked during the early and
middle Oligocene and decreased during the late Oligocene-early Miocene (Ulrych et al,
1999). By contrast, there is only scattered evidence for late Oligocene volcanic activity on
the Massif Central (Michon & Merle, 2001).

By early Oligocene times, the surface of the Massif Central and the Rhenish Massif was
still located close to sea level, as evidence by repeated marine incursions into the
grabens of the former (Merle et al., 1998; Michon & Merle, 2001; Merle & Michon, 2001;
Sissingh, 2001) and the occurrence of remnants of marine and brackish sediments on the
latter (Ziegler, 1990; 1994; Sissingh, 2003b), whilst in the area of the Vosges-Black
Forest the rift shoulders were already elevated (Hinsken et al., 2005). By contrast, the
Bohemian Massif remained a positive feature throughout the Cenozoic and was
subjected to continued weathering and denudation (Malkovsky, 1979). The Armorican
Massif remained close to sea level during Oligocene to early Pliocene times (Ollivier-
Pierre et al., 1993; van Vliet-Lanog et al., 1998a).

Massif Central

At the end of the early Oligocene, when marine incursions into the grabens of the
Massive Central ceased, lacustrine conditions prevailed during the late Oligocene and
early Miocene until they gave way to fluvial conditions at the transition to the middle
Miocene when the north-directed Loire, Allier and Cher drainage system came into
evidence (Fig. 10). After an early Burdigalian unconformity, only minor late-early and
middle Burdigalian fluvial sediments were deposited in the Limagne Graben, probably
representing the last syn-rift sediments (Merle et al., 1998; Michon & Merle, 2001;
Sissingh, 2001). On the Massif Central, volcanic activity increased dramatically during the
middle Miocene (14 ma), shifted to its southern parts and peaked during the late
Miocene, whereas in its northern parts volcanism was interrupted during the late-middle
Miocene (12 Ma) (Michon & Merle, 2001). Gradual, though slow uplift and northward
tilting of the Massif Central commencing during the late Oligocene, becoming effective in
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the middle Miocene was presumably driven by plume-related thinning of the lithospheric
mantle (Michon & Merle, 2001). During the Pliocene (5.5 Ma), volcanic activity resumed
in the northern parts of the Massif Central where it peaked between 4 and 1 Ma, whereas
in its southern parts major volcanism peaked for a second time during the late Pliocene
and early Quaternary (3.5-0.5 Ma). After 0.5 Ma, volcanic activity gradually decreased to
the present sub-active level (Michon & Merle, 2001). From about 3.5 Ma onwards, uplift
of the Massif Central accelerated and still continues at rates of up to 1.75 mm/year with
differential movements occurring between blocks delimited by ENE-trending fractures
(Lendtre et al., 1992). Under the present NW-directed stress field, the Massif Central is
subjected to transtensional and transpressional deformation (Nicolas et al., 1990; Delouis
et al.,, 1993). Progressive uplift and northward tilting of the Massif Central apparently
counteracted transtensional subsidence of its graben systems, thus impeding
accumulation of thick Pliocene and Quaternary sequences, as seen in the Bresse Graben
(Dézes et al., 2004).

Middle Miocene to recent uplift of the Massif Central can be mainly attributed to plume-
related thermal thinning of the lithospheric mantle (Fig. 6b), thermal expansion of the
remnant lithosphere and the buoyant load of the mantle-plume impinging on it (Granet et
al, 1995; Dezes et al., 2004). Uplift of this arch played a major role in the development of
the Loire, Allier, Cher and Rhéne drainage system (Fig. 10; Sissingh, 2001).

Armorican Massif

During the Mesozoic, the western parts of the Armorican Massif formed a low-relief high
that was subjected to profound weathering whilst its eastern parts were overstepped
during the Late Cretaceous. During the Paleocene and Eocene, the entire massif formed
a positive feature on the southern margin of which marine transgressions encroached
during the early and middle Eocene (Durand & Esteoule-Choux, 1974). Early Oligocene,
transtensional reactivation of pre-existing NW-SE trending Variscan shear systems led to
the opening of a narrow marine channel that transected the Massif and in which up to 120
m of clays and carbonates were deposited (Ollivier-Pierre et al., 1993). Repeated
transgressions encroached on the Armorican Massif during the late Miocene and early
Pliocene along partly fault-controlled valleys (Fig. 11; van Vliet-Lanoé et al., 1998a). The
late Pliocene and Quaternary uplift of the Armorican Massif was accompanied by strong
reactivation of its essentially NW-SE trending crustal discontinuities, as evidenced by
differential river incision and river captures (Bonnet et al., 1998; Brault et al., 2001).

A diffuse belt of seismic activity extends from the Massif Central into the Armorican
Massif, with earthquakes rarely exceeding 4.0 (Fig. 3). Present-day differential uplift rates
of the order of 0.5-1.1 mm/y can be related to transpressional and transtensional
reactivation of the Palaeozoic Armorican shear zones (Nicolas et al., 1990; van Vliet-
Lanoé et al., 1997; Bonnet et al., 1998; Lendtre et al., 1999; Cloetingh et al., 2005) and
buckling of the lithosphere under the prevailing NW-directed stress field (Miller, 1997).

Rhenish Massif

The NNE striking Hessian grabens (HG) transect the eastern parts of the Rhenish Massif
in the prolongation of the Upper Rhine Graben (URG) whereas the NW striking Lower
Rhine-Roer Valley Graben (LRG-RVG) transects its western parts (Fig. 1). The triple
junction of these grabens is located in the Mainz-Frankfurt area. Although the
sedimentary fill of graben segments crossing the Rhenish Massif was partly eroded
during the Miocene and younger uplift of this arch, erosional remnants still permit to
reconstruct their evolution (Sissingh, 2003b).

Fission-track data indicate that Cretaceous uplift and cooling of the Rhenish Massif (120-
80 Ma) had ended during the Campanian (Glasmacher et al., 1998) whilst along its
southern and northern margins the Saar-Nahe, and the West Netherlands-Roer Valley
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and Lower Saxony basins, respectively, were inverted during the Coniacian-Santonian
and late Paleocene phases of intraplate compression (Fig. 9a). However, the resulting
topography was rapidly degraded, as evidenced by the transgression of late Paleocene
and Eocene series across the inversion axes of the West Netherlands and Lower Saxony
basins (Ziegler, 1987, 1990; de Lugt et al., 2003; Michon et al., 2003; Worum et al.,
2005).

During the early Oligocene the URG propagated northward into HG and LRG-RVG
(Sissingh, 2003b; Michon et al., 2003). This paved the way for intermittent Oligocene to
middle Miocene marine connections between the URG and the North Sea-North German
Basin. During the early Oligocene, when a sea way extended from the North German
Basin via the HG into the URG, transgressions advanced across the graben shoulders
(Rhon, Westerwald and Mainz basins) and linked up via the Mosel area with the Paris
Basin (Fig. 12a). This indicates that by this time much of the Rhenish Massif still formed a
low-lying peneplain, except for the volcanic Eifel area (45-24 Ma). During the late
Oligocene, marine communications between the North German Basin and the URG via
the HG were interrupted when volcanic activity increased on the eastern parts of the
Rhenish Massif (Rhéon 26-11 Ma, Westerwald 28-5 Ma, Siebengebirge 28-6 Ma).
However, a new marine gateway opened during the latest Oligocene between the North
Sea Basin and the URG via the LRG. Along this axis, intermittent marine incursions
advanced again into the URG during the Aquitanian, Burdigalian and Langhian (Sissingh,
2003b; Berger et al., 2005b). Communications with the Paris Basin via the Mosel
depression were closed towards the end of the Oligocene when uplift of the Western
Rhenish Massif commenced and the Mosel drainage system began to develop (Fig. 12b).
Uplift of the eastern parts of the Rhenish Massif accelerated during the late Oligocene
and early Miocene with the activation of volcanic activity in the Vogelsberg (24-9 Ma) and
the Hessian Depression (20-8 Ma). Whilst in the eastern parts of the Rhenish Massif
volcanic activity gradually abated in the course of the late Miocene, volcanism resumed in
its western parts during the Quaternary (Eifel 0.7-0.01 Ma) (Lippolt, 1983; Jung, 1999).
Late Miocene to Recent domal uplift of the Rhenish Massif, centred on its western parts,
amounted to 400-500 m (Demoulin et al., 2005). This was accompanied by deep
entrenchment of such antecedent rivers as the meandering Meuse, Mosel and Lahn and
the somewhat more linear Middle Rhine (Negendank, 1983; Westaway, 2002a). Of this
uplift, about 250 m can be attributed to the last 0.8 Ma (Meyer & Stets, 2002). By
contrast, the eastern parts of the Rhenish Massif remained relatively stable during
Pliocene-Quaternary times. Geodetic data show uplift rates of up to 1.6 mm/y for the
western parts of the Rhenish Massif, decreasing to zero in its eastern parts (Malzer et al.,
1983).

Uplift of the Rhenish Massif, commencing in the early Miocene and persisting to the
present, can be attributed to plume-related thermal thinning of the lithospheric mantle
(Fig. 6a; Prodehl et al., 1995), thermal expansion of the remnant lithosphere and the
buoyant load of the present-day Eifel plume (Garcia-Castellanos et al., 2000; Ritter et al.,
2001). Crustal-scale folding and/or reactivation of Variscan thrust faults (Ahorner, 1983;
Hinzen, 2003) under the presently prevailing northwest-directed compressional stress
field (Muller et al.,, 1997) presumably plays a contributory role (Dézes et al., 2004).
Progressive uplift of the Rhenish Massif and Ardennes caused entrenchment of the
antecedent rivers Mosel, Lahn, Rhine and Meuse (Fig. 2), the sedimentary load of which
was deposited in the Roer Valley Graben and Rhine-Meuse delta (van Balen et al.,
2000).

Bohemian Massif

Starting in the late Turonian and culminating during the Paleocene, the Rocky Mountain-
type array of basement blocks forming the Bohemian Massif was upthrusted, involving
reactivation of Late Palaeozoic and Mesozoic crustal discontinuities (Fig. 9a; Malkovsky,
1987; Ziegler, 1990; Wagner et al.,, 1997; Ziegler et al., 1998; 2002). This was
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accompanied by the injection of olivine melilite and olivine nephelinite dykes (79-49 Ma)
(Adamovic & Coubal, 1999; Ulrych et al., 1999). Subsequently the Bohemian Massif was
subjected to profound weathering and erosion, resulting in the development of a
peneplain on which only locally thin late Eocene-early Oligocene fluvial and lacustrine
clastics were deposited, whilst its southern flank was overstepped by marine series of the
Alpine-Carpathian foreland basin (Ziegler, 1990; Wagner, 1998).

During the early Oligocene the main volcanic episode of the Eger volcano-tectonic zone
commenced, lasted until the early Miocene (42-20 Ma) (Adamovic & Coubal, 1999;
Ulrych et al., 1999), and preceded the main subsidence phase of the Eger Graben
(Malkovsky, 1987). During the latest Oligocene to Burdigalian, when volcanic activity had
gradually abated and a northerly-directed drainage system had developed within the
Bohemian Massif, up to 500 m of lacustrine and fluvial clastics, including coals,
accumulated in the Eger volcano-tectonic zone under a mildly tensional setting (Fig. 13a;
Malkovsky, 1975, 1979). Extension intensified, however, after sedimentation in the Eger
Graben had ended around 18 Ma. During the middle and late Miocene, the Eger Graben
and the northern parts of the Bohemian Massif were uplifted and subjected to erosion,
presumably in response to lithospheric folding that was accompanied by a late Miocene
compressional phase (Adamovic & Coubal, 1999). During the early Langhian (early
Badenian, +16-15 Ma) temporary marine incursions advanced northward from the Alpine-
Carpathian foreland basin along river valleys into the southern and eastern parts of the
Bohemian Massif (Fig. 13b), reflecting that these were still located close to sea level, and
that the intra-Bohemian watershed had shifted northward (Malkovsky 1979; Suk, 1984).
During the late Langhian-early Serravallian (£15-13 Ma), compressional reactivation of
the Bohemian Massif fault systems commenced and persisted into the Quaternary,
causing disruption of the pre-existing peneplain, and by uplift of its marginal Thuringian-
Bohemian and Bavarian Forest, Erzgebirge, Lusatian, Sudetic and Moravian blocks the
gradual development of its present physiographic relief (Figs. 13c,d). In the process of
this, remnants of early Langhian marine deposits were uplifted in the southern parts of
the Bohemian Massif to as much as 600 m above MSL (Suk, 1984). Moreover, in the
Upper Austrian Molasse Basin that flanks the Bohemian Massif to the south, some syn-
flexural Oligocene normal faults were compressionally reactivated during late Miocene-
Pliocene times (Wagner, 1996, 1998; Gunzenhauser et al., 1997).

In the domain of the Eger volcano-tectonic zone volcanism had decreased during the
middle Miocene (16-12 Ma) but intensified again during the late Miocene and Pliocene
(11.4-3.95 Ma) and lingered on to 0.26 Ma (Adamovic & Coubal, 1999; Ulrych, 1999). In
the Eger Graben, uplift and minor extension resumed after the deposition of Pliocene
fluvial clastics (Malkovsky, 1979).

Pliocene and Quaternary uplift of the Bohemian Massif exerted a strong control on the
development and deep incision of its present-day mainly north-directed drainage system
that, as compared to its middle Miocene drainage system (Fig. 13b), entailed an
important south-eastward shift of the watershed between the Danube and North German-
Polish drainage systems (Fig. 13d; Tyracek, 2001). For instance, terrace systems show
that the river Ohre incised since 3.5 Ma (late Pliocene) by as much as 180 m into the
sediments of the Eger Graben (Westaway, 2002a), whilst in the area of Prague, the river
Vltava terraces indicate 160 m of incision during the last 1.9 Ma. The river Labe (Elbe)
cuts in up to 380 m deep gorges across the essentially Oligocene Ceské Stredohori
volcanic complex and through Cretaceous sandstones at the eastern termination of the
Erzgebirge (Tyracek et al., 2004). Geodetic data indicate that under the presently
prevailing northwest- to north-directed compressional stress regime (Miiller et al., 1997)
the northwestern parts of the Bohemian Massif are being uplifted whereas its central
Cretaceous Basin appears to gently subside (Frischbutter & Schwab, 1995).
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Mid-Miocene to recent uplift of the Bohemian Massif can be attributed to lithospheric
buckling and the reactivation of pre-existing crustal discontinuities in response to the
build-up of collision-related intraplate compressional stresses (Ziegler et al., 2002).

Vosges-Black Forest Arch

The Vosges-Black Forest Arch (VBFA), which is transected by the north-easterly striking
URG, has at the top-basement level in a N-S direction an amplitude of some 2.5 km and
a wavelength of 250 km with a steeper southern and a gentler northern flank (Fig. 6a). At
the level of the Moho-discontinuity, this arch coincides with the culmination of a SW-NE
striking anticlinal feature that extends from the Massif Central towards the Bohemian
Massif (Fig. 4). Across the culmination of the VBFA the width of the URG narrows from
about 60 km in the area of Strasbourg to 35 km north of Mulhouse from where it widens
out southward to 63 km in the area of Basel. However, independent of the graben width
the total extensional strain across the URG remains constant, not exceeding about 6-7
km (Brun et al., 1992; Durst, 1991; Dézes et al., 2004; Hinsken et al, 2005).

Subsidence of the southern parts of the URG commenced during the middle Eocene and
persisted into the early Miocene when it was interrupted only to resumed during the late
Pliocene. During its middle Eocene (Barthonian) to earliest Oligocene (early Rupelian)
initial rifting phases, the southern parts of the URG were occupied by a cyclically
sediment starved and overfilled, intermittently hypersaline lacustrine basin, the
depocentre of which coincided with the narrowest part of the graben, the so-called Potash
Basin north of Mulhouse. Into this basin, conglomeratic fans began to prograde from the
gradually uplifting rift flanks (Duringer, 1988). These coarse, torrential conglomerates
consist primarily of Mesozoic components, reflecting progressive erosion of the
sedimentary cover of the Vosges and Black Forest that formed the flexurally uplifted rift
flanks of the URG. The occurrence of crystalline components in early Oligocene
conglomerates along the western margin of the Potash Basin indicates that by this time
the basement of the Vosges was exposed, whereas on the conjugate eastern margin
erosion had cut only down into Lower Triassic series (Hinsken et al., 2005). As in this
area the thickness of Mesozoic pre-rift sediments preserved beneath the syn-rift
sediments of the URG is of the order of 1000 km (Lutz & Cleintuar, 1999), and Eocene
syn-rift sediments attain a thickness of some 1000 m, the throw on the western border
fault system of the URG must have already exceeded 2000 m. As to the north and south
of the Potash Basin Eo-Oligocene conglomerates contain exclusively Mesozoic
components, flexural uplift of the rift flanks apparently decreased with increasing graben
width, reflecting extensional strain partitioning over wider areas (Hinsken et al., 2005).

During its Oligocene-early Miocene rifting phase, the entire URG subsided continuously
(Roll, 1979; Villemin et al., 1986). During the late Rupelian marine conditions were
established in the URG that persisted until early Chattian times. Renewed temporary
marine transgressions occurred during the late Chattian and latest Chattian-early
Aquitanian, originating from the North Sea-North German basins (Sissingh, 2003a;
Hinsken et al., 2005). This shows that the surface of the URG had subsided below sea
level whilst the prevalence of mudstones over sands reflects a generally low level of
coarser grained clastics influx from the uplifted rift flanks (Doebl, 1970; Derer et al.,
2003).

During the Neogene and Quaternary, fault-controlled subsidence of the northern parts of
the URG continued without interruption, whereas its southern parts were uplifted and
subjected to erosion during late Burdigalian to early Pliocene times (Roll, 1979; Durst,
1991; Lutz & Cleintuar, 1999; Schumacher, 2002; Derer et al., 2003; Dézes et al., 2004;
Haimberger et al., 2005). A corresponding erosional unconformity is clearly imaged by
high-resolution reflection-seismic lines that were recorded on the river Rhine under the
auspices of the EU-INTERREG Il MoNit (Nitrate) and the EUCOR-URGENT Projects.
These lines show that the hiatus across this unconformity gradually decreases northward
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from the Potash Basin and that 20 km north of Karlsruhe sedimentation was continuous
during the Miocene and Pliocene (Fig. 14). The age of this unconformity is
stratigraphically constrained as about mid-Burdigalian (+ 18 Ma; end upper Hydrobia
beds; Roll, 1979; Dézes et al., 2004). This unconformity is southward progressively
overstepped by late Burdigalian and younger beds. Significantly, these do not show major
convergence in their onlap geometry nor any evidence for the development of additional
unconformities within them, suggestive of progressive or intermittent uplift of the southern
parts of the URG. This indicates that this unconformity developed in response to a
discrete tectonic event of relatively short duration. Industrial reflection-seismic data show
that development of this intra-Burdigalian unconformity involved regional uplift of the axial
parts of the southern URG and transpressional reactivation of its border faults (Lutz &
Cleintuar, 1999; Rotstein et al., 2005a,b).

This intra-Burdigalian unconformity is interpreted as reflecting rapid uplift of the VBFA
(Roll, 1979; Laubscher, 1992; Dézes et al., 2004), the crestal parts of which straddle the
Potash Basin, located in narrowest parts of the southern URG (Hinsken et al., 2005). To
what extent this arch continued to rise during middle Miocene to Pliocene times is difficult
to assess (see above). From the VBFA arch, coarse conglomerates were shed southward
into the area of the future Jura Mountains, the oldest remnants of which are dated as
Serravallian (14 Ma) (Berger et al., 2005). These conglomerates contain in their lower
parts mainly Jurassic carbonate components whereas upward Triassic Buntsandstein
and Permian porphyrite components become dominant, reflecting progressive erosional
unroofing of the VBFA (Kalin, 1997; Kemna & Becker-Haumann, 2003). Similarly,
conglomerates were shed from the Black Forest southeastward onto the Franconian
Platform, commencing in the late Aquitanian and intensifying during the Burdigalian to
Serravallian (17-21 Ma; Miller et al., 2002). Furthermore, fission-track data indicate for
the Vosges and Black Forest an accelerating cooling trend from early Miocene times
onward that, provided it is not a modelling artefact, can be attributed to their uplift and
erosional unroofing (Link et al., 2004; Timar-Geng et al., submitted)). Therefore, it is likely
that after its rapid mid-Burdigalian uplift the VBFA continued to rise slowly in response to
its isostatic adjustment to erosional unloading (removal of some 1000 m of Mesozoic
sediments and deep truncation of basement rock across its culmination; Roll, 1979).

Although crustal extension across the URG continued during Miocene times, as evident
by persisting fault-controlled subsidence of its northern parts, subsidence of its southern
parts was apparently over-compensated by the uplift of the VBFA. This resulted in a net
uplift of the southern parts of the URG from which at least some 1000-1500 m of syn-rift
sediments were eroded during late Burdigalian to early Pliocene times. During the late
Pliocene sedimentation resumed in this part of the URG and continues to the present.
This suggests that by late Pliocene times the surface of the southern URG was located
near the erosional base level and that its fault-controlled extensional subsidence began to
outpace the slow uplift rates of the VBFA (Roll, 1979; Dézes et al., 2004). Geodetic data
indicate for the Black Forest a pattern of slow uplift of horst and slow subsidence of
graben structures at rates rarely exceeding 0.25 mm/year (Miller et al., 2002).

Rapid uplift of the VBFA around 18 Ma was accompanied by volcanic activity within the
URG and on its eastern flanks, spanning 18-7 Ma, that was essentially confined to the
SW-NE striking crest of this arch (Kaiserstuhl 18-16 Ma; Hegau 15-7 Ma; Urach 16-11
Ma; Jung, 1999; Keller et al., 2002). This magmatic surge involved low-percentage partial
melting of a predominantly asthenospheric source and magma segregation at depths of
100-70 km, at the base of the lithosphere and within its thermal boundary layer (with a
possible contribution from deeper sources, J. Keller personal communication). As
tomographic data indicate beneath the VBFA the occurrence of only very small amplitude
low-velocity anomalies in the depth range of 67-107 km (Achauer & Masson, 2002), it
must be assumed that potential minor thermal loads that may have contributed to the late
Burdigalian to Tortonian uplift of this arch have since then largely decayed.
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Uplift of the VBFA around 18 Ma clearly preceded the late Miocene to early Pliocene thin-
skinned folding phase of the Jura Mountains (10-9 to 4 Ma), which around 4 Ma gave way
to thick-skinned folding that continues to the present (Laubscher, 1986; Philippe et al.,
1996; Becker, 2000; Ustaszewski et al., 2005). With the folding of the Jura Mountains, the
drainage system on the southern flank of the VBFA was deflected westward, and from
4.2 Ma onward was joined by the palaeo-Aare river, that previously had debouched into
the Danube and now flowed westward along the thrust front of the Jura Mountains into
the Bresse Graben (Fig. 15; Sundgau Gravels). This illustrates that the southern parts of
the URG were still located above the erosional base level with a watershed occurring in
the Kaiserstuhl area. However, around 2.9 Ma, the paleo-Aare river was deflected into
the URG, presumably in response to its tensional subsidence. During the late Pliocene-
Quaternary, up to 240 m thick fluvial deposits accumulated in the southern parts of the
URG in fault-controlled depressions (Roll, 1979), whilst the mid-Pliocene Sundgau
gravels were folded along the Jura Mountains thrust front (Mdiller et al., 2002; Giamboni
et al., 2004a,b). During the late Pliocene (2.9-1.65 Ma) the URG formed the sediment
sink for the entire clastic load of the river Rhine, reflecting that sediment supply and
generation of accommodation space by its extensional subsidence were in balance.
However, at the Pliocene-Quaternary transition (1.65 Ma) sediment supply to the URG
outpaced its subsidence rates, as evidenced by the first arrival of Alpine components in
the LRG (Boenigk, 2002; Dézes et al., 2004).

Intra-Burdigalian rapid uplift of the VBFA is attributed to lithospheric folding in response to
the build-up of northwest-directed intraplate compressional stresses at crustal and
lithospheric mantle levels, reflecting increasing collisional coupling between the Alpine
orogenic wedge and its foreland during the early imbrication phases of the Alpine external
crystalline massifs (Fig. 9e; Ziegler et al., 2002; Dézes et al., 2004, 2005; Schmid et al,
2004). In the area of the VBFA, the build-up of compressional stresses at crustal levels is
evidenced at the southern end of the URG by the End-Aquitanian (20.5 Ma)
transpressional reactivation of pre-existing basement discontinuities (Laubscher, 2003),
and by the latest Aquitanian-intra Burdigalian transpressional reactivation of border faults
outlining the north-easterly striking southern parts of the URG (Rotstein et al., 2005a).
The Burdigalian to Tortonian (18-7 Ma) volcanism, that is associated with the uplift of the
VFBA by up to 2 km, can be attributed to decompressional partial melting of the
lithospheric thermal boundary layer and the upper asthenosphere, with the latter being
characterized by an above ambient temperature. This interpretation is compatible with an
about 100 km thick lithosphere in the VBFA area (Babuska & Plomerova, 1992), the
absence of a mantle plume rising up into its lithosphere (Achauer & Masson, 2002), and
the observed generally low level of pre-Miocene volcanic activity (Jung, 1999; Keller et
al., 2002).

The distribution of earthquakes shows that the URG and the VBFA are tectonically still
active (fig. 3). In the area of the VBFA, focal mechanisms indicate for upper crustal levels
a strike-slip to compressional stress regime whilst the lower crust is subjected to
extension. Transpressional deformation of the upper crust can be attributed to collision-
related stresses, which are transmitted from the Alps above a mid-crustal detachment
level. By contrast, lower crustal extension may be partly related to buckling of the
lithospheric mantle in response to stresses transmitted from the Alps through its
mechanically strong upper parts, maintaining the elevation of the VBFA. Significantly,
earthquakes occur almost down to the crust-mantle boundary, but are absent below it
(Plenefisch & Bonjer, 1997; Deichmann et al, 2000). This suggests that deformation of
the mechanically strong part of the lithospheric mantle controls the on-going deformation
of the VBFA.

Uplift of the VBFA and crustal extension in the URG had severe repercussions on the
development of the drainage system in the northwestern Alpine foreland, as evidences by
its Pliocene switching from debouching via the Danube into the Black Sea, then via the
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Bresse Graben into the Mediterranean, and finally via the Rhine Rift into the North Sea
(Fig. 15).

The Vosges-Black Forest Arch: a non-cylindrical lithospheric fold?

At the Moho level, the VBFA forms a doubly plunging, SW-NE striking non-cylindrical
anticline that extends from the northern parts of the Bresse Graben onto the Franconian
Platform and towards the Bohemian Massif, the culmination of which coincides with its
intersection with the URG. In the area of the VBFA, development of this structure is rather
closely constrained as +18 Ma. In the northern parts of the Bresse Graben, which
interferes with the Burgundy transfer zone, an intra-Burdigalian (+18 Ma) erosional
unconformity is observed that is overstepped by generally thin Serravallian and younger
series; the hiatus across this unconformity decreases southward (Séranne, 1999;
Sissingh, 2001, 2003a). Development of this unconformity can be attributed to
lithospheric folding along the Burgundy transfer zone that coincides with an anticlinal
uplift of the Moho discontinuity (Lefort & Agarval, 1996) leading directly into the VBFA.
Moreover, in the NE-ward projection of the latter, uplift of the Eger volcano-tectonic zone
commenced also around 18 Ma and was accompanied by the subsidence of its axial
graben (Adamovic & Coubal, 1999). Thus, the uplift timing of the different segments of
this Moho structure is consistent (Dézes et al., 2004).

Laubscher (1992), who recognized the SW-NE trending Moho structure that is associated
with the VBFA interpreted it as the Jura-phase flexural foreland bulge of the Alpine
Orogen, and suggested that it developed between 14 Ma and at least 11 Ma. Moreover,
he postulated that its culmination in the VBFA should be attributed to thermal weakening
of the lithosphere beneath the southern parts of the URG, owing to mantle upwelling
during its Oligocene-early Miocene main rifting phase, as modelled by Werner & Kahle
(1980; see also Prodehl et al., 1995). However, in the face of tomographic data, which
refute major thermal thinning of the lithosphere in the area of the VBFA (Achauer &
Masson, 2002), the timing of its uplift (x18 Ma) that preceded folding of the Jura
Mountains by at least 8 My, and the low level of volcanic activity prior to the mid-
Burdigalian surge (Jung, 1999; Keller et al., 2002), we cannot support the hypothesis of
Laubscher (1992) and prefer to attribute the development of this structure to lithospheric
folding (Ziegler et al., 2002; Dézes et al., 2005).

In this respect, development of non-cylindrical flexural-slip folds in thin-skinned fold-thrust
belts offers an interesting analogue to our proposed lithospheric folding model. Field
observations and numerical modelling suggest that syn-kinematic erosional breaching of
the elastic beam controlling the geometry of an evolving flexural-slip fold causes, by
strain concentration, the development of a non-cylindrical fold, the culmination of which is
transected by a deep gorge (Fig. 16; Simpson, 2004a,b). This phenomenon has been
observed in such active thrust belts as the external parts of the Zagros (Fig. 16b;
Oberlander, 1985), the Northern Tien Shan facing the Junggar Basin (Fig 16c; NW China;
Avouac et al., 1993), and the central Apennines (Alvarez, 1999). In the arcuate Jura
Mountains, pre-existing transverse faults appear to have had a similar effect on fold
geometries in so far as the axial culminations of arc-parallel striking anticlines frequently
coincide with the interference point of compressionally reactivated transverse structures.

Applying this model to lithospheric scales, we hypothesize that extension-related
weakening of lithosphere may have a similar effect on the geometry of a superimposed
lithospheric fold, provided the graben strikes at an angle of 45° or less to the trajectories
of the controlling compressional stress field, as in case of the URG and the VBFA.
Significantly, the culmination of the VBFA coincides with the narrow Potash Basin
segment of the URG and thus with a zone of extensional strain concentration (present 3
= 1.14; Hinsken et al., 2005), in which faults and ductile shear zones cut through the
entire crust (Fig. 17; Brun et al., 1992) and earthquakes occur even close to crust-mantle
boundary (Fig. 18; Plenefisch & Bonjer, 1997). In this segment, Paleogene-early Miocene
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syn-rift flank uplift was presumably considerably greater than in the northward and
southward adjacent parts of the URG (Roll, 1979). This may have actually contributed to
the localization of the VBFA.

In the face of pre-rift crustal thicknesses of about 30 km, the crust contributed significantly
to the strength of the lithosphere in the area of the VBFA (Fig. 19; Ziegler & Cloetingh,
2004). However, the faults of the URG weakened the crust substantially whilst stretching
and related thermal perturbation of the lithosphere presumably reduced the strength of
the lithospheric mantle. Correspondingly the strength of the lithosphere of the URG was
considerably lower as compared to flanking areas. During lithospheric folding this had
apparently a similar compressional strain concentration effect as erosional breaching of
the controlling elastic beam has on an evolving thin-skinned flexural-slip fold. It is planned
to test the viability of this concept by interactive analogue and numerical modelling and to
report on it at a later date.

Interestingly, the Permo-Carboniferous fault systems that underlie the Burgundy Transfer
Zone, and which were reactivated during the development of the URG and Bresse
Graben, trend normal to the compressional stress field that controlled the development of
the VBFA. In view of the considerably lower relief of the lithospheric fold in the area of the
Burgundy Transfer Zone, these faults apparently did not have the same effect as those of
the URG. Moreover, Cenozoic transtensional faulting in this area accounts for a very low
stretching factor of about 3 = 1.02 (Hinsken et al., 2005).

Discussion and conclusions

All major Variscan arches in the Alpine foreland are more or less closely associated with
graben structures and fault systems that form part of ECRIS (Fig. 1). This pertains also to
the Armorican Massif, the Variscan shear systems of which were reactivated in response
to a finite clock-wise westward rotation of the Paris Basin block during the subsidence of
the Rhine and Rhéne rifts that persists to the present (Fig. 21; Dezes et al., 2004;
Cloetingh et al., 2005; Tesauro et al., 2005).

Extensional strain and flank uplift

Extensional strain across ECRIS, as derived from upper crustal faulting, amounts to
about 2 km for the Bresse Graben, 3-4 km for the grabens of the Massif Central (Bergerat
et al., 1990), and is in the range of 5-7 km for the URG (Brun et al., 1992; Hinsken et al.,
2005). Across the LRG-RVG, upper crustal extension diminishes from 4-5 km in its
southern parts to zero near the Dutch North Sea coast (Geluk et al., 1994).

Similar to other rifts, and in the face of a lithospheric necking level within the strong upper
part of the lithospheric mantle (van Wees & Cloetingh, 1996), the magnitude of rift
shoulder uplift depends in ECRIS largely on the graben width and the number of faults
over which the extensional strain is partitioned (Kusznir & Ziegler, 1992). This is
particularly evident by the level to which Mesozoic sediments have been eroded on the
flanks of the URG, the width of which varies between about 30 km in its northern, 60 km
in its central, and between 35 and 63 km in its southern parts, whilst the extensional
strain remains constant (Fig. 20). For instance, on the Odenwald Block, that is associated
with a major fault marking the eastern margin of the narrow axial northern graben
segment (R = 1.15), Variscan basement is exposed at elevations of up to 692 m (Meier &
Eisbacher, 1991), whereas in the much wider central graben segment (# = 1.11), Middle
and Late Triassic series are still preserved on the rift shoulders at elevations not
exceeding 500 m, with the alluvial plain of the URG being located at about 100 m.

This suggests that syn-rift flexural uplift of rift flanks played only a subsidiary role in the
development of the different arches that are associated with ECRIS. This is also
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compatible with the fact that in the area of the Rhenish Massif the flanks of the HG and
LRG were overstepped during Oligocene-early Miocene times by partly marine sediments
(Sissingh, 2003b).

In view of the above, plume-related thermal perturbation of the lithosphere, as well as its
deformation in response to the build-up of collision-related compressional intraplate
stresses, appear to be the primary mechanisms that controlled the uplift of basement
arches in the ECRIS area.

Thermal thinning of lithospheric mantle versus intraplate compression

The level and timing of magmatic activity varies considerably on the different basement
arches of the ECRIS area. Plume-related thermal thinning of the lithospheric mantle is
indicated for the Massif Central and the Rhenish Massif (Figs. 5 & 6) and may, combined
with thermal inflation of the remnant lithosphere and the buoyant load of mantle plumes
(Garcia-Castellanos et al., 2000), underlay their progressive uplift that commenced at the
Oligocene-Miocene transition. Similarly, thinning of the lithospheric mantle beneath the
northern parts of the Bohemian Massif (Fig. 7) may be attributed to the Oligocene main
pulse of volcanic activity in the Eger volcano-tectonic zone, uplift of which commenced,
however, only after magmatic activity had decreased during the early Miocene (Babuska
& Plomerova, 2001; Ulrych et al., 1999). Therefore, thermal mechanisms are unlikely to
have contributed to the mid-Miocene and younger uplift of the Bohemian Massif, nor to
the Burdigalian uplift of the VBFA and the late Pliocene-Quaternary uplift of the non-
volcanic Armorican Massif, for all of which mantle tomography shows that they are not
associate with active mantle plumes penetrating the lithosphere (Babuska et al., 2005;
Achauer & Masson, 2002; Judenherc et al., 2002).

Intra-Burdigalian uplift of the VBFA, that extends SW-ward into the northern parts of the
Massif Central and to the NE towards the Bohemian Massif (Figs. 4 & 9d), was controlled
by lithospheric folding that presumably contributed by decompression of the
asthenosphere and lithospheric thermal boundary layer to a rather short-lived magmatic
pulse. The underlying build-up of intraplate compressional stresses at crustal and
lithospheric mantle levels reflects increasing collisional coupling of the Alpine Orogen with
its foreland during the initial imbrication and uplift phases of the Alpine external crystalline
massifs (Dézes et al., 2004; Schmid et al., 2004).

Similarly, progressive uplift of the northern parts of Bohemian Massif, beginning in
Burdigalian times, can be related to lithospheric buckling in response to the build-up of
intraplate compressional stresses at lithospheric levels (Ziegler et al., 2002; Dézes et al.,
2004), and may have contributed by decompression of the lower lithosphere and
asthenosphere to the late Miocene-Pliocene phase of volcanic activity in the Eger zone
(Ulrych et al., 1999). On the other hand, late Miocene to Quaternary differential uplift of
the marginal highs of the Bohemian Massif, such as the Erzgebirge, Lusatian, Sudetic,
Thuringian-Bohemian and Bavarian Forest and Moravian blocks, involved reactivation of
pre-existing crustal discontinuity in response to the build-up of compressional stresses at
crustal levels. The late Burdigalian and younger compressional deformation of the
Bohemian Massif can be attributed to increased collisional coupling of the East-Alpine
Orogen with its foreland, owing to disruption of the south-dipping East-Alpine subduction
slab beginning around 20 Ma, subsequent eastward escape of the ALCAPA block, and
the onset of northward subduction of Adriatic lithosphere beneath the European foreland
(Schmid et al., 2004).

Present-day stress field
The present-day NW-directed compressional stress field of the Alpine foreland (Miller et

al.,, 1997) reflects a combination of Alpine collisional and Atlantic ridge-push forces
(Golke et al., 1996). This stress field came into evidence during the early Miocene and
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intensified further during the Pliocene between 3 and 2.5 Ma (Dézes et al., 2004). This is
evidenced by a subsidence acceleration of the nearly orthogonally extending LRG-RVG
(Geluk et al., 1994; Michon et al., 2003) and accelerated stress-induced down flexing of
the North Sea-North German Basin (van Wees & Cloetingh, 1996). Under the present
stress field the Armorican Massif, the Massif Central, the western parts of the Rhenish
Massif and the northern parts of the Bohemian Massif continue to rise at rates ranging up
to 1.75 mm/y whilst the Vosges-Black Forest Arch is relatively stable. Earthquake focal
mechanisms indicate transtensional and transpressional deformation of the Massif
Central and the Armorican Massif (Nicolas et al., 1990; Delouis et al., 1993),
transpressional to compressional reactivation of Variscan thrusts in the Ardennes and
orthogonal and oblique extension for the LRG-RVG and URG, respectively (Ahorner
1983; Hinzen, 2003; Plenefisch & Bonjer, 1997). Under this scenario it is likely that
tangential compressional stresses contribute to the continued uplift of the Massif Central,
the Armorican Massif, the western Rhenish Massif and the Bohemian Massif. Geodetic
data indicate that westward rotational escape of the Paris Basin continues at rates of
some 0.7 mm/y (Fig. 21; Cloetingh et al., 2005; Tesauro et al, 2005). This motion, which
was initiated already during the late Eocene, was compensated by inversion of Mesozoic
extensional basins in the Channel-Western Approaches and Celtic Sea area, by up
warping of the Weald-Artois axis, resulting in intermittent opening and closure of the
Dover Strait, and by deformation of the Armorican Massif (Figs. 9 & 11; Ziegler, 1987;
1990; Butler & Pullan, 1990; van Vliet-Lanoé et al., 1998a,b; Mansy et al., 2003; Gibbard
& Lewin, 2003). However, as the main inversion phases of these basins are not fully
synchronous with the main subsidence phases of ECRIS, far-field Alpine collision-related
stresses presumably played a contributing role (Ziegler, 1990; Dézes et al., 2004).

Lower crustal flow and isostasy

Accelerated Pliocene-Quaternary uplift of the Variscan Massifs and related development
of fluvial terrace systems has been attributed by Westaway (2002b) to isostatic
movements involving lower crustal flow along lateral pressure gradients that developed in
response to erosional unroofing of these massifs, sediment accumulation in adjacent
depocentres, waxing and waning ice loads, and sea-level fluctuations.

Theoretical considerations suggest that in the presence of wet, felsic rheologies and
crustal thicknesses of 30 km, the lower crust may under certain circumstances deform by
ductile flow, whereas in the presence of dry rheologies no flow occurs. In nature, crustal
flow plays a significant role only during the development of core complexes. These result
from high strain extension of 45-60 km thick, orogenically destabilized crust (elevated
heat flow) that gives rise to the development of large lateral pressure gradients (Bertotti et
al., 2000; Ziegler & Cloetingh, 2004). At normal crustal thicknesses (30-35 km) and in the
absence of major extension, lower crustal flow may only occur in the presence of partial
melts. In this respect it should be noted that in the ECRIS area pre-rift crustal thicknesses
were in the range of 30-35 km, that during the development of its graben systems the
lowermost crust deformed in the domain of the brittle/ductile transition zone, and that
there is no evidence for lower crustal thickening beneath its grabens, indicative for lower
crustal flow (Fig. 17). Present crustal thicknesses of the Variscan Massifs exceed 30 km
only in the Armorican Massif and the southern parts of the Bohemian Massif (Fig. 4).
Furthermore, preservation of the Variscan orogenic crustal fabric, as imaged by deep
reflection-seismic lines (e.g. Meissner & Bortfeld, 1990; see also Ziegler et al., 2004),
raises doubts on on-going crustal flow.

Furthermore, it must be kept in mind that the primary isostatic compensation level for
lateral changes in crustal thickness, density and related topography, lithospheric
thickness and surface loads (e.g. ice-loading and —unloading, water and sediment
loading), resides in the sub-lithospheric upper mantle, the viscosity and density of which
is essentially temperature-dependent (Bott, 1982; Artyushkov, 1983; Watts, 2001;
Turcotte & Schubert, 2002; Pelltier, 1989, 2004).
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Therefore, we postulate that the crustal and lithospheric scale deformations which
underlie the observed accelerated Pliocene-Quaternary uplift of the Variscan Massifs and
the subsidence of the North Sea-North German Basin, are controlled by a combination of
intraplate compressional stresses, reflecting increasing collisional coupling of the Alpine
orogen with its foreland, and plume-related thermal thinning of the lithospheric mantle,
with glacial isostatic movements playing an overprinting role in areas that were
intermittently covered by major ice sheets.

Drainage systems

Overall, Neogene and Quaternary uplift of the Variscan Massifs in the Alpine foreland,
combined with the evolution of ECRIS, exerted strong controls on the development of the
modern drainage systems of the West- and Central-European platform (Salpeteur et al.,
2005). Salient examples are i) in the Basel area, the Pliocene changes in the drainage
divide between rivers flowing into the Black Sea, the Mediterranean and the North Sea
that were controlled by folding of the Jura Mountains, slow uplift of the VBFA and
subsidence of the URG, ii) on the Bohemian Massif, the mid-Miocene northward shift of
the drainage divide between the Paratethys and the North-German Basin and its late
Pliocene southward shift were controlled by lithospheric buckling and by transpressional
reactivation of the marginal blocks of this massif, respectively, iii) the middle Miocene
development of the rivers Meuse and Maas was controlled by uplift of the Vosges-Black
Forest Arch, involving lithospheric folding, whilst their incision into the gradually rising
Rhenish-Ardennes Massif, commencing in the late Miocene, was mainly governed by
thermal attenuation of its lithospheric mantle, and iv) the Miocene and younger
development of the Paris Basin drainage system was controlled by thermal uplift of the
Massif Central and Rhenish Massif, folding of the lithosphere in the area of the Burgundy
Transfer Zone and transpressional lithospheric buckling of the Armorican Massif.
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Text figures captions

Fig. 1 Location map of ECRIS in the Alpine and Pyrenean foreland, showing
Cenozoic fault systems (black lines), rift-related sedimentary basins (light
grey), Basement arches (cross pattern) and volcanic fields (black). Solid
barbed line: Variscan deformation front: stippled barbed line: Alpine
deformation front. BF Black Forest, BG Bresse Graben, EG Eger (Ohre)
Graben, FP Franconian Platform; HG Hessian grabens, LG Limagne Graben,
LRG Lower Rhine (Roer Valley) Graben, URG Upper Rhine Graben, OW
Odenwald; VG Vosges. Cartographic representation were made using GMT
(Wessel & Smith, 1991)

Fig. 2 DEM of ECRIS area with superimposed ECRIS fault systems
Fig. 3 DEM of ECRIS area with superimposed ECRIS fault systems and distribution

of earthquake epicentres (based on USGS NOAA NEIC Earthquake Data
Base "Hypocenter Data Files")

15



PAZ & PD

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

10

11

12

13

14

15

16

17

Variscan Massifs 30.11.2005

Depth map of Moho discontinuity, contour interval 2 km (after Ziegler & Dézes
2005) with superimposed ECRIS fault systems (thin lines) and volcanic
centres (black fields).

Tentative lithosphere thickness map (after Babuska & Plomerova; 1992) with
superimposed ECRIS fault system and trace of lithospheric transects given in
Figs. 6 and 7.

Lithospheric transects across a) the Central Alps and Rhenish Massif and b)
the Western Alps and Massif Central (Dézes et al., 2004)

Lithospheric profile through NW part of Bohemian Massif (Babuska &
Plomerova, 2001)

Tomographic P-wave velocity cross-sections, showing mantle structure in the
ECRIS area. Note prominent low velocity anomalies above 410 km
discontinuity (Goes et al., 1999).

Palaeotectonic sketch maps of ECRIS area for a) late Paleocene, b) mid
Eocene c) late Eocene, d) late Oligocene, e) early-middle Miocene and f) Plio-
Pleistocene. Legend: dark grey: orogens; light grey: areas of non-deposition;
white: sedimentary basins; stippled: oceanic basins; stars: volcanism; arrows:
maximum horizontal compressional stress direction; thick dashed line: axis of
lithospheric fold (Dézes et al., 2004).

Palaeogeographic setting of Massif Central area during a) early Oligocene
and b) middle Miocene. (Sissingh, 2001).

Late Miocene and Pliocene palaeogeographic setting of Armorican Massif.
Note repeated opening and closure of the Dover Strait (Van Vliet-Lanoég,
1998a).

Palaeogeographic setting of the Rhenish Massif during a) the late Oligocene
and b) middle Miocene. (Sissingh, 2003b).

Palaeogeographic setting of the Bohemian Massif during a) the late
Oligocene-early Miocene, b) the middle Miocene, c) late Miocene and d)
Pliocene, compared to present-day drainage system (Malkovski, 1979).

High-resolution reflection-seismic line recorded of the river Rhine showing
mid-Burdigalian unconformity (courtesy INTERREG Il MoNit Project) and
onlap pattern of overstepping series. Note young extensional faults cutting
Pliocene and Quaternary series.

Pliocene evolution of the drainage pattern at the southern end of the Upper
Rhine Graben (Giamboni et al., 2003a,b)

a) Schematic diagram showing transverse river intersecting the culmination of
a doubly plunging fold structure (Simpson, 2004).

b) Map view of calculated topography development of a elastic-plastic plate
under unidirectional compression and progressive shortening, subjected to
river incision (contours 100 m) (Simpson, 2004).

Crustal-scale cross-section through southern Upper Rhine Graben (Brun et
al., 1992).
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Fig. 18 Depth distribution of earthquake hypocentres in the southern Upper Rhine
Graben (Plenefisch & Bonjer, 1997).

Fig. 19 Depth-dependent rheological models for dry and wet, unextended cratonic
lithosphere and stretched, thermally attenuated lithosphere, assuming a
quartz/diorite/olivine mineralogy; a) unextended, cratonic lithosphere with
crustal and lithospheric mantle thicknesses of 30 and 70 km, respectively; b)
extended, thermally destabilized cratonic lithosphere with crustal and
lithospheric mantle thicknesses of 20 and 38 km, respectively (Ziegler &
Cloetingh, 2004).

Fig. 20 DEM and Geological map of the Upper Rhine Graben. Red line on DEM:
100m. elevation, black line: 500m. elevation, blue line:1000m. elevation.
(Bundesanstalt fiir Geowissenschaften und Rohstoffe 1976).

Fig. 21 Calculated velocities of crustal motions in Western and Central Europe based
on GPS observations. Black arrows: motion of permament GPS stations.
White arrows: motion of virtual points located on average 50 km close to block
borders delimited by the Rhine and Rhéne rifts and the Armorican shear zone
(Tesauro et al., 2005)

References

Achauer, U., Masson, F., 2002. Seismic tomography of continental rifts revisited: from
relative to absolute heterogeneities. Tectonophysics 358, 17-37.

Adamovic, J., Coubal, M., 1999. Intrusive geometries and Cenozoic stress history of the
northern part of the Bohemian Massif. GeoLines, Prague, 9, 5-14.

Ahorner, L., 1983. Historical seismicity and present-day microearthquake activity of the
Rhenish Massif, Central Europe. In: Fuchs, K. Von Gehlen, K, Malzer, M.,
Murawski, H., Semmel, A. (eds.), Plateau Uplift, The Rhenish Shield - a case
history. Springer-Verlag, Berlin, Heidelberg, New York, Tokyo, pp. 198-221.

Alvarez, W., 1999. Drainage of evolving fold-thrust belts: A study of transverse canyons in
the Apennines. Basin Research 11, 267-284.

Avouac, J.P., Tapponnier, P., Bai, M., You, H., Wang, G., 1993. Active thrusting and
folding along the northern Tien Shan and Late Cenozoic rotation of the Tarim
relative to Dzungaria and Kazakhstan. J. Geophys. Res. 98, B4, 6755-6804.

Artyuskov, E.V., 1983. Geodynamics. Elsevier, Amsterdam, Oxforn, New York, Tokyo,
Developments in Geotectonics 18.

Babuska, V., Plomerova, J., 1992. The lithosphere in central Europe - seismological and
petrological approach. Tectonophysics 207, 141-163.

Babuska, V., Plomerova, J. 2001. Subcrustal lithosphere around the Saxothuringian-
Moldanubian suture zone - a model derived from anisotropy of seismic wave
velocities. Tectonophysics, 332, 185-199.

Babuska V., Plomerova, J., Vecsey L., Achauer, U., Granet, M., BOHEMIAN Working
Group, 2005. Deep seismic structure around the Eger Rift in the Bohemian Massif:
initial results of the Bohemian Project. TOPO-EUROPE Exploratory Workshop,
Budapest, Hungary, 17-18.03.2005, (abstract).

Becker, A., 2000. The Jura Mountains - an active foreland fold-and-thrust belt?
Tectonophysics 321, 381-406.

Berger, J.-P., Reichenbacher, B., Becker, D., Grimm, M., Grimm, K., Picot, L., Storni, A,
Pirkenseer, C., Derer, C., Schafer, A., 2005a. Paleogeography of the Upper Rhine
Graben (URG) and the Swiss Molasse Basin (SMB) from Eocene to Pliocene. Int.
J. Earth Sci. 94, 697-710.

Berger, J.-P., Reichenbacher, B., Becker, D., Grimm, M., Grimm, K., Picot, L., Storni, A,
Pirkenseer, C., Schafer, A., 2005b. Eocene-Pliocene time scale and stratigraphy of

17



PAZ & PD Variscan Massifs 30.11.2005

the Upper Rhine Graben (URG) and the Swiss Molasse Basin (SMB). Int. J. Earth
Sci. 94, 711-731.

Bergerat, F., Mugnier, J.-L., Guellec, S., Trufferrt, C., Cazes, M., Damotte, B., Roure, F.,
1990. Extensional tectonics and subsidence of the Bresse basin: an interpretation
from ECORS data. Mém. Soc. géol. France 156, 145-156.

Bertotti, G., Podladchikov, Y., Daehler, A., 2000. Dynamic link between the level of
ductile crustal flow and style of normal faulting of brittle crust. Tectonophysics 320,
195-218.

Bijwaard, H., Spakman, W. 1999. Tomographic evidence for a narrow mantle plume
below Iceland. Earth and Planetary Science Letters, 166, 121-212.

Boenigk, W., 2002. The Pleistocene drainage pattern in the Lower Rhine basin. Neth. J.
Geosci. 81, 201-209.

Bonnet, S., Guillaucheau, F., Brun, J.-P,, 1998. Relative uplift measured using river
incision: the case of the Armorican basement (France). C.R. Acad. Sci., 327, 245-
251.

Bott, M.H.P., 1982. The Interior of the Earth: its structure, consitution and evolution (2”d.
Ed). Edward Arnold, London.

Brault, N., Guillocheau, F., Proust, J.-N., Nalpas, T., Brun, J.-P., Bonnet, S., Bourquin, S.,
2001. Le systeme fluvio-estuarin Pleistocene moyen-superieur du Pestin
(Morbihan); une paleo-Loire? Bull. Soc. Géol. France, 172, 563-572.

Brun, J.-P., Gutscher, M-A., DEKORP-ECORS team, 1992. Deep crustal structure of the
Rhine Graben from DEKORP-ECORS seismic reflection data. Tectonophysics 208,
39-147.

Butler, M., Pullan, C.R., 1990. Tertiary structures and hydrocarbon entrapment in the
Weald Basin of southern England. In: Hardman, R.F.P., Brooks, J. (eds.), Tectonic
Events Responsible for Britain’s Oil and Gas Reserves. Geol. Soc., London, Spec.
Publ. 55, 371-391.

Cloetingh, S., Cornu, T., Ziegler, P.A., Beekman, F. and Environmental Tectonics
(ENTEC) Working Group, 2005. Neotectonics and Intraplate Continental
Topography of the northern Alpine Foreland. Earth-Sci. Rev. (in press).

Demoulin, A., Campbell, J., de Wulf, A., Muls, A., Arnould, R., Gérres, B., Fischer, D.,
Kotter, T., Brondeel, M., van Damme D., Jacqumotte, J.M., 2005. GPS monitoring
of vertical ground motion in northern Ardenne-Eifel: five campaigns (1999-2003)
and the DARD project. Int. J. Earth Sci. 94, 515-524,

Deichmann, N., Ballarin Dolfin, D., Kastrup, U., 2000. Seismizitdt der Nord- und

Zentralschweiz. NAGRA Technischer Bericht, Wettingen, 00-05, 93 p.

Delouis, B., Haessler, H., Cisternas, A., Rivera, L., 1993. Stress tensor determination in
France and neighbouring regions. Tectonophysics 221, 413-437.

De Lugt, I.R., van Wees, J.D., Wong, Th.E., 2003. The tectonic evolution of the southern
Dutch North Sea during the Paleogene: basin inversion in distinct pulses.
Tectonophysics 373, 141-159.

Derer C., Kosinowski, M., Lutterbacher, H.P., Schafer A., Suss, M.P., 2003. Sedimentary
response to tectonics in extensional basins: the Pechlbronn Beds (Late Eocene to
early Oligocene) in the northern Upper Rhine Graben, Germany. In: McCann, T.,
Saintot, A. (eds.), Tracing Tectonic Deformation using the Sedimentary Record.
Geol. Soc., London, Spec. Publ. 208, 55-69.

Dézes, P., Schmid, S.M., Ziegler, P.A., 2004. Evolution of the Cenozoic Rift System:
interaction of the Alpine and Pyrenean orogens with their foreland lithosphere.
Tectonophysics 389, 1-33.

Dézes. P., Schmid, S.M., Ziegler, P.A., 2005. Reply to comments by L. Michon and O.
Merle on “Evolution of the European Cenozoic Rift System: interaction of the
Alpine and Pyrenean orogens with their foreland lithosphere” by P. Dézes, S.M.
Schmid and P.A. Ziegler (Tectonophysics 389 (2004) 1-33. Tectonophysics 401,
257-262.

Doebl, F., 1970. Die tertiaren und quartaren Sedimente des sudlichen Rheingrabens. In:
lllies, J.H., Miller, St. (eds.), Graben Problems. International Upper Mentle Project,
Sci. Rept. 27, 56-66.

18



PAZ & PD Variscan Massifs 30.11.2005

Durand, S., Estéoule-Choux, J., 1974. Le Massif Armoricain — Les temps post-
hercyniens. In: Debelmas, J. (ed.) Géologie de la France, Vol. 1, Vieux massifs et
grands basins sédimentaires, pp. 154-159.

Duringer, P., 1988. Les conglomerates des bordures du rift cénozoique rhénan
—Dynamique sédimentaire et controle climatique, Thése Dr. &s Sc. naturelles,
Université Louis Pasteur, Strasbourg, 278 p.

Durst, H., 1991. Aspects of exploration histors and structural style in the Rhine graben.
In: Spencer, A.M. (ed.) Generation , accumulation and production of Europe’s
hydrocarbons. European Assoc. Petrol. Geol., Spec. Publ. 1, 247-261.

Frischbutter, A., Schwab, G., 1995. Karte der rezenten vertikalen Krustenbewegungen in
der Umrahmung der Ostsee-Depression. Ein Beitrag zu IGCP.Projekt Nr. 346
“Neogeodynamica Baltica”. Brandenburgische Geowiss. Beitr. 2, 59-67.

Garcia-Castellanos, D., Cloetingh, S., van Balen, R., 2000. Modelling the Middle
Pleistocene uplift of the Ardennes-Rhenish Massif: themo-mechanical weakening
under the Eifel? Global and Planetary Changes 27, 39-52.

Geluk, M.C., Duin, E.J.T., Dusar, M., Rijkers, R.H.B., van den Berg, M.W., van Rooijen,
P., 1994. Stratigraphy and tectonics of the Roer Valley Graben. Geol. Mijnb. 73,
129-141.

Giamboni, M., Ustaszewski, K., Schmid, S.M., Schumacher, M., Wetzel, A., 2004a. Plio-
Pleistocene deformation in the southern Upper Rhine Graben area: geological and
geomorphological evidence for on-going transpressive reactivation of Paleozoic
and Paleogene faults. Int. J. Earth Sci. 93, 207-223.

Gibbard, P.L., Lewin, J., 2003. The history of the major rivers of southern Britain during
the Tertiary. J. Geol. Soc., London, 160, 829-845.

Giamboni, M., Wetzel, A., Niviére, B., Schumacher, M., 2004b. Plio-Pleistocene folding in
the southern Rhinegraben recorded by the evolution of the drainage network
(Sundgau area; northwestern Switzerland and France). Eclogae Geol. Helv. 97,
17-31.

Glasmacher, U., Zentilli, M., Grist, A.M., 1998. Apatite fission-track thermal chronology of
Palaeozoic sandstones and the Hill intrusion, northern linksrheinisches
Schiefergebirge, Germany. In: van Houten, P., De Corte, F. (eds.), Advances in
Fission-Track Geochronology. Kluver Acad. Publ., Dordrecht, Boston, London, p.
151-172.

Goes, S. Spakman, W., Bijwaard, H, 1999. A lower mantle source for Central European
Vocanism. Science 286, 191-193.

Granet, M., Wilson, M., Achauer, U., 1995. Imaging mantle plumes beneath the French
Massif Central. Earth Planet. Sci. Lett. 136, 199-203.

Gunzenhauser, B., Meier, B., Zimmer, W., 1997. Compressional tectonics and
hydrocarbon aspects of the Ternberg-Ost area (Upper Austria). Am. Assoc. Petrol.
Geol., Bull. 81, 1379 (abstract).

Haimberger, R., Hoppe, A., Schafer, A., 005. High-resolution seismic survey on the Rhine
River in the northern Upper Rhine Graben. Int. J. Earth Sci. 94, 657-668.

Hinsken, S., Ustaszewski, K., Wetzel, A., 2005. Graben width controls synrift
sedimentation: the Paleogene southern Upper Rhine Graben as an example. Int. J.
Earth Sci (submitted).

Hinzen, K.-G., 2003. Stress field in the Northern Rhine area, Central Europe, from
earthquake fault plain solutions. Tectonophysics 377, 325-356.

Hoernle, K., Zhang, Yu-S., Graham, D. 1995. Seismic and geochemical evidence for
large-scale mantle upwelling beneath the eastern Atlantic and western and central
Europe. Nature, London, 374, 34-39.

Judenherc S, Granet M, Brun J-P, Poupinet G, Plomerova J, Mocquet A, Achauer U
(2002). Images of lithospheric heterogeneities in the Armorican segment of the
Hercynian Range in France. Tectonophysics 358:121-134.

Jung, S., 1999. The role of crustal contamination during evolution of continental rift-
related basalts, a case study from the Vogelsberg area Central Germany.
GeoLines 9, 48-58.

19



PAZ & PD Variscan Massifs 30.11.2005

Kalin, D., 1997. Litho- und Biostratigraphie der mittel- bis obermiozanen Bois de Raube-
Formation (Nordwestschweiz). Eclog. Geol. Helv. 90, 97-114.

Keller, J., Kramel, M., Henjes-Kunst, F., 2002. Oar/Ar single crystal dating of early
volcanism in the Upper Rhine Graben and tectonic implications. Schweiz. Mineral.
Petrogr. Mitt. 82, 121-130.

Kemna, H.A., Becker-Haumann, R., 2003. Die Wanderblock-Bildung im Schweizer
Juragebirge sldlich von Basel: Neue Daten zu einem alten Problem. Eclogae
Geol. Helv. 96, 71-83.

Kusznir, N.J., Ziegler, P.A., 1992. Mechanisms of continental extension and sedimentary
basin formation: a simple-shear/pure-shear flexural cantilever model.
Tectonophysics 215, 117-131.

Laubscher, H.P., 1986. The eastern Jura: relations between thin-skinned and basement
tectonics, local and regional. Geol. Rundsch. 75, 535-553.

Laubscher, H., 1992. Jura kinematics and the Molasse Basin. Eclogae Geol. Helv., 85,
653-675.

Laubscher, H., 2003. The Miocene dislocations in the northern foreland of the Alps:
oblique subduction and its consequences (Basel area, Switzerland-Germany).
Jber. Mitt. oberrhein. geol. Ver. N.F. 85, 423-439.

Lenétre. N., Thierry, P., Blanchin, R., Brochard, G., 1999. Current vertical movement
demonstrated by comparative levelling in Brittany (northwestern France).
Tectonophysics 301, 333-344.

Link, K., Rahn, M., Keller, J., Stuart, F. 2004. Ft and (U-Th/he) analyses of the Upper
Rhine Graben rift flanks — the thermo-tectonic evolution from Cretaceous to recent
times. Joint Earth Science Meeting SGF-GV Strasbourg 20-25. 09. 2004, abstr.
No. RSTGV-A-00232.

Lippolt, H.J., 1983. Distribution of volcanic activity in space and time. In: Fuchs, K., Von
Gehlen, K, Malzer, M., Murawski, H., Semmel, A. (eds.), Plateau Uplift, The
Rhenish Shield - a case history. Springer-Verlag, Berlin, Heidelberg, New York,
Tokyo, pp. 112-120.

Lutz, M., Cleintuar, M., 1999. Geological results of a hydrocarbon exploration campaign
in the southern Upper Rhine Graben. Bull. angew. Geol. 4, 3-80.

Malzer, H., Hein, G., Zippelt, K., 1983. Height changes in the Rhenish Massif:
determination and analysis. In: Fuchs, K., Von Gehlen, K, Malzer, M., Murawski,
H., Semmel, A. (eds.), Plateau Uplift, The Rhenish Shield - a case history.
Springer-Verlag, Berlin, Heidelberg, New York, Tokyo, pp. 165-176.

Malkovsky, M., 1975. Paleogeography of the Miocene of the Bohemian Massif. Vestnik
Ustredniho ustavu geologickeho 50, 27-31.

Malkovsky, M., 1979. Tektogeneze Platformniho Pokryvu Ceskéo Masivu. Yvdal Ustredni
ustav geologicky, Praha, 176 p.

Malkovsky, M., 1987. The Mesozoic and Tertiary basins of the Bohemian Massif and their
evolution. Tectonophysics 137, 31-42.

Mansy, J.-L., Manby, G.M., Averbuch, O., Everaerts, M., Bergerat, F., Van Vliet-Lanoég,
B., Lamarche, J., Vandycke, S., 2003. Dynamics and inversion of the Mesozoic
basin of the Weald-Boulonnais area: role of basement reactivation. Tectonophysics
373, 161-179.

Meier, L., Eisbacher, G., 1991. Crustal kinematiocs and deep structure of the northern
Upper Rhine Graben. Tectonics 10, 621-630.

Merle, O., Michon, L., 2001. The formation of the West European Rift: a new model as
exemplified by the Massif Central area. Bull. Soc. géol. France 172, 213-221.

Merle, O., Michon, L., Camus, G, de Goer, A., 1998. L’extension Oligoceéne sur la
transversal septentronale du rift du Massif Central. Bull. Soc. géol. France 109,
615-626.

Meissner, R., Bortfeld, R. (eds.), 1990. DEKORP-Atlas: Results of the German
Continental Seismic Reflection Program. Springer-Verlag, Berlin, Heidelberg, New
York, Tokyo.

Meyer, W., Stets, J., 2002. Pleistocene to Recent tectonism in the Rhenish Massif
(Germany). Neth. J. Geosci. 81, 217-221.

20



PAZ & PD Variscan Massifs 30.11.2005

Michon, L., Merle, O., 2001. The evolution of the Massif Central rift: spatio-temporal
distribution of the volcanism. Bull. Soc. géol. France 172, 201-211.

Michon, L., van Balen, R.T., Merle, O., Pagnier, H., 2003. The Cenozoic evolution of the
Roer Valley rift system integrated at a European scale. Tectonophysics 367, 101-
126.

Muller, B., Wehrle, V., Zeyen, H., Fuchs, K., 1997. Short-scale variations of tectonic
regimes in the western European stress province north of the Alps and Pyrenees.
Tectonophysics 275, 199-219.

Muller, W.H., Naef, H., Graf, H.R., 2002. Geologische Entwicklung der Nordwestschweiz,
Neotektonik und Langzeitszenarien Zircher Weinland. NAGRA Technischer
Bericht, Wettingen, 99-08, 237 p.

Negendank, J., 1983. Cenozoic deposits of the Eifel-Hunsriick area alonf*g the Mosel
River and their tectonic implications. In: Fuchs, K., Von Gehlen, K, Malzer, M.,
Murawski, H., Semmel, A. (eds.), Plateau Uplift, The Rhenish Shield - a case
history. Springer-Verlag, Berlin, Heidelberg, New York, Tokyo, pp. 78-88.

Oberlander, T.M., 1985. Origin of drainage transverse to structures in orogens. In:
Morisawa, M., Hack, J.T. (eds.), Tectonic geomorphology: The Bing-Hamton
Symposia in Geomorphology. Allen & Unwin, London, Internat. Ser. 15, pp. 155-
182.

Ollivier-Pierre, M.F., Maupin, C., Estéoule-Choux, J., Sittler, C., 1993. Transgression et
paleoenvironnment a I'Oligocene en Bretagne (France). Sédimentologie,
micropaleontologie, palynologie et palynofaciés du Rupélien du Bassin de Rennes.
Paleogeogr. Paleoclim, Paleoecol. 103, 223-250.

Pelltier, W.R., 1989. Glacial isostasy in Laurentia and Fennoscandia: new results for the
anomalous gravitational field. In: Gregersen, S., Basham, P.W. (eds.) Earthquakes
at North-Atlantic Passive Margins: Neotectonics and Postglacial Rebound. Kluwer
Acad. Pubils., Dordrecht, Boston, London, pp. 91-103.

Pelltier, W.R., 2004. Global glacial isostasy and surface of the Ice-Age Earth. The ICE-
SG (VM2) Model and GRACE. Ann. Rev. Earth Planetary Sci. 32, 111-149.

Philippe, Y., Colletta, B., Deville. E., Mascle, A., 1996. The Jura fold-and-thrust belt: a
kinematic model based on map-balancing. In: Ziegler, P.A, Horvath, F. (eds.),
Structure and prospects of Alpine basins and forelands. Peri-Tethys Mem. 2. Mém.
Mus. natn. Hist. nat., Paris, 170: 235-261.

Plenefisch, T., Bonjer, K.-P., 1997. The stress field in the Rhine Graben area inferred
from earthquake focal mechanisms and estimations of frictional parameters.
Tectonophysics 275. 71-97.

Prodehl, C., Mueller, St., Haak, V., 1995. The European Cenozoic rift system. In: Olsen,

H. (ed.), Continental Rifts: Evolution, Structure, Tectonics. Elsevier, Amsterdam,
Lausanne, New York, Developments in Geotectonics 25, pp. 133-212.

Ritter, J.R.R., Jordan, M., Christensen, U.R., Achauer, U., 2001. A mantle plume below
the Eifel volcanic fields, Germany. Earth Plant. Sci. Lett. 186, 7-14.

Roll, A., 1979. Versuch einer Volumenbilanz des Oberrheintalgrabens und seiner
Schultern. Geol. Jb,, A 52, 82p.

Rotstein, Y., Behrmann, J.H., Lutz, M., Wirsing, G., Lutz, A., 2005a. Tectonic implications
of transpression and transtension; The Upper Rhine Graben. Tectonics 24,
doi:10.1029/2005TC111797.

Rotstein, Y, Schaming, M., Rouss, S., 2005b Tertiary tectonics of the Dannemarie Basin,
upper Rhine graben, and regional implications. Int. J. Earth Sci. 94, 669-679.

Salpeteur, |., Locutura, J., Tyracek, J., 2005. A brief summary of Tertiary-Quaternary
landscape evolution focusing on palaeodrainage settlement on the European
Shield. In: Salminen, R. (ed.) Geochemical Atlas of Europe. Part 1 — Background
Information, Methodology and Maps. FORGES, EuroGeoSurveys.

Schmid, S.M., Fligenschuh, B., Kissling, E., Schuster, R., 2004a. Transects 1V, V and VI:
The Alps and their Foreland. In: Cavazza, W., Roure, F.M., Spakman W., Stampfii,
G.M,, Ziegler, P.A. (eds.), The TRANSMED Atlas - The Mediterranean Region from
Crust to Mantle. Springer, Berlin Heidelberg, pp. 108-114 and CD-ROM.

21



PAZ & PD Variscan Massifs 30.11.2005

Schumacher, M.E., 2002. Upper Rhine Graben: the role of pre-existing structures during
rift evolution. Tectonics 21, 10.1029/2001TC900022 (6-1 - 6-17).

Séranne, M., 1999. The Gulf of Lion continental margin (NW Mediterranean) revisited by
IBS: an overview. In: Durand, B., Jolivet, L., Hovath, F., Séranne, M. (eds.), The
Mediterranean Basin: Tertiary Extension within the Alpine Orogen. Geol. Soc.,
London, Spec. Publ., vol. 156, pp. 15-36.

Sibuet, J-C., Srivastava, S.P., Spakman, W., 2004. Pyrenen orogeny and plate
kinematics. J. Geophys. Res. 109, B08104, doi.10.1029/2003JB002514

Simpson, G., 2004a. Role of river incision in enhancing deformation. Geology, 32, 341-
344,

Simpson, G., 2004b. A dynamic model to investigate coupling between erosion,
deposition and three-dimensional (thin-plate) deformation. J. Geophys. Res.
109,F02006, doi:10.1029/2003JF000078.

Sissingh, W., 2001.Tectonostratigraphy of the West Alpine foreland: correlation of
Tertiary sedimentary sequences, changes in eustatic sea-level and stress regime.
Tectonophysics 233, 361-400.

Sissingh, W., 2003a. Stratigraphic framework of the European Cenozoic rift system: a
visual overview. Geologica Ultraiectina, University of Utrecht, Spec. Publ. 2 (atlas).

Sissingh, W., 2003b. Tertiary paleogeogrephic and tectonostratigraphic evolution of the
Rhenish triple junction. Palaeogeogr. Palaeoecol. Palaeoclim. 196, 229-263.

Sobolev, S.V., Zeyen, H., Granet, M., Achauer, U., Bauer, C., Werling, F., Altherr, R,
Fuchs, K., 1997. Upper mantle temperatures and lithosphere-asthenosphere
system beneath the French Massif Central constrained by seismic, gravity,
petrologic and thermal observations. Tectonophysics 275, 143-164.

Spakman, W., 2004. A tomographoic view on the Western Mediterranean Geodynamics.
In: Cavazza, W., Roure, F.M., Spakman W., Stampfli, G.M., Ziegler, P.A. (eds.),
The TRANSMED Atlas - The Mediterranean Region from Crust to Mantle.
Springer, Berlin Heidelberg, pp. 31-52 and CD-ROM.

Suk, M. (ed.), 1984. Geological history of the territory of the Czech Socialist Republic.
Geol. Survey, Prague, Academia Publ. House Czechoslovak Academa of
Sciences, 396 p.

Tesauro, M., Hollenstein, C., Egli, R., Geiger, A., Kahle, H.-G., 2005. Continuous GPS
and broad-scale deformation across the Rhine Graben and the Alps. Int. J. Earth
Sci. 94, 525-537.

Timar-Geng, Z., Figenschuh, B., Wetzel, A., Dresmann, H., 2005. Low temperature
thermochronology of the flanks of the southern Upper Rhine Graben. Int. J. Earth
Sci. (submitted).

Turcotte, D.L., Schubert, G., 2002. Geodynamics: Application of continuum physics to
geological problems (2”d. Ed.). Cambridge University Press.

Tyracek, J., 2001. Upper Cenozoic fluvial history in the Bohemian Massif. Quaternary
International 79, 37-53.

Tyracek J., Westaway, R., Bridgland, D., 2004. River terraces of the Vitava and Label
(Elbe) system. Proc. Geol. Assoc. 115, 101-124.

Ulrych, J., Pivec, E., Lang, M., Balogh, K., Kropacek, V. 1999. Cenozoic intraplate
volcanic rocks series of the Bohemian Massif: a review. GeolLines, Prague, 9, 123-
129.

Ustaszewski, K., Schumacher, M.E., Schmid, S.M., Nieuwland, D., 2005. Fault
reactivation in brittle-viscous wrench systems — dynamically scaled analogue
models and application to the Rhine-Bresse transfer zone. Quat. Sci. Rev. 24, 363-
380.

Van Balen, R.T., Houtgast, R.F., Van der Wateren, F.M., Vandenberge, J., Bogaart,
P.W., 2000. Sediment budget and tectonic evolution of the Meuse catchment in the
Atrdennes and the Roer Valley rift sytem. Global Planet. Change 27, 113-129.

Van Vliet-Lanoé, B., Bonnet, S., Hallegouét B., Laurent, M., 1997. Neotectonic and
seismic activity in the Armorican and Cornubian Massifs: regional stress fied with
glacio-eustatic influence? J. Geodynamics 24, 219-239.

22



PAZ & PD Variscan Massifs 30.11.2005

Van Vliet-Lanoé, B., Laurent, M., Halléguet, B., Margerel, J.-P., Chauve, J.-J., Michel, Y.,
Moguedet, G., Trautman, F., Vautier, S., 1998a. Le Mio-Pliocéne du Massif
armoricain. Données nouvelles. C. R. Acad. Sci. Paris, Earth & Planetary Sciences
326, 333-340.

Van Vliet-Lanoé, B., Mansy, J.-L., Margerel, J.-P-, Vidier, J.-P., Lamarche, J., Everaerts,
M., 1998b. The Dover Strait, a discretely open Cenozoic strait. C.R. Acad. Sci.,
Paris, Earth & Planetary Sciences 326, 729-736.

Van Wees, J.-D., Cloetingh, S., 1996. 3D flexure and intraplate compression in the North
Sea Basin. Tectonophysics 266, 343-359.

Villemin, T., Alvarez, F., Angelier, J., 1986. The Rhine-graben, extension, subsidece and
shoulder uplift. Tectonophysics 128, 47-59.

Wagner, G.H., Coyle, D.A., Duyster, J., Henjes-Kunst, F., Petrek A., Schréder B.,
Stockhert, B., Wemmer, K., Zulauf G., 1997. Post-Variscan thermal and tectonic
evolution of the KTB site and surroundings. J. Geophys. Res. 102, 18221-18232.

Wagner, L.R., 1996. Stratigraphy and hydrocarbons in the Upper Austrian Molasse
Foredeep (active margin). In: Wessely, G., Liebel, W. (eds.), Oil and Gas in Alpidic
thrustbelts and basins of central and eastern Europe. EAGE Spec. Publ. 5, 217-
235.

Wagner, L.R., 1998. Tectono-stratigraphy and hydrocarbons in the Molasse Foredeep of
Salzburg, Upper and Lower Austria. In: Mascle, A., Puigdefabregas, C.,
Luterbacher, H.P., Fernandez, M. (eds.), Cenozoic Foreland Basins of Western
Europe. Geol. Soc., London, Spec. Publ. 134, 339-369.

Watts, A.B., 2001. Isostasy and Flexure of the Lithosphere. Cambridge University Press.

Werner, D., Kahle, H.-G., 1980. A geophysical study of the Rhinegraben — I. Kinematics
and geothermics. Geophys. J. R. Astr. Soc. 62, 617-629.

Wessel, P. Smith, W.H.F., 1991 Free software helps map and display data. EOS Trans.
AGU. 72, 441

Westaway, R., 2002a. Long-term river terrace sequences: Evidence for global increases
in surface uplift rates in the Late Pliocene and early Middle Pleistocene caused by
flow in the lower continental crust induced by surface processes. Neth. J. Geosci.
81, 305-328.

Westaway, R., 2002b. Geomorphological consequences of weak lower continental crust,
and its significance for studies of uplift, landscape evolution, and the interpretation
of river terrace sequences. Neth. J. Geosci. 81, 283-303.

Wilson, M., Rosenbaum, J.M., Dunworth, E.A., 1995. Melilites: partial melts of the thermal
boundary layer? J. Petrol. 32, 181-196.

Worum, G., Michon, L., van Balen, R.T., van Wees, J.-D., Cloetingh, S., Pagnier, H.,
2005. Pre-Neogene controls on present-day fault activity in the West Netherlands
and Roer Valley Rift System (southern Netherlands): role of variations in fault
orientation in a uniform low-stress regime. Quat. Sci. Rev. 24, 473-488.

Ziegler, P.A. (ed.), 1997. Compressional intra-plate deformation in the Alpine foreland.
Tectonophysics 137, 420p.

Ziegler, P.A., 1990. Geological Atlas of Western and Central Europe. 2" Ed. Sgell
International Petroleum Mij. B.V., dist. Geol. Soc., London, Publishing House Bath,
239 p.

Ziegler, P.A. 1994. Cenozoic rift system of Western and Central Europe: an overview.
Geol. Mijnb. 73, 99-127.

Ziegler, P.A., Cloetingh, S. 2004. Dynamic processes controlling evolution of rifted
basins. Earth-Sci. Rev. 64, 1-45.

Ziegler, P.A., Dezes, P., 2005. Crustal evolution of Western and Central Europe. In: Gee,
D., Stephenson, R. (eds.), European Lithosphere Dynamics. Mem. Geol. Soc.,
London (in press).

Ziegler, P.A., van Wees, J-D., Cloetingh, S., 1998. Mechanical controls on collision-
related compressional intraplate deformation. Tectonophysics 300, 103-129.

Ziegler, P.A., Bertotti, G., Cloetingh, S. 2002. Dynamic processes controlling foreland
development: the role of mechanical (de)coupling of orogenic wedges and
forelands. In: Bertotti, G.,. Schulmann, K., Cloetingh, S (eds.), Continental Collision

23



PAZ & PD Variscan Massifs 30.11.2005 24

and the Tectono-Sedimentary Evolution of Forelands. Europ. Geophys. Soc.
Stephan Mueller Spec. Publ. 1, 29-91.

Ziegler, P.A., Schumacher, M.E., Dezes, P., van Wees, J.-D., Cloetingh, S., 2004. Post-
Variscan evolution of the lithosphere in the Rhine Graben area: constraints from
subsidence modelling. In: Wilson, M., Neumann, E.-R., Davies, G.R., Timmerman,
M.J., Heeremans, M., Larsen, B.T. (eds.), 2004. Permo-Carboniferous Magmatism
and Rifting in Europe. Geol. Soc., London, Spec. Publ. 223,289-317.



