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Abstract

The evolution of the European Cenozoic Rift System (ECRIS) and the Alpine orogen is discussed on the base of a set of

palaeotectonic maps and two retro-deformed lithospheric transects which extend across the Western and Central Alps and the

Massif Central and the Rhenish Massif, respectively.

During the Paleocene, compressional stresses exerted on continental Europe by the evolving Alps and Pyrenees caused

lithospheric buckling and basin inversion up to 1700 km to the north of the Alpine and Pyrenean deformation fronts. This

deformation was accompanied by the injection of melilite dykes, reflecting a plume-related increase in the temperature of the

asthenosphere beneath the European foreland. At the Paleocene–Eocene transition, compressional stresses relaxed in the Alpine

foreland, whereas collisional interaction of the Pyrenees with their foreland persisted. In the Alps, major Eocene north-directed

lithospheric shortening was followed by mid-Eocene slab- and thrust-loaded subsidence of the Dauphinois and Helvetic

shelves. During the late Eocene, north-directed compressional intraplate stresses originating in the Alpine and Pyrenean

collision zones built up and activated ECRIS.

At the Eocene–Oligocene transition, the subducted Central Alpine slab was detached, whereas the West-Alpine slab

remained attached to the lithosphere. Subsequently, the Alpine orogenic wedge converged northwestward with its foreland. The

Oligocene main rifting phase of ECRIS was controlled by north-directed compressional stresses originating in the Pyrenean and

Alpine collision zones.

Following early Miocene termination of crustal shortening in the Pyrenees and opening of the oceanic Provençal Basin, the

evolution of ECRIS was exclusively controlled by west- and northwest-directed compressional stresses emanating from the

Alps during imbrication of their external massifs. Whereas the grabens of the Massif Central and the Rhône Valley became

inactive during the early Miocene, the Rhine Rift System remained active until the present. Lithospheric folding controlled mid-

Miocene and Pliocene uplift of the Vosges-Black Forest Arch. Progressive uplift of the Rhenish Massif and Massif Central is

mainly attributed to plume-related thermal thinning of the mantle-lithosphere.
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ECRIS evolved by passive rifting in response to the build-up of Pyrenean and Alpine collision-related compressional

intraplate stresses. Mantle-plume-type upwelling of the asthenosphere caused thermal weakening of the foreland lithosphere,

rendering it prone to deformation.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The European Cenozoic Rift System (ECRIS) is

located in the foreland of the Alps and extends over a
Fig. 1. Location map of ECRIS in the Alpine and Pyrenean foreland, sho

basins (light grey), Variscan massifs (cross pattern) and volcanic fields (bl

line: Alpine deformation front. BF: Black Forest, BG: Bresse Graben, EG:

LG: Limagne Graben, LRG: Lower Rhine (Roer Valley) Graben, URG: U

and B–BV: location of transects given in Figs. 3 and 4.
distance of some 1100 km from the North Sea coast to

the Mediterranean (Fig. 1). ECRIS consists of the

Rhine and the Massif Central-Rhône Valley rift

systems, which are linked by the Burgundy and the
wing Cenozoic fault systems (black lines), rift-related sedimentary

ack). Solid barbed line: Variscan deformation front; stippled barbed

Eger (Ohre) Graben, FP: Franconian Platform, HG: Hessian grabens,

pper Rhine Graben, OW: Odenwald, VG: Vosges. Thick lines A–AV
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eastern Paris Basin transfer zones, and includes also

the shallow Eger Graben of the Bohemian Massif. The

Rhine Rift System, forming the northern part of

ECRIS, includes the Upper Rhine, Roer Valley and

Hessian grabens. The southern part of ECRIS consists

of the grabens of the Massif Central (Limagne,

Roanne, Forez), the Bresse Graben and the grabens

of the lower Rhône Valley (e.g., Valence, Alès,

Manosque, Camargue) and their prolongation into

the Western Mediterranean (Ziegler, 1994; Prodehl et

al., 1995; Séranne, 1999; Merle and Michon, 2001;

Roca, 2001; Sissingh, 2003a). Development of

ECRIS began during the late Eocene, mainly by

reactivation of late Variscan, Permo–Carboniferous

and Mesozoic fracture systems (Schumacher, 2002).

By this time, the Alpine deformation front was located

over 200 km to the south of the Upper Rhine Graben

and some 350 km to the southeast of the Bresse

Graben. During the Pliocene, frontal thrusts of the

Jura Mountains encroached on the southern margin of

the Upper Rhine Graben and the eastern margin of the

Bresse Graben. The Manosque and Alès grabens,

located in the foreland of the West-Alpine Digne

thrust, were partly inverted during the Miocene

(Séranne, 1999). The areas of the Roer Valley and

Upper Rhine grabens, as well as the Burgundy

transfer zone, are seismotectonically active (Giglia et

al., 1996; Bonjer, 1997; Hinzen, 2003) and thus

correspond to zones of increased seismic hazard

(Giardini et al., 2003).

In this contribution, we discuss the development of

ECRIS in the context of the Cenozoic evolution of the

Alpine and Pyrenean orogens on the basis of a set of

palaeotectonic maps and the retro-deformation of two

lithospheric transects, which extend across the West-

ern and Central Alps and the Massif Central and the

Rhenish Massif, respectively.
2. Construction of lithospheric transects across the

Alps and ECRIS

In order to visualize the position of the Rhine and

Massif Central-Rhône Valley rift systems relative to

the evolving Alpine orogen, we constructed two

lithospheric transects. One of these extends from the

Po Valley across the Central Alps and the Rhenish

Massif to Amsterdam, whereas the other extends
across the Western Alps and the Massif Central to the

margin of the Aquitaine Basin (Fig. 2). These were

step-wise retro-deformed to the late Paleocene (Figs. 3

and 4). Regarding the Alps, the transects and their

retro-deformation are based on the interpretation of

the NFP-20-East profile (Pfiffner et al., 1997) and the

ECORS-CROP profile (Damotte et al., 1990) by

Schmid et al. (1996) and Schmid and Kissling

(2000), respectively, and on concepts developed by

Stampfli et al. (1998, 2002). For the Alps and their

foreland, crustal thicknesses as compiled by Dèzes

and Ziegler (2002) were used (Fig. 2). The thickness

of the thermal lithosphere, as shown for the Upper

Rhine Graben area and the Rhenish Massif, is based

on Babushka and Plomerova (1992). For the Dutch

part of the eastern transect, the lithosphere thickness is

poorly constrained. For the Massif Central, litho-

sphere thicknesses as given by Sobolev et al. (1997)

were used. The lithospheric configuration shown for

the Western and Central Alps is compatible with the

results of high-resolution seismic tomography studies

by Lippitsch (2003), and with the results of sub-

sidence modelling, indicating end-Mesozoic thermal

lithosphere thicknesses of 100–120 km for Variscan

crustal domains (Ziegler et al., 2004). Moreover, we

took into consideration that the upper asthenosphere

beneath Western and Central Europe is characterized

by anomalously low P- and S-wave velocities

(Zielhuis and Nolet, 1994; Goes et al., 2000a,b). We

also used the results of seismic tomography, imaging

low velocity structures rising up from the deep

mantle, which apparently feed smaller upper-mantle

plumes, such as those welling up beneath the Rhenish

Massif and the Massif Central (Granet et al., 1995;

Goes et al., 1999; Ritter et al., 2001).

In the area of our transects, the crust is considered

as being dominated by felsic rocks. Seismic velocity

analyses and the study of xenoliths brought to surface

by Cenozoic extrusives indicate that in the Alpine

foreland basic rocks occur only in the basal parts of

the crust (Downes, 1993; Mengel, 1992; Wittenberg et

al., 2000), which in some areas are characterized by

densely packed anastomosing reflectors paralleling

the crust-mantle boundary. As these reflectors are

probably related to mantle-derived basic sills, the

laminated lowermost crust, which ranges in thickness

from 5 to 10 km, is probably characterized by

interlayered mafic rocks and granulite-facies para-



Fig. 2. Depth map of Moho discontinuity, contour interval 2 km (after Dèzes and Ziegler, 2002) with superimposed ECRIS fault systems (thin

lines) and volcanic centres (black fields). Thick lines A–AV and B–BV location of transects given in Figs. 3 and 4.
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gneisses, as seen in the Ivrea Zone (Schmid, 1993;

Ziegler et al., 2004). The Permian and younger

sedimentary cover of the crust can attain thicknesses

of up to 4 km (Ziegler, 1990). The thickness of

essentially undeformed Palaeozoic sediments cover-

ing the crystalline crust of the Netherlands is uncertain

but may reach up to 5 km. In the area of the Rhenish

Massif, in which deformed Devonian and Carbon-

iferous sediments attain a thickness of up to 15 km,

the upper crust is partly involved in the Rheno-

Hercynian thrust belt (Oncken et al., 2000; Ziegler et

al., 2004).

The consolidation age of the continental crust

underlying the Netherlands and the Rhenish Massif

ranges between 560 and 400 Ma (Cadomian and

Caledonian). South of the Rhenish Massif, the crustal
consolidation age of the Variscan internides ranges

between 310 and 280 Ma (Variscan). The Western and

Central Alps involve Variscan basement that was

deformed during a time span of 80–0 Ma.
3. Retro-deformation of lithospheric transects

The present-day transects were retro-deformed

into a sequence of conceptual palinspastic transects,

presented in Figs. 3 and 4. These depict the step-

wise evolution of the Alpine orogen and its foreland

from 60 Ma onwards (time scale of Berggren et al.,

1995). In these transects, we distinguish between

three types of mantle-lithosphere that re-equilibrated

with the asthenosphere at different times, namely: (1)



Fig. 3. Lithospheric transect A–AV across the Western Alps and Massif Central, step-wise restored to 60 Ma, showing conceptual Cenozoic evolution of the lithosphere (for location see Fig. 2). Please refer to the web version of the paper to view this

figure in colour
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Fig. 4. Lithospheric transect B–BV across the Central Alps and Rhenish Massif, step-wise restored to 60 Ma, showing conceptual Cenozoic evolution of the lithosphere (for location see Fig. 2). Please refer to the web version

of the paper to view this figure in colour.
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bVariscanQ mantle-lithosphere, post-dating the Varis-

can orogeny and the Permo–Carboniferous tectono-

magmatic event (310–280 Ma; Ziegler et al., 2004);

(2) bAlpine TethysQ mantle-lithosphere, formed dur-

ing and after the Mid-Jurassic opening of the

Piemont–Ligurian–Maghrebian Ocean (Alpine

Tethys, 160 Ma); and (3) bPyrenean–Valais OceanQ
mantle-lithosphere, formed during and after the early

Cretaceous separation of the Iberia–Briançonnais

terrane from the Armorican-Provençal margin of

France (110–90 Ma). According to Stampfli et al.

(1998, 2002), Late Cretaceous opening of the North

Atlantic was accompanied by the opening of the Bay

of Biscay–Pyrenean Ocean, counter-clockwise rota-

tion of Iberia, and lateral insertion of the Briançon-

nais terrane into the Alpine Tethys, thus separating

its northern Valais Ocean parts from its southern

Piemont–Ligurian Ocean parts. Others, such as

Frisch (1979) and Schmid et al. (2004), envisage

an extension of the Pyrenean Ocean into the Alpine

Tethys, which led to the opening of the Valais Ocean

in the area of the future Western Alps. In any case,

the Valais Ocean was partly floored by Alpine

Tethys lithosphere and partly by Pyrenean–Valais

Ocean lithosphere.

Calculated subsidence curves indicate that by end-

Cretaceous times the lithosphere of the internal parts

of the Variscan orogen had equilibrated with the

asthenosphere at depths between 100 and 120 km

(Ziegler et al., 2004). In the eastern transect and for

areas south of the Rhenish Massif, we therefore

assumed a Paleocene thermal lithosphere thickness

of 100 km, tapering to 80 km in the Valais Ocean. For

the Rhenish Massif, a Paleocene lithosphere thickness

of 120 km was adopted, since this massif remained a

high during late Permian and Mesozoic times (except

for the Triassic–early Jurassic Trier Embayment;

Ziegler, 1990), and because it is underlain by the

Cadomian–Caledonian lithosphere of the Variscan

foreland. For the West-Netherlands Basin, which is

also superimposed on Cadomian–Caledonian crust, a

lithosphere thickness of about 100 km was assumed

since it was affected by the Permo–Carboniferous

tectono-magmatic event, as well as by Mesozoic

rifting. In the western transect, a Paleocene litho-

sphere thickness of 110 km was assumed for the

Massif Central, since it was only marginally trans-

gressed by Mesozoic series. For the Dauphinois Shelf,
however, a lithosphere thickness of 100 km, tapering

to 80 km at the transition to the Valais Ocean was

adopted.

Below we discuss the main steps in the Cenozoic

evolution of the Alps, Pyrenees and ECRIS, as

summarized in the retro-deformed transects (Figs. 3

and 4) and the supporting palaeotectonic sketch maps

(Fig. 5).
4. Step 1: Paleocene (65–54.8 Ma)

Convergence rates between Africa and Europe

decreased sharply from up to 20 mm/year during late

Cretaceous times to practically zero during the late

Maastrichtian and Paleocene (67–55 Ma) (Rosenbaum

et al., 2002). Strong mechanical coupling of African

and European plates across the Alpine–Mediterranean

orogen probably underlies this decrease in conver-

gence rates. During the late Paleocene (60.9–54.8

Ma), a pulse of intense intraplate compression

affected not only much of Western and Central Europe

but also the East-European Craton and North Africa

(Ziegler, 1990; Ziegler et al., 1995, 2001; Nikishin et

al., 1999; Stampfli et al., 2001).

In both transects, the southward subduction of

the Piemont Ocean (Alpine Tethys) beneath the

Austro–Alpine orogenic wedge was apparently

completed by late Paleocene times (Figs. 3 and 4).

This ocean was originally located between the

Apulian and European margins in the case of the

Eastern Alps, but between Apulia and the Brian-

çonnais Terrane in the case of the Central and

Western Alps (Fig. 5A; Stampfli et al., 1998, 2002;

Schmid et al., 2004).

Closure of the Piemont Ocean resulted in the East-

Alpine and North-Carpathian domains in the collision

of the Austro–Alpine orogenic wedge with the Euro-

pean foreland and the build-up of intraplate compres-

sional stresses in the latter. By reactivation of pre-

existing crustal discontinuities, these stresses caused

upthrusting of the basement block forming the

Bohemian Massif and inversion of the Polish Trough

(Fig. 5A). In the Central- and West-Alpine domain,

however, the Austro–Alpine accretionary wedge

collided with the continental Briançonnais terrane,

which still was attached to the Iberian microplate

(Stampfli et al., 1998, 2002). Possibly due to
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subduction resistance of the continental Briançonnais

terrane compressional stresses were transmitted

through it and the still open Valais Ocean into the

northward adjacent Helvetic Shelf and the domain of

the future Rhine Rift System. These stresses induced

gentle broad-scale warping and uplift of the European

lithosphere, causing the development of a regional

erosional unconformity, and, by reactivation of pre-

existing faults, inversion of the West-Netherlands and

the Saar-Nahe basins (Fig. 5A). The most distal

Paleocene inversion structures are located in the

central North Sea, some 1700 km to the northwest

of the contemporaneous Alpine collision front (Zie-

gler, 1990; Ziegler et al., 1998, 2002; de Lugt et al.,

2003).

Similarly, in the foreland of the Western Alps, the

Dauphinois Shelf and the Massif Central were uplifted

and subjected to erosion during the Paleocene

(Ziegler, 1988, 1990), presumably in response to

compressional intraplate stresses emanating from the

continent–continent collisional Pyrenean orogen

(Vergés and Garcı́a-Senez, 2001; Andeweg, 2002)

and sinistral shear motions related to the incipient

detachment of the Briançonnais terrane from the

Iberian microcontinent. Related far-field intraplate

stresses are held responsible for early inversion

movements in the Paris Basin and Channel area

(Fig. 5A; Ziegler, 1990; Ziegler et al., 2002).

The Paleocene compressional deformation of the

Alpine and Pyrenean forelands was accompanied by

the injection of nephelinite and olivine melilite

dykes in the area of the Massif Central, the

Vosges-Black Forest, the Rhenish Massif and the

Bohemian Massif. These magmas were derived by

very low degree partial melting from an astheno-

spheric source and the lithospheric thermal boundary

layer (Wilson et al., 1995; Ziegler et al., 1995;

Michon and Merle, 2001; Keller et al., 2002). As

such, this suggests that in these areas the temper-

ature of the asthenosphere had increased to above
Fig. 5. Palaeotectonic sketch maps of ECRIS area. (A) Late Paleocene, (B)

Miocene, (F) Pliocene–Quaternary (modified after: Ziegler, 1990; Séranne,

Legend: dark grey: orogens, light grey: areas of non-deposition, white: se

maximum horizontal compressional stress direction (after: Bergerat, 1987

lithospheric fold. Abbreviations: AA: Austro–Alpine orogen, AF: Africa,

Aquitaine Basin, B: Briançonnais, BB: Bay of Biscay, BM: Bohemian Mas

Iberia, LP: Languedoc-Provençal fold belt, PB: Provençal Basin, PT: Polish

WN: West-Netherlands Basin, WP: Western Approaches.
ambient levels, presumably in response to activation

of an asthenospheric upwelling system, or alterna-

tively, of not-very-energetic mantle plumes (Granet

et al., 1995; Sobolev et al., 1997; Goes et al., 1999;

Ritter et al., 2001; Ziegler et al., 2004). Activation of

this plume system was coeval with the development

of the Iceland (Ziegler, 1990; Bijwaard and Spak-

man, 1999) and Northeast Atlantic plumes (Hoernle

et al., 1995). All this indicates that the development

of a broad thermal anomaly at the base of the West

and Central European lithosphere had commenced

during the Paleocene, causing its weakening and,

thus, rendering it prone to deformation (Zielhuis and

Nolet, 1994; Ziegler et al., 1995; Goes et al.,

2000a,b).
5. Step 2: early and middle Eocene (54.8–37.0 Ma)

During the early Eocene (52.4 Ma), convergence

rates between Africa and Europe gradually increased

again; only by early Miocene times (19.2 Ma) did they

decrease once more (Rosenbaum et al., 2002).

Consequently, the Alpine orogenic wedge converged

rapidly in a northerly direction with the European

foreland during the Eocene (Schmid and Kissling,

2000).

In the Central-Alpine domain, imbrication of the

sedimentary cover and upper crust of the Briançon-

nais terrane, as well as of the Valais Ocean sediments

began during the early and middle Eocene (Schmid

et al., 1996). This was accompanied by the

subduction of the middle and lower crust, and also

of the mantle-lithosphere of the Briançonnais

(Stampfli et al., 1998). Sediment subduction presum-

ably accounted for mechanical decoupling of the

Alpine orogenic wedge from its foreland, as evi-

denced by the relaxation of compressional stresses in

continental Europe at the transition from the Paleo-

cene to the Eocene (Ziegler, 1990; Ziegler et al.,
middle Eocene, (C) late Eocene, (D) late Oligocene, (E) early middle

1999; Sissingh, 2001, 2003b; Andeweg, 2002; Stampfli et al., 2002).

dimentary basins, stippled: oceanic basins, stars: volcanism, arrows:

; Blès and Gros, 1991; Schumacher, 2002), thick dashed line: axis of

AP: Apulia, AT: Alpine Tethys (Ligurian-Maghrebian Ocean), AQ:

sif, CS: Celtic Sea, DI: Dinarides, GV: Gulf of Lions-Valencia rift, IB:

Trough, V: Vardar Ocean, VS: Valais Ocean, WA: Weald-Artois axis,
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Fig. 5 (continued).
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Fig. 5 (continued).
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2002). By late middle Eocene times (Bartonian 41

Ma), flexural subsidence of the Helvetic Shelf

commenced (Burkhard and Sommaruga, 1998),

reflecting the onset of its slab- and thrust-loading

in the Central Alpine transect (Fig. 4).

In the West-Alpine domain (Fig. 3), subduction

of the southern parts of the Briançonnais terrane

began during the early Eocene (Bucher et al., 2003)

whilst sedimentation persisted in its northern parts

(Stampfli et al., 2002). This was followed by

detachment of upper crustal slices from the Brian-

çonnais whereas its lower crust and mantle litho-

sphere were subducted. Note that in the French–

Italian Alps sinistral oblique subduction of the Valais

Ocean beneath the northerly moving Briançonnais

upper crustal slices commenced at the same time

(Bucher et al., 2003; Fügenschuh and Schmid,

2003). Flexural subsidence of the Dauphinois Shelf

began in the middle Eocene (late Lutetian, F45 Ma;

Lickorish and Ford, 1998; Sissingh, 2001), presum-

ably in response to its slab-loading and possibly also

thrust-loading by the advancing West-Alpine oro-

genic wedge (Fig. 3).

In the Pyrenees, continued early and middle

Eocene crustal shortening (Vergés and Garcı́a-Senez,

2001; Andeweg, 2002) was accompanied by the main

deformation phase of the Languedoc–Provençal thrust

belt (Roure and Colletta, 1996) and the further

development of the flexural Aquitaine foreland basin

(Le Vot et al., 1996) (Fig. 5B).

In the area of the Upper Rhine, Bresse and Valence

grabens, and on the Massif Central and Bohemian

Massif, isolated, shallow depressions developed dur-

ing the middle Eocene. In these basins, generally thin,

fine-grained fluvio-lacustrine sediments accumulated

that are separated by a distinct hiatus from the late

Eocene earliest syn-rift deposits (Sissingh, 1998,

2001, 2003a). It is uncertain whether development

of these depressions can be attributed to a middle

Eocene initial rifting phase that involved necking of

the lithosphere at a shallow level (Kooi et al., 1992)

and that was controlled by the build-up of a northerly

directed stress field.

Scattered volcanic activity occurred during the

early and middle Eocene on the Massif Central

(Michon and Merle, 2001), the Rhenish Massif

(Lippolt, 1983) and the Bohemian Massif (Ulrych

et al., 1999).
6. Step 3: late Eocene (37–33.7 Ma)

In the Central-Alpine domain, the bulk of the

Briançonnais terrane and the Valais Ocean lithosphere

had been subducted by late Eocene times, and

shortening of the Helvetic Shelf commenced whilst

upper crustal slices of the Briançonnais and Valais

Ocean were incorporated into the orogenic wedge

(Fig. 4). This was paralleled by further late Eocene

thrust- and slab-loaded subsidence of the Helvetic

Shelf and rapid widening of the flexural Molasse

foreland basin (Schmid et al., 1996; Stampfli et al.,

1998; Burkhard and Sommaruga, 1998). Note that

during the middle and late Eocene the evolving

orogenic wedge of the Alps advanced with respect

to the European foreland by as much as 350 km (F35

mm/year; comparable to Miocene roll-back rates of

the Apennine slab, Doglioni et al., 1999). This reflects

rapid subduction of the Valais Ocean and the toe of

the European margin in response to accelerated

northward convergence of the Central- and East-

Alpine orogenic wedge, culminating in its head-on

collision with the Helvetic Shelf.

This essentially north-directed Eocene motion of

the East- and Central-Alpine orogenic wedge was

accompanied by continued sinistral oblique conver-

gence of the West-Alpine orogenic wedge with the

Dauphinois Shelf, involving stacking of crustal slices

derived from the Briançonnais into nappes, and

subduction of the corresponding lower crust and

mantle-lithosphere (Fig. 3). Moreover, at this stage,

the oceanic crust of the Valais Basin became

imbricated and incorporated into the orogenic wedge

(Schmid and Kissling, 2000; Bucher et al., 2003).

During the late Eocene, gentle thin-skinned compres-

sional deformation of the flexurally subsiding Dau-

phinois Shelf (Lickorish and Ford, 1998) testifies to

weak collisional interaction of the West-Alpine

orogenic wedge with its foreland.

Progressively increasing subduction resistance of

the European lithosphere was coupled with imbrica-

tion of the basement of the distal Helvetic Shelf

(Subpenninic Adula nappe: Schmid et al., 1996) and a

renewed build-up of northerly directed intraplate

compressional stresses in the foreland of the Central

Alps (Bergerat, 1987). We propose that these stresses

controlled the late Eocene early rifting phases of the

Upper Rhine Graben, involving transtensional reac-
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tivation of Late Variscan and Permo–Carboniferous

crustal discontinuities (Fig. 5C; Sissingh, 1998;

Schumacher, 2002). At the Eocene–Oligocene tran-

sition, far-field compressional stresses governed the

second inversion phase of the West-Netherlands Basin

(Ziegler, 1990; de Lugt et al., 2003). Volcanic activity

associated with this initial rifting stage of the Upper

Rhine Graben (Lippolt, 1983; Keller et al., 2002)

indicates gradually increasing activity of the Rhenish

mantle plume (Ritter et al., 2001). Similarly, volcanic

activity increased during the late Eocene on the

Bohemian Massif (Ulrych et al., 1999).

Also the Valence, Massif Central and Bresse

grabens, as well as the Burgundy transfer zone linking

the latter with the Upper Rhine Graben, were activated

during the late Eocene under a northerly directed

compressional stress field. Development of this rift

and wrench system involved tensional and transten-

sional reactivation of Permo–Carboniferous fracture

systems (Bergerat, 1977, 1987; Michon and Merle,

2001; Sissingh, 2001). Significantly, there is no

evidence for late Eocene volcanic activity on the

Massif Central (Michon and Merle, 2001). Contem-

poraneous development of the Alès, Manosque and

Camargue grabens in the southern Rhône Valley,

which are superimposed on the Provençal thrust belt,

involved transtensional reactivation of Mesozoic

extensional fault systems (Sanchis and Séranne,

2000). Activation of the Massif Central-Rhône Valley

rift system is attributed to north-directed intraplate

compressional stresses, which originated in the Pyr-

enean continental collision zone, rather than in the

Alps (Fig. 5C; Ziegler, 1994; Séranne, 1999; Merle

and Michon, 2001; Andeweg, 2002). However, we

doubt that slab-pull forces exerted by the east-dipping

West-Alpine subduction slab interfered constructively

with these Pyrenean stresses, as postulated by Merle

and Michon (2001) and Michon et al. (2003), since in

the Western Alps subduction of continental lower crust

and mantle-lithosphere is oblique and, thus, unlikely to

give rise to major slab-pull forces.
7. Step 4: Oligocene (33.7–23.8 Ma)

At the Eocene–Oligocene transition, convergence

of the West-Alpine orogenic wedge with its European

foreland changed to a northwesterly direction due to
westward movement of the Apulian plate and parts of

the Alpine orogen (Fig. 5D; Steck, 1984, 1990;

Schmid and Kissling, 2000; Ceriani et al., 2001). At

the same time, the subducted lithospheric slab of the

Central and Eastern Alps was detached from the

European foreland lithosphere (von Blanckenburg and

Davies, 1995). This slab consisted of the continental

lower crust and mantle-lithosphere of the distal parts

of the Helvetic margin and of the Briançonnais, as

well as of the lithosphere of the Valais and Piemont

oceans (Fig. 4; Schmid et al., 1996). After this slab

detachment, and related isostatic rebound of the

European foreland lithosphere and development of

the Apulian mantle backstop, convergence between

the Apulian and European plates continued. The on-

going subduction of the continental European litho-

sphere was accompanied by imbrication of upper

crustal slices (e.g., Gotthard Massif) and by back

folding and back thrusting of the southern parts of the

by now bi-vergent Alpine orogenic wedge (Schmid et

al., 1996). This accounted for strong collisional

coupling of the Central Alpine orogen with its

European foreland, including the Rhine Graben area.

Note that by late Oligocene times the Alpine

deformation front was located only some 100 km to

the south of the city of Basel where the Upper Rhine

Graben terminates against the Burgundy transfer zone

(Figs. 4 and 5D).

In the Western Alps, where the subducted litho-

spheric slab remained attached to the European

foreland, intense crustal shortening persisted, as

evidenced by the early Oligocene (33.7–28.5 Ma)

emplacement of a stack of nappes derived from the

Valais Ocean, the Briançonnais terrane and the

Piemont Ocean on the Dauphinois Shelf, forming

the Penninic frontal thrust (Fig. 3; Ceriani et al.,

2001; Fügenschuh and Schmid, 2003; Bucher et al.,

2003). This was accompanied by back folding of the

West-Alpine orogenic wedge and by thrust propaga-

tion into the Dauphinois Shelf where it induced

inversion of Mesozoic extensional basins (Roure and

Colletta, 1996; Lickorish and Ford, 1998). By late

Oligocene times, the West-Alpine deformation front

was located some 100 km to the east of the Bresse

Graben (Fig. 5D).

During the Oligocene, north-directed compres-

sional stresses were projected from the still active

central Pyrenean collision zone (Vergés and Garcı́a-
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Senez, 2001) into the European foreland. These

stresses, together with those acting on the foreland

of the Central Alps, played a dominant role in

controlling the Oligocene main extensional stage of

ECRIS (Fig. 5D; Bergerat, 1987; Villemin and

Bergerat, 1987). In the area of Rhine rift systems,

these bPyreneanQ stresses interfered constructively

with north-directed compressional stresses exerted

by the Central Alps on their northern foreland

(Schumacher, 2002). By contrast, subsidence of the

northeast trending Eger Graben, in which late

Oligocene and early Miocene sediments attain max-

imum thicknesses of 300–400 m, commenced only

towards the end of its Oligocene main magmatic pulse

and was probably controlled by an indigenous stress

field, related to the collapse of a thermal dome

(Malkovsky, 1987; Adamovic and Coubal, 1999).

During its Oligocene main rifting phase, the Upper

Rhine Graben propagated northward in Rupelian

times into the Hessian and Roer Valley grabens (Fig.

5D; Ziegler, 1990; Schumacher, 2002; Michon et al.,

2003; Sissingh, 2003b). Similarly, the grabens of the

Massif Central and Rhône Valley subsided rapidly

during the Oligocene and coalesced. This rifting

activity was coupled with further sinistral movements

along the complex Burgundy transfer zone (Bergerat,

1977; Ziegler, 1994; Merle and Michon, 2001) and

activation of the more diffuse eastern Paris Basin

transfer zone (Coulon, 1992). During the Oligocene,

intermittent marine connections were established

between the Alpine foreland basin and the North

German Basin via the Rhône Valley and Bresse

grabens and the Rhine rift system (Sissingh, 1998,

2001, 2003b). The Rhenish Massif and the Massif

Central were still located close to sea level during

Oligocene times, as indicated by the occurrence of

remnants of marginal marine sediments on the former

(Ziegler, 1990; 1994; Sissingh, 2003b) and by

repeated marine incursions into the grabens of the

latter (Merle et al., 1998; Michon and Merle, 2001;

Merle and Michon, 2001; Sissingh, 2001).

Increasing volcanic activity in the area of the

Rhine-Roer-Hessian graben triple junction, and late

Oligocene gradual uplift of the Rhenish Massif can

probably be attributed to intensifying activity of the

Rhenish mantle plume and associated thermal thin-

ning of the mantle-lithosphere (Lippolt, 1983; Jung,

1999; Ritter et al., 2001). On the other hand, on the
Massif Central, rifting was accompanied only from

the late Oligocene onward by scattered volcanic

activity in its northern parts (Michon and Merle,

2001). By contrast, the Bohemian Massif experienced

during the early and middle Oligocene a major phase

of volcanism, which preceded the subsidence of the

north-easterly striking Eger Graben (Malkovsky,

1987; Adamovic and Coubal, 1999; Ulrych et al.,

1999).

During the late Rupelian and Chattian, the graben

systems of the lower Rhône Valley propagated south-

ward across the eastern, by now inactive parts of the

Pyrenean orogen into the Gulf of Lions and along

coastal Spain into the area of the Valencia Trough.

This rift system remained active until late Aquitanian

times (21.5 Ma) when crustal separation was achieved

and the oceanic Provençal Basin began to open.

Significantly, the grabens of the lower Rhône Valley

became inactive upon crustal separation in the

Provençal Basin. Development of the rather short

lived Gulf of Lions–Valencia Trough rift system was

driven by back-arc extension and eastward rollback of

the West-Alpine Tethys subduction slab (Ligurian–

Maghrebian Ocean), which dipped beneath Corsica–

Sardinia and the Balearic islands (Fig. 5D; Séranne,

1999; Roca, 2001).

During the late Oligocene, lithospheric shortening

compensating for Africa–Europe convergence, was

gradually transferred from the Pyrenean collision zone

to the Corsica–Sardinia–Balearic arc-trench system.

Consequently, the bPyreneanQ north-directed intraplate
compressional stresses gradually relaxed in the Euro-

pean foreland. On the other hand, late Oligocene–

early Miocene back-arc extension, related to rollback

of the Corsica–Sardinia–Balearic arc-trench system,

controlled the evolution of the Gulf of Lions–Valencia

rift and presumably contributed towards the subsi-

dence of the lower Rhône Valley grabens (Séranne,

1999; Andeweg, 2002).

Turning back to the main elements of ECRIS, we

conclude that a bPyreneanQ stress field, in which syn-

collisional stresses emanating from the Pyrenees and

Central Alps interfered constructively, essentially

controlled the Oligocene main extensional stage of

the Rhine and Massif Central–Rhône Valley rift

systems. However, crustal extension across ECRIS

demands the principle compressive stress axis to be

oriented vertically, as indeed mapped by Bergerat
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(1987), rather than sub horizontally as the collision-

related foreland stresses. This asks for the interference

of these foreland stresses with stresses controlled by

gravitational forces, such as, for example, the load of

upwelling mantle plumes. Conversely, we question

that slab-pull forces exerted by the southeast- to east-

dipping West-Alpine subduction system contributed

to the extensional subsidence of the Bresse and

Valence grabens and those of the Massif Central

(Stampfli et al., 1998; Merle and Michon, 2001;

Michon et al., 2003), which strike sub parallel to the

contemporaneously active West-Alpine deformation

front. From a kinematic point of view, the moderate

cumulative E–W extension across the Rhine and

Massif Central–Rhône Valley rift systems (in the

order of 5–7 km, see below), demands a minor

westward escape of areas located to the west of

ECRIS. In this respect, it is noteworthy that the late

Oligocene–early Miocene pulse of basin inversion,

which is evident in the Celtic Sea, Western Ap-

proaches, Channel and Paris basins, can be attributed

to a minor westward rotation of France in response to

extensional strain achieved across ECRIS, as well as

to the build-up of northwest-directed intraplate com-

pressional stresses which were exerted by the Western

Alps onto their foreland (Fig. 5D and E; Ziegler,

1990; Ziegler et al., 1995, 1998, 2002).
8. Step 5: Miocene (23.8–5.3 Ma)

Convergence rates between Africa and Europe

were still high during the earliest Miocene, but

abruptly decreased during the Burdigalian (19.5 Ma)

(Rosenbaum et al., 2002) as the Alpine orogen

progressively encroached on un-stretched European

crust. In response to continued convergence and

strong collisional coupling between the Alpine oro-

genic wedge and its European foreland, imbrication of

the external massifs of the Western and Central Alps

commenced during the Burdigalian (Mugnier et al.,

1990; Schmid et al., 1996; Fügenschuh and Schmid,

2003). However, unlike in the Central Alps, where

imbrication of the foreland basement is restricted to

the upper crust (Fig. 4), a major lower crustal ramp-

flat structure developed beneath the Western Alps,

causing uplift of the entire orogenic wedge and its

rapid exhumation (Fig. 3; Schmid and Kissling, 2000;
Fügenschuh and Schmid, 2003). Imbrication and

uplift of the Central- and West-Alpine external

massifs was accompanied by the propagation of

thin-skinned thrusts into the Helvetic and Dauphinois

shelves and ultimately into the domain of the Jura

Mountains (Schmid et al., 1996; Burkhard and

Sommaruga, 1998; Lickorish and Ford, 1998; Phil-

ippe et al., 1996, 1998).

Increased collisional coupling between the Alpine

orogen and its northern and western forelands, starting

in Burdigalian times, had clear repercussions on the

evolution of the Rhine and Massif Central–Rhône

Valley rift systems, as will be discussed below

(Fig. 5E).

During the Miocene, crustal extension across the

Rhine, Roer and Hessian grabens continued under a

northwest-directed stress field (Villemin and Bergerat,

1987; Schumacher, 2002), whilst the triple junction

area of these grabens was gradually uplifted and

became the site of increased volcanic activity (Lip-

polt, 1983; Jung, 1999; Sissingh, 2003b). The latter

can be attributed to progressive thermal thinning of

the mantle-lithosphere and thermal expansion of the

remnant lithosphere above a relatively narrow, more

intense asthenospheric thermal anomaly with a radius

of about 100 km, corresponding to the Rhenish plume

(Ritter et al., 2001).

Uplift of the Vosges-Black Forest Arch com-

menced during the Burdigalian (Laubscher, 1992).

At top-basement level, and in a N–S direction, this

arch has an amplitude of about 2.5 km and a

wavelength of 200 km with a steeper southern and a

gentler northern flank. At the Moho level, this arch

forms the culmination of a broadly southwest–north-

east trending anticlinal feature that extends from the

Massif Central via the Burgundy transfer zone

towards the Bohemian Massif (Figs. 2 and 5E; Dèzes

and Ziegler, 2002). As the Vosges–Black Forest Arch

is not associated with mantle-lithospheric thinning

(Achauer and Masson, 2002), its development must

be related to folding of the entire lithosphere.

Conglomerates shed from this arch southward into

the domain of the Jura Mountains (Kemna and

Becker-Haumann, 2003) suggest that its erosional

unroofing commenced around 14 Ma ago (Serraval-

lian). Moreover, uplift of this arch was accompanied

by relatively minor volcanic activity within and

outside the Upper Rhine Graben spanning 18–7 Ma
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(Jung, 1999). Magma segregation occurred at depths

of 100–70 km at the base of the lithosphere and within

its thermal boundary layer (with a possible contribu-

tion from deeper sources, J. Keller, personal commu-

nication). Uplift of the Vosges–Black Forest Arch,

which started prior to and continued during the late

Miocene to early Pliocene phase of thin-skinned

folding of the Jura Mountains (10–9 to 4 Ma;

Laubscher, 1986, 1992; Philippe et al., 1996; Becker,

2000), was coupled with uplift of the southern parts of

the Upper Rhine Graben and deep truncation of its

Oligocene–early Miocene syn-rift sedimentary fill

prior to the late Pliocene resumption of sedimentation

(Roll, 1979; Villemin et al., 1986; Sissingh, 1998;

Schumacher, 2002). A corresponding erosional

unconformity is clearly imaged by high-resolution

reflection-seismic lines recorded on the Rhine River

under the auspices of the EUCOR-URGENT Project.

These lines show that the hiatus across this uncon-

formity gradually decreases north of the Kaiserstuhl

and that in the northern parts of the Upper Rhine

Graben sedimentation was continuous during the

Miocene and Pliocene. So far, the age of this

unconformity has not yet been stratigraphically

calibrated more closely than about mid-Burdigalian

(F18 Ma; end upper Hydrobia beds; Roll, 1979).

End-Aquitanian (20.5 Ma) transpressional reactiva-

tion of pre-existing basement discontinuities at the

southern end of the Upper Rhine Graben (Laubscher,

2003) argues for the build-up of compressional

stresses at crustal levels that may have heralded the

uplift of the Vosges–Black Forest Arch. Whereas

Miocene and early Pliocene crustal extension across

the Upper Rhine Graben controlled continued sub-

sidence of its northern parts, uplift of its southern

parts, related to lithospheric folding, apparently over-

compensated for their extensional subsidence.

Marine connections between the Upper Rhine

Graben and the Alpine Foreland and North German

basins were severed during the Burdigalian and end-

Langhian, respectively (Sissingh, 1998, 2003b) in

response to lithospheric folding in the area of the

Burgundy transfer zone and the Vosges-Black Forest

and to thermal doming of the Rhenish Massif.

Therefore, from the Serravallian onward the erosional

base level in the Upper Rhine Graben was controlled

by the elevation of tectonic sills, which separated it

from the adjacent basins.
Early Miocene NW–SE extension across the Eger

Graben intensified after the 18 Ma end of sedimenta-

tion (Adamovic and Coubal, 1999) and was accom-

panied by progressive uplift of the northern parts of

the Bohemian Massif, presumably in response to

lithospheric folding. At the same time, volcanic

activity in the Bohemian–Silesian zone decreased

gradually (Ulrych et al., 1999).

In the Bresse Graben, which interferes with the

Burgundy transfer zone, an intra-Burdigalian (F18

Ma) erosional unconformity is observed that is over-

stepped by generally thin Serravallian and younger

series; the hiatus across this unconformity decreases

southwards (Séranne, 1999; Sissingh, 1998, 2001,

2003a). Development of this unconformity may be

related to lithospheric folding along the Burgundy

transfer zone that is characterized by an anticlinal

uplift of the Moho discontinuity (Lefort and Agarval,

1996; Dèzes and Ziegler, 2002). Moreover, uplift and

northward tilting of the Massif Central commenced

also during the Burdigalian, as evidenced by the

development of its north-directed drainage system.

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 deposits (Merle et al.,

1998; Michon and Merle, 2001; Sissingh, 2001).

On the Massif Central, volcanic activity increased

dramatically during the middle Miocene (14 Ma),

shifted to its southern parts where it peaked during the

late Miocene (9–6 Ma), whereas in its northern parts

volcanism was interrupted during the late middle

Miocene (12 Ma) (Michon and Merle, 2001). This

probably reflects increased activity of the Massif

Central mantle plume (Sobolev et al., 1997). From the

Burdigalian onward the gradual, though slow uplift of

the Massif Central was probably mainly driven by

plume-related thinning of the mantle-lithosphere and

related thermal expansion of the remnant lithosphere

(Michon and Merle, 2001) with lithospheric folding

playing a subordinate role.

In the Valence Graben, late Burdigalian and

younger series seal Oligocene extensional faults

(Philippe et al. 1998). The lower Rhône Valley

grabens became inactive with the late Aquitanian

(21.5 Ma) onset of sea-floor spreading in the

Provençal Basin that lasted until 16.5 Ma (late

Burdigalian; Séranne, 1999; Roca, 2001). During the
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Miocene, the Manosque and Alès grabens were partly

inverted (Roure and Colletta, 1996; Sanchis and

Séranne, 2000) in response to the build-up of west-

directed compressional stresses originating in the Alps

(Blès and Gros, 1991).

Late Miocene further inversion of the Paris,

Channel and Western Approaches basins testifies to

the build-up of northwest-directed collision-related

compressional stresses in the West-Alpine foreland

(Fig. 5E; Ziegler, 1990). These stresses, as well as

thermal and lithospheric folding-related uplift of the

Massif Central, impeded further subsidence of the

Limagne, Bresse and Valence grabens. Middle and

late Miocene lithospheric folding, controlling uplift of

the Vosges–Black Forest Arch, the Burgundy transfer

zone and contributing to the uplift of the Massif

Central, entailed northwestward tilting of the Paris

Basin, erosion of the sedimentary fill, particularly

along its southeastern margin, and the gradual

development of its modern drainage system (Fig.

5E; Mégnien, 1980).
9. Step 6: Pliocene–Quaternary (5.3–0 Ma)

The deep lithospheric configuration of the Alps has

recently been imaged by high-resolution 3D seismic

tomography (Lippitsch, 2003). The Central Alps are

characterized by a subducted slab, which is still

attached to the lithosphere and extends to depths of

150 km or even to 200 km. This slab is separated by a

50–150-km wide slab-window from the deep-reaching

Valais Ocean–Briançonnais–Alpine–Tethys slab that

was detached from the lithosphere at the end of the

Eocene (Fig. 4). Correspondingly, the slab, which is

still attached to the Alpine lithosphere, consists of

continental mantle-lithospheric and lower crustal

material that was subducted during Oligocene to

recent times. Its length corresponds closely to the

180 km of post-Eocene crustal shortening in the

Central Alps (Schmid et al., 1996). By contrast,

beneath the Western Alps a narrow slab window is

evident at a depth of about 110 km (Fig. 3), separating

the Alpine lithosphere from a long, deep-reaching slab

which presumably consists of the subducted oceanic

Piemont and Valais lithosphere plus Briançonnais and

European continental mantle-lithospheric material.

This slab was probably detached from the Alpine
lithosphere not earlier than during the early Pliocene

(5 Ma), as suggested by the activation of major

extensional faults in the frontal parts of the Briançon-

nais nappes (Sue and Tricart, 2002; Fügenschuh and

Schmid, 2003).

Crustal shortening in the Western and Central Alps

persisted during the Pliocene and Quaternary, as

evidenced by continued uplift of their external

crystalline massifs (Jouanne et al, 1998; Fügenschuh

and Schmid, 2003) and further compressional defor-

mation of the Jura Mountains (Philippe et al., 1996;

Giamboni et al., 2004) and the Dauphinois (Martinod

et al., 1996; Lickorish and Ford, 1998). Neotectonic

activity within the Alps and their foreland is

documented by their seismicity (Giglia et al., 1996;

Deichmann et al, 2000; Schmid and Kissling, 2000;

Sue et al., 2000) and by geodetic data, which indicate

for the Dauphinois and French Jura Mountains

present-day shortening rates of 2–5 mm/year (Jouanne

et al., 1995; Martinod et al., 1996). From about 4 Ma

onward, compressional deformation of the Jura

Mountains was no longer exclusively thin skinned,

but involved also the basement, as indicated by intra-

crustal earthquakes (Roure et al., 1994; Philippe et al.,

1996; Jouanne et al., 1998; Becker, 2000; Giamboni et

al., 2004).

Under the present stress regime the Roer Valley

graben is extending nearly orthogonally, whereas the

Upper Rhine and lower Rhône Valley grabens are

subjected to sinistral transtension (Fig. 5F; Ahorner,

1975; Giglia et al., 1996; Hinzen, 2003). Pliocene and

Quaternary transtensional and extensional subsidence

the Upper Rhine and Roer Valley grabens, respec-

tively, is documented by the fault-controlled thickness

of their Plio–Quaternary sedimentary fill (about 380

m near Heidelberg), the occurrence of active faults,

geomorphologic data and by earthquake activity

(Ahorner, 1983; Zijerveld et al., 1992; Plenefisch

and Bonjer, 1997; Klett et al., 2002; Schumacher,

2002; Michon et al., 2003; Hinzen, 2003). By

contrast, there is no evidence for further subsidence

of the Massif Central grabens (Michon and Merle,

2001), whereas the Bresse Graben was tensionally

reactivated during the Plio–Pleistocene deposition of

up to 400 m thick fluvial and lacustrine series

(Sissingh, 1998). In the Rhône Valley, there is

evidence for minor Pliocene–Quaternary normal

faulting (Blès and Gros, 1991).
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The present north- to northwest-directed compres-

sional stress regime of Western and Central Europe

(Müller et al., 1997) reflects a combination of forces

related to continued counter clock-wise convergence

of Africa–Arabia with Europe, and consequently

collisional interaction of the Alpine orogen with its

foreland, and North Atlantic ridge push (Gölke et al.,

1996). In the area of the Rhine rift system, the

trajectories of the Miocene and present stress field are

very similar (Schumacher, 2002). Yet, the magnitude

of stresses apparently increased between 3 and 2.5

Ma. This is compatible with a subsidence acceleration

of the Roer Valley Graben around 2.5 Ma (Zijerveld et

al, 1992; Geluk et al., 1994; Michon et al., 2003).

Moreover, the palaeo-Aare river, which between 5 and

4.2 Ma had followed the thrust front of the Jura

Mountains before it entered the Upper Rhine Graben

at Basel, and which from 4.2 Ma onwards flowed

westward into the Bresse Graben (Sundgau gravels),

was deflected again into the Upper Rhine Graben

around 2.9 Ma (Müller et al., 2002; Giamboni et al.,

2004). This may be attributed to a slow-down or the

end of up warping of the Vosges–Black Forest Arch

and the resumption of tensional subsidence of the

southern parts of the Upper Rhine Graben. Geodetic

data show 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 (Müller et al.,

2002). In the area of the Rhenish Massif, volcanic

activity shifted during the Pliocene and Quaternary

towards the Eifel area (Lippolt, 1983). Geomorpho-

logic data indicate that around 0.8 Ma uplift of the

Rhenish Massif accelerated, amounting since then in

the Eifel area to as much as 250 m (average rate 0.3

mm/year; Garcia-Castellanos et al., 2000; Meyer and

Stets, 2002), and still continues today at rates of up to

1.2 mm/year (Mälzer et al., 1983). Uplift of this arch

is attributed to the combined effects of the Eifel plume

thermal load (radius 50 km; Ritter et al., 2001; Garcia-

Castellanos, 2000), thermal thinning of the mantle-

lithosphere (Prodehl et al., 1995), and possibly also to

crustal-scale folding and/or the reactivation of Varis-

can thrust faults under the prevailing northwest-

directed compressional stress field (Ahorner, 1983;

Hinzen, 2003).

High-resolution reflection-seismic data indicate

that the northern parts of the Upper Rhine Graben

subsided continuously during Miocene to Quaternary
times with some faults extending upward through

Quaternary deposits. A minor, down-cutting base-

Quaternary(?) erosional unconformity, evident in the

northernmost parts of the Upper Rhine Graben, may

have developed in conjunction with up doming of the

Rhenish Massif. Southward, this unconformity dis-

appears towards the Heidelberg depocentre. On the

other hand, south of the city of Speyer, late Miocene

and Pliocene fluvial and lacustrine sediments pro-

gressively overstep the intra-Burdigalian unconform-

ity to the end that sedimentation in the southern parts

of the Upper Rhine Graben resumed only during the

late Pliocene and Quaternary. Syn-sedimentary exten-

sional faults and local positive flower-structures

(Strasbourg transfer zone) were active during the

Plio–Quaternary subsidence of the Upper Rhine

Graben (see also Illies et al., 1981).

The fact that Alpine detrital components occur

for the first time in the Roer Valley Graben at the

Plio–Quaternary transition (1.65 Ma, Boenigk, 2002;

Heumann and Litt, 2002) indicates that during the

late Pliocene (2.9–1.65 Ma) the sedimentary load of

the Rhine River was effectively trapped in the

Upper Rhine Graben. Sediment supply to the Upper

Rhine Graben was apparently in balance with the

generation of accommodation space by extensional

subsidence and tectonic controls on the erosional

base level (uplift of the Rhenish Massif). During the

late Pliocene, the Upper Rhine Graben was presum-

ably drained by a northward flowing low energy

river (Bingen–Koblenz Rhine) that linked up with

the higher energy Moselle river which crossed the

Rhenish Massif and debouched into the Roer Valley

Graben where the Kieseloolite sands and gravels

were deposited (Brunnacker and Boenigk, 1983;

Klett et al., 2002; Sissingh, 2003b). At the end of

the Pliocene, sediment supply to the Upper Rhine

Graben apparently exceeded its subsidence rates.

With this, the sediment load and perhaps also the

energy of the Bingen–Koblenz Rhine increased,

facilitating the transport of Alpine components

across the Rhenish Massif into the Roer Valley

Graben. During the Quaternary, the position of the

erosional base level in the continuously subsiding

Upper Rhine Graben was controlled by the balance

between the uplift-rate of the Rhenish Massif and

the incision rate of the Rhine River. Presently the

erosional base level of the Upper Rhine Graben is
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located 80 m above MSL at Bingen where the

Rhine canyon starts to cut across the Rhenish

Massif.

In the southern parts of the Upper Rhine Graben,

Plio–Quaternary tectonic activity is indicated by

folding of the Pliocene Sundgau gravels along the

Jura Mountains thrust front (Giamboni et al., 2004),

by faults extending through Quaternary deposits of the

graben fill, and by the seismicity of the area. Earth-

quake focal mechanisms indicate that deformation of

the upper crust is controlled by a strike-slip to

compressional stress regime whilst the lower crust is

subjected to extension (Plenefisch and Bonjer, 1997;

Deichmann et al., 2000). Transpressional deformation

of the upper crust can be attributed to collision-related

stresses, which are transmitted from the Alps above an

incipient mid-crustal detachment level. By contrast,

lower crustal extension may be related to buckling of

the mantle-lithosphere, controlling uplift of the

Vosges–Black Forest Arch, in response to collision-

related stresses transmitted from the Alps through the

mechanically strong parts of the mantle-lithosphere.

Significantly, earthquakes occur almost down to the

Moho but are absent below it (Plenefisch and Bonjer,

1997; Deichmann et al., 2000). In the area of the

Vosges-Black Forest Arch, crustal thicknesses range

between 24 and 28 km, with the laminated lower crust

accounting for 7–10 km (Brun et al., 1992; Dèzes and

Ziegler, 2002).

Uplift of the northern Bohemian Massif, which had

commenced during the Burdigalian, persisted during

the Pliocene and Quaternary and was marked by a

renewed volcanic activity (Ziegler, 1990; Ulrych et

al., 1999; Michon and Merle, 2001). This uplift is

attributed to lithospheric folding (Ziegler et al., 2002;

Ziegler and Dèzes, 2005). Lithosphere thicknesses

decrease from 100 km beneath the northern and

southern flanks of the Bohemian Massif to 80 km in

the area of the Eger Graben (Babushka and Plomer-

ova, 2001). This can be mainly attributed to thermal

thinning of the mantle-lithosphere during the Oligo-

cene pulse of increased volcanic activity in the area of

the Eger Graben. Resulting thermal weakening of the

lithosphere presumably caused localization of the

postulated lithospheric fold. However, as mantle

tomographic data are not yet available for this area,

a mantle-plume support of the Bohemian Massif Arch

cannot be excluded.
At the Miocene–Pliocene transition, the eastern

margin of the Bresse Graben was overridden by the

frontal, bLedonianQ thrust sheet of the Jura Mountains

by 3.5 km (Fig. 5F; Chauve et al., 1988; Guellec et al.,

1990; Roure et al., 1994). The toe of this thrust sheet

is sealed by Plio–Pleistocene lacustrine and fluvial

clastics, which attain thicknesses of up to 400 m in the

south central parts of the graben (Sissingh, 2001). The

corresponding accommodation space was provided by

a mild tensional reactivation of the Bresse Graben and

not so much by its incorporation into the flexural

Alpine foreland basin, as postulated by Merle et al.

(1998). A tensional model for this late subsidence

phase of the Bresse Graben is compatible with the

reactivation of its border faults (Rat, 1984) and the

distribution and thickness of its Plio–Pleistocene

sedimentary fill (Rocher et al., 2003). Moreover, mild

reactivation of the complex eastern border fault zone

of the graben caused a basin-ward downward deflec-

tion of the sole of the Ledonian thrust sheet by some

80 m (Rat, 1984; Chauve et al., 1988). From about 1.4

Ma onwards, the Bresse Graben was tilted to the West,

uplifted and subjected to erosion in conjunction with

uplift of the northern parts of the Massif Central and

further deformation of the Jura Mountains (Sissingh,

1998, 2001; Rocher et al., 2003). Moderate Pliocene

and Quaternary extension across the Bresse and Upper

Rhine grabens was presumably accompanied by

sinistral movements along of the seismically still

active Burgundy transfer zone (Giglia et al., 1996).

On the Massif Central, volcanic activity resumed in

its northern parts at the transition to the Pliocene (5.5

Ma) 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 a presently sub-active

level (Michon and Merle, 2001). During the Pliocene

and Quaternary, a volcanic chain developed that

extends from the Massif Central southward to the

Mediterranean (Maury and Varet, 1980). All this is

taken as evidence for increased activity of the Massif

Central mantle plume. From about 3.5 Ma onwards,

uplift of the Massif Central accelerated (Michon and

Merle, 2001) and still continues at rates of up to 1.75

mm/year with differential movements occurring

between blocks delimited by ENE-trending fractures

(Lenôtre et al., 1992). Under the present northwest-
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directed stress field, the Massif Central is subjected to

transtensional deformation (Delouis et al, 1993). This

stress field probably came into evidence during the

Pliocene upon decay of the Miocene west-directed

West-Alpine compressional stresses (Blès and Gros,

1991). Progressive plume-related thermal uplift and

northward tilting of the Massif Central apparently

counteracted transtensional subsidence of its graben

system, thus impeding accumulation of thick Pliocene

and Quaternary sequences.
10. Magnitude of extensional strain across ECRIS

The magnitude of late Eocene to recent crustal

extension across ECRIS is a matter of debate. Differ-

ences in estimates largely depend on whether exten-

sional strain is derived from upper crustal faulting in

the different grabens or from their crustal configu-

ration (Ziegler, 1994; Merle et al., 1998; Ziegler and

Cloetingh, 2004).

Extensional strain derived from upper crustal

faulting amounts to about 2 km across the Bresse

Graben, 3–4 km across the grabens of the Massif

Central and apparently does not exceed 7 km across

the Upper Rhine Graben. Across the Roer Valley

Graben upper crustal extension diminishes from 4 to

5 km in its south-eastern parts to zero near the Dutch

North Sea coast. However, based on uniform pre-rift

crustal thickness assumptions, the crustal configura-

tion of the Roer Valley, Upper Rhine and Limagne

grabens indicates a two to three times greater amount

of extension (Bergerat et al., 1990; Brun et al, 1992;

Geluk et al., 1994; Ziegler, 1994; Merle et al., 1998).

Note, however, that ECRIS is characterized by a

broad belt of Moho shallowing that cannot be

exclusively attributed to Cenozoic crustal extension,

thermal uplift of the Massif Central and Rhenish

Massif and lithospheric folding in the area of the

Burgundy transfer zone and the Vosges-Black Forest

and Bohemian Massif arches (Fig. 2). Therefore, it is

likely that in the ECRIS area crustal thicknesses

were not uniform at the onset of Cenozoic rifting,

mainly due to lateral variations in the intensity of

Permo–Carboniferous crustal thinning (see, e.g.,

western part of Massif Central; Ziegler and Dèzes,

2005) and Mesozoic crustal extension (e.g., Roer

Valley Graben; Zijerveld et al., 1992). Moreover, it
cannot be excluded that the Moho was destabilized

in areas of intense Cenozoic magmatism (e.g.,

Rhenish Massif, Massif Central; Ziegler and Cloe-

tingh, 2004).

Giving preference to extension values derived from

upper crustal faulting, we assume that crustal exten-

sion across the southern and central parts of ECRIS

was in the order of only 5–7 km, decreasing to zero at

its northern termination. Crustal extension across

ECRIS apparently entailed a corresponding rotational

westward displacement of France, involving repeated

reactivation of northwest trending Variscan and

Permo–Carboniferous shears, which transect the

Armorican Massif (Van Vliet-Lanoé et al., 1998)

and the Paris Basin (Fig. 1; Ziegler, 1990). It is

tempting to assume that this displacement was

compensated by the inversion of Mesozoic exten-

sional basins in the Channel–Western Approaches–

Celtic Sea area and by up warping of the Weald-Artois

axis (Fig. 5D–F; Ziegler, 1987, 1990; Butler and

Pullan, 1990; Mansy et al., 2003). However, the main

inversion pulses of these basins are not fully

synchronous with the main subsidence phases of

ECRIS. Nevertheless, far-field Pyrenean and Alpine

collision-related stresses presumably contributed

directly to the inversion of these basins (Ziegler,

1990), just as they did during the extensional

subsidence of ECRIS, as discussed above.
11. Conclusions

ECRIS developed by passive rifting in the

foreland of the Alps and the Pyrenees in response

to the build-up of syn-collisional compressional

intraplate stresses, which reactivated pre-existing

crustal discontinuities during the early rifting

phases. Once these stresses had reached a critical

magnitude, westward escape of the French block,

flanking ECRIS to the west, allowed for northward

and southward rift propagation. Examples of similar

syn-orogenic foreland splitting are provided by the

development of the late Carboniferous Norwegian–

Greenland Sea Rift in the foreland of the Variscan

orogen, the Permo–Carboniferous Karoo rifts in the

hinterland of the Gondwanan orogen and the

Neogene Baikal Rift in the hinterland of the

Himalayas (Ziegler et al., 2001; Ziegler and
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Cloetingh, 2004). By contrast, evolution of the Gulf

of Lions–Valencia Trough rift system, forming the

southern extension of ECRIS, was controlled by

back-arc extension related to rollback of the

Ligurian–Maghrebian Alpine–Tethys slab (Séranne,

1999; Roca, 2001).

ECRIS was activated during the late Eocene and

evolved under repeatedly changing stress fields

(Bergerat, 1987; Schumacher, 2002; Michon et al.,

2003), reflecting changes in the interaction of the

Pyrenean and Alpine orogens with their forelands.

The Rhine Rift System remained active until the

present, whereas the rifting stage of the Massif

Central–Rhône Valley grabens ended in the early

Miocene (Michon and Merle, 2001).

Volcanic activity in the ECRIS area commenced

during the Paleocene, gradually increased during the

Oligocene and Miocene and is presently sub-active

(Wilson and Bianchini, 1999; Michon and Merle,

2001). Seismic tomography images discrete upper

mantle plumes beneath the Massif Central and the

Rhenish Massif (Granet et al., 1995; Sobolev et al.,

1997; Ritter et al., 2001). Localization of major

magmatic activity in the ECRIS area suggests the

gradual assertion of these mantle-plumes and related

thermal thinning of the mantle lithosphere. Crustal

extension played thereby a secondary role in litho-

spheric thinning, partial melting and melt extraction,

although it provided conduits for the ascent of

magmas to the surface (Wilson and Downes, 1992;

Ziegler et al., 1995). The Paleocene pre-rift injection

of melilite dykes in the ECRIS area (Wilson et al.,

1995) is interpreted as reflecting the activation of a

mantle upwelling system beneath the Alpine foreland.

The upper asthenospheric P- and S-wave low velocity

anomaly, which is observed in Western and Central

Europe to a depth of less than 200 km, requires the

presence of partial melts in order to be compatible

with the observed surface heat flow (Zielhuis and

Nolet, 1994; Hoernle et al., 1995; Goes et al.,

2000a,b). Development of this anomaly, which

presumably commenced during the Paleocene, and

which can be interpreted as the head of mantle-

plumes, was associated with an increase in the

potential temperature of the asthenosphere. This

caused thermal weakening of the foreland lithosphere,

thus rendering it prone to deformation (Ziegler et al.,

1995).
11.1. Pre-rift stage

Paleocene intraplate compressional deformation of

the Western and Central Europe reflects strong colli-

sional mechanical coupling of the East-Alpine–Car-

pathian orogen with the European foreland, of the

Central Alpine orogen with the Briançonnais terrane

and of the Pyrenean orogen with its northern foreland.

Compressional stresses originating at the Alpine

collision zone relaxed in the foreland at the transition

to the Eocene, presumably in response to sediment

subduction (Ziegler et al., 1995, 2002). Eocene north-

directed lithospheric shortening in the Central Alps

and sinistral oblique convergence of the Western Alps

with their foreland involved subduction of the

Briançonnais terrane and the Valais Ocean (Schmid

and Kissling, 2000). This was accompanied by a rapid

advance of the evolving Alpine orogenic wedge

towards the ECRIS area. Slab- and thrust-loaded

subsidence of the Helvetic and Dauphinois shelves

commenced during the middle Eocene.

11.2. Early rifting stage

During the late Eocene, subduction resistance of

the European foreland increased. Consequently north-

directed intraplate compressional stresses, originating

at the Pyrenean and Alpine collision zones, built-up

again, activating ECRIS during the late Eocene

(Séranne, 1999) by reactivation of Variscan, Permo–

Carboniferous and Mesozoic crustal-scale faults. At

the Eocene–Oligocene transition the same stresses

controlled far-field basin inversion in the southern

North Sea and Western Shelf areas (Ziegler et al.,

1995, 1998). Slab-pull forces exerted by the Alpine

subduction system probably did not contribute to the

late Eocene activation of ECRIS.

11.3. Main rifting stage

The Oligocene main rifting phase of ECRIS was

controlled by northerly directed compressional

stresses originating at the Pyrenean and Alpine

collision zones. Following detachment of the Central-

and East-Alpine subduction slab at the Eocene–

Oligocene transition (von Blanckenburg and Davies,

1995; Davies and von Blanckenburg, 1995), the

Alpine orogenic wedge converged northwestward
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with its foreland under conditions of increased colli-

sional coupling (Schmid and Kissling, 2000; Ziegler

et al., 2002). Therefore, a slab-pull model (Michon et

al., 2003) is rejected as a driving mechanism for the

Oligocene evolution of the Rhine Rift System.

Similarly, it is unlikely that slab-pull forces associated

with the oblique West-Alpine subduction system

contributed, let alone controlled, crustal extension

across the Massif Central–Rhône Valley Rift System,

as postulated by Michon and Merle (2001). During

the late Oligocene, lithospheric shortening compen-

sating for Africa–Europe convergence was gradually

transferred from the Pyrenean collision zone to the

Corsica–Sardinia–Balearic arc-trench system due to

increasing subduction resistance of the Iberian litho-

sphere. Correspondingly, intraplate compressional

stresses originating at the Pyrenean collision zone

gradually decayed in continental Europe during the

late Oligocene. At the same time, eastward roll-back

of the West-Alpine Tethys subduction slab, which

dipped beneath Corsica, Sardinia and the Balearic

islands, commenced and controlled by back-arc

extension the development of the Gulf of Lions–

Valencia Trough rift system and further subsidence of

the lower Rhône Valley grabens (Séranne, 1999;

Roca, 2001; Andeweg, 2002).

11.4. Late rifting stage

The late rifting stage of ECRIS commenced with

the late Aquitanian onset of sea-floor spreading in the

Provençal Basin. As a consequence of this, the lower

Rhône Valley grabens became inactive (Séranne,

1999). However, during the Burdigalian west- and

northwest-directed compressional stresses built up in

the Alpine foreland (Bergerat, 1987; Blès and Gros,

1991) in conjunction with imbrication of the Alpine

external massifs (Fügenschuh and Schmid, 2003).

These stresses controlled the further evolution of

ECRIS, involving continued extensional subsidence

of the Roer Valley Graben and the northern parts of

the Upper Rhine Graben, and, from the mid-Burdiga-

lian onward, uplift of the Vosges–Black Forest Arch

and the southern parts of the Upper Rhine Graben

owing to lithospheric folding. Relatively minor

Miocene magmatic activity in the southern Upper

Rhine Graben area (Keller et al., 2002) can be

attributed to decompressional partial melting of the
asthenosphere and lower lithosphere in response to

lithospheric folding controlling uplift of the Vosges–

Black Forest Arch, which at the Moho level extends

into the Massif Central and the Bohemian Massif

(Ziegler and Dèzes, 2005). By contrast, progressive

uplift of the Rhenish triple junction is mainly

attributed to thermal thinning of the mantle-litho-

sphere above the Rhenish mantle plume (Jung, 1999;

Ritter et al., 2001). Similarly, plume-related thermal

thinning of the mantle-lithosphere contributed

towards uplift of the Massif Central (Sobolev et al.,

1997; Michon and Merle, 2001). Whether plume

activity contributed to the mid-Miocene and later

uplift of the Bohemian Massif is uncertain (Ziegler et

al., 2002). Subsidence of the Massif Central–Rhône

Valley grabens terminated during the early Miocene,

presumably due to the build-up of west-directed

compressional stresses in the West-Alpine foreland

(Blès and Gros, 1991) and thermal uplift and tilting of

the Massif Central (Michon and Merle, 2001).

Following detachment of the subducted West-Alpine

lithospheric slab at the Miocene–Pliocene transition

(Sue and Tricart, 2002), the Bresse Graben was

apparently tensionally reactivated during the Pliocene

by north-directed stresses.

11.5. Neotectonic activity

On-going deformation of ECRIS is related to a late

Pliocene increase in the magnitude of the present

northwest-directed stress field (Müller et al., 1997).

This stress field reflects a combination of forces

related to continued counter clock-wise convergence

of Africa–Arabia with Europe and North Atlantic

ridge push (Gölke et al., 1996; Giglia et al., 1996).

Note that the Rhine Rift System is not characterized

by an indigenous stress field (Plenefisch and Bonjer,

1997). Under the present stress field the Upper Rhine

and Roer Valley grabens continue to subside and are

sites of increased seismic hazard (Giardini et al.,

2003). By contrast, the lower Rhône Valley grabens

are only mildly reactivated (Blès and Gros, 1991).
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