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Abstract. – This paper reviews the geodynamic evolution of the Belledonne, Grandes Rousses and Oisans massifs in the
western Alps from Early Ordovician to Permian times. Three domains are distinguished. The eastern domain, which in-
cludes the NE Belledonne massif and the inner Oisans massif, records the subduction of the Central-European ocean
along a NW dipping subduction zone. The western domain is marked by Cambro-Ordovician back-arc rifting
(Chamrousse ophiolite) initiating the opening of the Rheic ocean. It was followed by Mid-Devonian obduction of the
back-arc Chamrousse ophiolite, towards the NW in relation with the SE dipping subduction of the Saxo-Thuringian
ocean. The central domain, including the SW part of the Belledonne massif, the Grandes Rousses massif and the outer
Oisans massif, records the Devonian to Carboniferous orogenic activity that produced calc-alkaline magmatism, Mg-K
granite intrusions and syn-collisional sedimentation related to Visean nappe stacking that we relate to the closure of the
Saxo-Thuringian ocean. Based on tectonostratigraphic correlations we propose that these domains initially correspond
to the northeastward extension of the Bohemian massif. During the late Carboniferous, the External Crystalline Massifs
including Sardinia and Corsica were stretched towards the SW along the > 600 km long dextral External Crystalline
Massifs shear zone. Offset of the Saxo-Thuringian and eo-Variscan suture zones from the Bohemian massif to the ECM
suggests a possible dextral displacement of about 300 km along the ECM shear zone.

Zones de suture et importance des décrochements tardi-varisques pour la reconstruction
géodynamique des Massifs Cristallins externes des Alpes occidentales

Mots-clés. – Chaîne Paléozoïque, Subduction, Collision, Zone de suture, Décrochement, Massifs Cristallins Externes, Alpes Occi-
dentales.

Résumé. – Ce papier résume l’histoire géodynamique des massifs de Belledonne, des Grandes Rousses et de l’Oisans
(Alpes occidentales) de l’Ordovicien au Permien. Trois domaines ont été identifiés et connus sur l’ensemble de l’Eu-
rope. Le domaine E est formé par le massif de Belledonne NE et la zone interne de l’Oisans a enregistré la fermeture de
l’océan central européen au Dévonien inférieur, entre Gondwana et la zone Moldanubienne, le long d’une zone de sub-
duction pentée vers le NW. Le domaine W a enregistré le rifting Cambro-Ordovicien donnant naissance à l’océan Rhéic,
puis l’obduction au Dévonien inférieur de l’ophiolite de Chamrousse, située en domaine arrière-arc. Le domaine central
inclus la partie SW de Belledonne, le massif des Grandes Rousses et la zone externe de l’Oisans. Ce domaine a enregis-
tré au cours du Dévonien et au Carbonifère la fermeture de l’océan Saxo-Thuringien le long d’une subduction pentée
vers le SE, associée à la mise en place de granites syntectoniques magnésio-potassique, puis la collision viséenne. Nous
proposons que le domaine central corresponde à la zone Moldanubienne, dans la prolongation est du massif de Bohème.
A la fin du Carbonifère, les Massifs Cristallins Externes incluant la Corse et la Sardaigne ont été entrainés le long d’une
grande zone de cisaillement dextre (> 600 km) orientée NE-SW dans sa branche nord associée à des conjugués senestres
de direction NW-SE dans la branche sud. Le décalage des sutures saxo-thuringienne et éo-varisque depuis le massif de
Bohème et au travers des Massifs Cristallins Externes suggère un possible déplacement dextre de l’ordre de 300 km le
long la zone de cisaillement des Massifs Cristallins Externes.

INTRODUCTION

The Variscan belt of Europe formed during the convergence
of Laurussia with Gondwana by closure of different oceans

and produced several suture zones; the Rheno-Hercynian,
the Saxo-Thuringian and the eo-Variscan suture zones
[Arthaud et Matte, 1977; Matte, 1986; 2001; Franke, 1989;
Faure et al., 2005]. Although these three suture zones are
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well recognized from southern Spain to the Bohemian Mas-
sif (fig. 1) their presence in the External Crystalline Massifs
(ECM) of western Alps is not certain. Ménot [1987; 1988a, b]
ascribed the Chamrousse ophiolite in SW Belledonne and
the retrogressed mafic eclogites in the Aiguilles Rouges,
NE Belledonne and Argentera Massifs [Ménot and
Paquette, 1993] (fig. 2), to the eo-Variscan suture zone and
proposed that the Belledonne Massif results from a tectonic
“collage” related to late orogenic Mid-Carboniferous
strike-slip faulting. Matte [2001] proposed that the
eo-Variscan suture zone was sheared during Permian times,
from the Bohemian Massif to Sardinia (including the Exter-
nal Crystalline Massifs), along a N030o strike-slip fault.
Finally, von Raumer et al. [2003; 2009] distinguished two
episodes of subduction in the ECM. The aim of this paper is
to take stock of the suture zones in the ECM of Belledonne,
Grandes Rousses and Oisans and their relationships with
major suture zones in the Paleozoic belts of western Eu-
rope. We first summarize the regional geology of these mas-
sifs based on many new data emerged during recent
1/50,000 scale mapping and we discuss the geological evo-
lution of the area in the framework of the Paleozoic
orogenic belts.

GEOLOGICAL SETTING

The Paleozoic basement of the ECM is composed of various
metamorphic rocks with ages spanning from Cambrian to
Carboniferous, and their non-metamorphic covers with ages
ranging from Late Carboniferous to Permian. They are

unconformably overlain by Mesozoic sedimentary rocks.
The highest grade of Alpine metamorphic imprint reaches
low greenschist facies conditions [Gratier et al., 1973],
which ensures that they retain the pre-Alpine tectono-meta-
morphic history.

The Belledonne Massif has been divided into three ma-
jor tectonic zones, separated by Late Paleozoic strike-slip
faults (fig. 3). The external zone of Belledonne is composed
of a weakly metamorphosed flysch series, the “Série
Satinée” (fig. 3). The internal zone of Belledonne is divided
into two parts; the NE and SW areas, separated by the
Rivier-Belle Etoile fault (RBE, fig. 3) [Ménot, 1988b]. The
NE area consists of gneissic and amphibolitic rocks in-
truded by Visean granites and overlain by volcanoclastic
rocks. The SW area consists of three nappes: Lower Paleo-
zoic Chamrousse ophiolitic complex, which overlies Devo-
nian-Dinantian igneous rocks, and Lower Paleozoic
micaschists slices [Ménot, 1988a].

To the East, the Grandes Rousses Massif, separated
from the Belledonne Massif by the Liassic Bourg d’Oisans
sedimentary basin (fig. 3), is composed of N-S elongated
Devono-Dinantian volcano-sedimentary units. Farther east,
the crystalline basement of the Oisans Massif has been di-
vided into an inner and outer zone [Le Fort, 1973]. The in-
ner zone is composed of high grade metabasic and
metapelitic units intruded by Carboniferous granites (fig. 3)
[Debon and Lemmet, 1999]. The outer zone is mainly com-
posed of micaschist and low grade or unmetamorphosed
volcanic and clastic sedimentary rocks of Devo-
nian-Dinantian age [Le Fort, 1973], free of Late Carbonifer-
ous magmatic rocks (fig. 3).
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FIG. 1. – General map of the Medio-European Paleozoic belt showing the emplacement of the main suture zone and the place of the External Crystalline
Massifs in western Europe [modified after Faure et al., 2005].
FIG. 1. – Carte générale de la chaîne paléozoïque médio-européenne avec ses principales zones de suture et figurant l’emplacement des Massifs Cristal-
lins Externes [modifié d’après Faure et al., 2005].



Based on their lithologies and tectono-metamorphic
evolutions, we propose a subdivision of the ECM into three
domains (figs. 2 and 4). The western domain corresponds to
the external zone of the Belledonne Massif, west of the
Synclinal Median (SM) fault. The central domain corre-
sponds to SW Belledonne and the Grandes Rousses Massif,
and the outer zone of the Oisans Massif. The central domain
is separated from the eastern domain by the Rivier-Belle
Etoile fault (RBE, fig. 3) [Ménot, 1988b]. The eastern do-
main includes NE Belledonne and the inner zone of the
Oisans Massif. In this new frame, the Aar-Gothard, The
Mont Blanc and the Argentera Massifs belong to the eastern
domain (fig. 2).

GEOLOGICAL UNITS

The Liassic rifting that affected the Alpine domain, sepa-
rated the Variscan basement into three tilted blocks;
Belledone, Grandes Rousses and Oisans [Lemoine et al.,
1986]. We evaluated the pre-Mesozoic relationship of these
massifs based on their lithologies, deformation and meta-
morphic histories.

The western domain

The external zone of the Belledonne Massif, east of the
Synclinal Médian (SM) fault, comprises metasedimentary
rocks [the “Série Satinée”, Bordet and Bordet, 1963; Figs. 4
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FIG. 2. – Structural domains of the External Crystalline Mas-
sifs [modified after Vivier et al., 1987].
FIG. 2. – Principaux domains structuraux des Massifs Cris-
tallins Externes [modifié d’après Vivier et al., 1987].



and 5] with rare intercalations of basic layers. This unit is
interpreted as a terrigenous sequence [Ménot, 1988a and
ref. therein]. Their age is estimated to be Late Neopro-
terozoic to Early Palaeozoic based on their similarities with
the Cévennes metapelitic series of the Massif Central
[Ménot, 1988 a,b]. Similar metasedimentary rocks are ob-
served in the Aiguilles Rouges, in the Argentera [Ménot et
al., 1994] and in the Barrandian domain of the Bohemian
Massif [Drost et al., 2004].

The central domain

The central domain consists of a nappe pile including the
Cambro-Ordovician ophiolitic complex of Chamrousse, the
Devono-Dinantian plutonic and volcanic series and Visean
metasediments and volcanics. The ophiolitic complex of
Chamrousse in the SW area of Belledonne is a well pre-
served kilometre-scale slab of oceanic lithosphere. It is
overturned and lies on younger plutonic and volcanic units
(figs. 3 and 4). The eastward extension of the complex has
been recognised east of the La Pra fault [Barféty et al.,
2001].

The plutonic sequence overlies a leptyno-amphibolitic
complex, interpreted as the volcanic and volcanoclastic
member of the ophiolitic suite [Carme, 1970; Ménot, 1979;
1988a]. The ophiolitic complex yielded Cambro-Ordovician
ages for protoliths: an U/Pb zircon age of 496 ± 6 Ma
[Ménot et al., 1988] and Sm/Nd isochron age of
497 ± 24 Ma [Pin and Carme, 1987]. Bodinier et al. [1981]
and Pin and Carme [1987] recognized three magmatic com-
ponents: E-MORB, N-MORB and a subduction-related
component. Ménot [1988a] found a progressive decrease in
continental contribution in parental magmas and suggested
that the magmatism took place near an active continental
margin and evolved to an open oceanic domain. The
Chamrousse ophiolite preserves magmatic textures and high
temperature low-pressure (T = 600-800oC, P = 0.3-0.4 GPa)
ridge axis-related deformations [Guillot et al., 1992].

The Devonian-Dinantian magmatism has been de-
scribed and dated in the SW part of the Belledonne Massif
(Riouperoux-Livet plutonic-volcanic complex, fig. 6). It
consists of bimodal suites of igneous rocks. The upper part
consists of metamorphosed felsic and basic volcanic,
volcanoclastic and plutonic rocks. The lower part comprises
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FIG. 3. – Geological map of the Belledonne, Grandes Rousses and Oisans Massifs based on the synthesis of 1/50,000 scale geologic maps. SM : Synclinal
Median fault ; RBE : Rivier-Belle Etoile fault and GRC : Grandes Rousses-Chatelard fault.
FIG. 3. – Carte géologique des massifs de Belledonne, Grandes Rousses et Oisans réalisée à partir des levés au 1/50 000o. SM : synclinal Médian ; RBE :
faille de Rivier-Belle Etoile et GRC : faille des Grandes Rousses-Chatelard.



leptynites and amphibolites intruded by trondhjemitic
sills and stocks [Ménot, 1986]. A U/Pb zircon age of
352 ± 56 Ma has been obtained for the trondhjemitic intru-
sions of the lower part of the complex [Ménot et al., 1985],
and the trondhjemites of the upper part yielded a U/Pb zir-
con age of 362 ± 4 Ma and 367 ± 17 Ma [Ménot et al.,
1987]. These series underwent a series of deformations and
metamorphism starting with the early deformation at
0.8 ± 0.2 GPa and 590 ± 60oC, followed by a deformation at
slightly lower P-T conditions (0.7 ± 0.2 GPa and
590 ± 60oC). K/Ar ages of hornblende bracket the earlier
metamorphism between 352 ± 55 Ma and 324 ± 12 Ma
[Ménot et al., 1987]. Finally, Westphalian normal faults de-
veloped under greenschist facies conditions [Guillot and
Ménot, 1999].

In the SW part of the Oisans Massif the protoliths of
massive amphibolites with interlayered quartzites, lepty-
nites and Chl-bearing micaschists [Le Fort, 1973] (fig.6) are
related to the same Devono-Dinantian magmatism. This
might be also the case for the amphibolitic gneisses from
the southwestern part of the Grandes Rousses Massif show-
ing similar lithology and mineral assemblages. Based on its
calc-alkaline character, Carme and Pin [1987] proposed an
active margin setting for the Devono-Dinantian magmatism.
On the other hand, Ménot [1988a] favors a continental
extensional setting as it shows a progressive change from a
mantle to a crustal source. The transition from an
extensional to a compressional regime [Ménot, 1988 a,b] is
also observed in the French Massif Central [Faure et al.,
2005].

Metavolcanic and sedimentary rocks of Visean age are
common in the three massifs (fig. 6). Their common occur-
rences suggest that they likely formed in the central do-
main. They are quartzites and Qtz- or Chl-rich schists, with
minor amphibolites, graphitic and marble beds and locally
associated with metaconglomerates (Taillefer Massif, NE

Belledonne, NW Grandes Rousses). The suite of clastic
rocks includes tuffs and volcanic breccias [Gibergy, 1968],
which are intruded by Visean Alpetta granites in the
Grandes Rousses Massif [Debon and Lemmet, 1999]. In NE
Belledonne, the Visean granites intrude the amphibolitic
basement, but not the volcano-sedimentary rocks, which al-
ways remain in an upper structural position [Vivier et al.,
1987]. This suggests that the Visean magmatism occurred
during the opening of local extensional basins in the NE
Belledonne domain, whereas in SW Belledonne and in the
Grandes Rousses Massif, this volcanism extends the Devo-
nian calc-alkaline magmatism. The Early Visean mag-
matism displays an arc-related tholeiitic signature [Carme
and Pin, 1987] with crustal contamination [Ménot, 1987;
Vivier et al., 1987] that we interpret as a back-arc basin de-
veloped on a thinned continental crust. On the map of figure
6, the schists of volcano-sedimentary origin are distin-
guished from the Visean conglomerates.

The syn-collisional plutonism postdates the early tec-
tonic and metamorphic evolution of the gneissic basement.
In the Belledonne Massif, syn-collisional Mg-K granites
constitute three plutons elongated parallel to the main re-
gional structures trending N030. They have calc-alkaline to
alkaline affinities. The Sept Laux granite is concentrically
zoned, varying from granodioritic to monzogranitic in com-
position, with locally abundant enclaves of lamprophyre. Its
outer parts show a striking synmagmatic foliation nearly
parallel to the margins. An age of 335 ± 13 Ma has been ob-
tained by single-zircon Pb evaporation [Debon et al., 1998].
In the St. Colomban pluton (343 ± 16 Ma) [Debon et al.,
1998] the main rock type is a medium-grained, often
strongly foliated monzogranite. Mafic enclaves are abun-
dant in the southern part of the intrusion. The La Lauziére
pluton (341 ± 13 Ma) [Debon et al., 1998] is heterogeneous
in composition, but mainly consisting of syenogranites with
minor quartz-syenites.
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FIG. 4. – (a) Schematic cross section showing the structural relationships in the Belledonne and Grandes Rousses Massifs. (b) Cross section of the Oisans
Massif [modified after Barféty and Pêcher, 1982].
FIG. 4. – (a) Coupe schématique montant les relations structurales entre les massifs de Belledonne et des Grandes Rousses. (b) Coupe schématique du
massif de l’Oisans [modifié d’après Barféty et Pêcher, 1982].



In the western part of the Grandes Rousses Massif, the
Alpetta Granite (fig. 6) is a deformed magnesian sub-alka-
line intrusion, composed of augen-gneisses including lenses
of amphibole-bearing gneiss and cut by a later, syn-tectonic
monzonitic intrusion [Roche Noire Granite; Giorgi, 1979;
Bogdanoff et al., 1991]. The Alpetta granite likely repre-
sents the southern extension of the St. Colomban pluton
judging from the distribution and similar geochemical char-
acteristics [Bogdanoff et al., 1991]. As revealed by
syn-magmatic S-C fabric in the NE Belledonne plutons and
in the Alpetta granite their emplacement occurred during
the development of a N000o to N020oE transpressive shear
zone [Barféty et al., 2001].

Mg-K granites intrude the outer zone of the Oisans
Massif (fig. 6). The Rochail intrusion is mainly monzo-
granitic in composition, with minor granite and syenite and
locally mafic enclaves [Debon and Lemmet, 1999]. It was
dated at 343 ± 11 Ma by U-Pb zircon [Guerrot, 1998]. The
Combeynot alkaline syenogranite, also shows high Mg and
K contents, and gives an U-Pb zircon age of 312 ± 7 Ma
[Cannic et al., 1998], about 20 Ma younger than the ages of
other Mg-K granitoids. The Mg-K granitoids are considered
to derive from enriched subcontinental lithospheric mantle
contaminated by continental crust [Debon and Lemmet,
1999].

The eastern domain

The eastern domain is mainly built by a polymetamorphic
gneissic basement including retrogressed eclogites and
mafic granulites and intruded by plutons of intermediate to
silicic composition. This basement is overlain by younger
Visean metasediments and volcanics (see above) and by
Permo-Carboniferous deposits (see below).

The polymetamorphic basement is dominantly made up
of biotite- and amphibole-rich migmatitic gneisses with
subordinate metabasites in the NE area of Belledonne. The
protoliths are mainly graywackes including minor mafic
volcanic layers and intruded by granitic bodies aged
489 ± 22 Ma (single zircon Pb evaporation) [Barféty et al.,
2001]. The metamorphism is polyphased [von Raumer et
Ménot, 1989; Guillot et al., 1998; von Raumer et al., 1999]:
(1) a Lower Paleozoic high-P event recorded in the
metabasites is followed by (2) intermediate-P amphibolite
facies metamorphism with the development of Ky-St assem-
blages in the metasediments and by (3) a regional anatexis
associated with Crd-bearing assemblages during Devonian
time. Finally, the retrogression of the rocks under
greenschist facies conditions was accompanied by the de-
velopment of a subvertical foliation related to dextral
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FIG. 5. – Geological map of rocks with pre-Devonian protholiths.
FIG. 5. – Carte géologique des formations pré-Dévoniennes.



shearing and coeval with intrusion of granitoids (at
335 ± 13 Ma) [Debon et al., 1998; Barféty et al., 2001].

In SW Belledonne, slices of Ky-St bearing metapelites
are tectonically interlayered with Devono-Dinantian
volcanics. Two sub-units are distinguished; the upper
sub-unit is mostly composed of Ky-St bearing micaschists,
whereas the lower sub-unit (“Allemont Fm.”) is mainly
made up of migmatitic gneisses and granitoids [Guillot and
Ménot, 1999]. The rocks of the lower sub-unit preserve rel-
ics of an early intermediate-P metamorphic assemblage
(P = 1.0 ± 0.1 GPa, T = 550 ± 50oC). Subsequently, both the
lower and upper sub-units underwent similar metamorphic
conditions; P = 0.8 ± 0.2 GPa and T = 610 ± 80oC. A late
deformation phase develops extensional shear bands at
P = 0.5 ± 0.2 GPa and T = 630 ± 100oC. The earlier meta-
morphism takes place during Devonian, whereas the late
syn-extensional metamorphism is Westphalian in age
[Fernandez et al., 2002].

The core of the Oisans Massif (fig. 3) is mainly com-
posed of garnet-bearing gneisses and rare Ky- and Crd-bear-
ing metasediments. They locally record two episodes of
migmatisation: (1) synkinematic Devonian leucosome veins,
(2) postkinematic Crd-bearing assemblages related to the
Upper Carboniferous deformation [Bogdanoff et al., 1991].

Several orthogneiss bodies occur with the paragneisses
of the eastern domain. One has been dated at 489 ± 22 Ma
(single-zircon Pb evaporation, Barféty et al., 2001; fig.5) in
the NE Belledonne Massif. Other alkaline to calc-alkaline
metagranitoids from the Oisans Massif, (“Gneiss d’Olan”)
(fig. 5) are considered to be Visean in age [von Raumer,
1998].

The retrogressed eclogites and granulites are inter-
layered within the paragneisses in NE Belledonne
(Beaufortin region, fig. 5) [Vivier et al., 1987 and ref.
therein]. Relicts of retrogressed eclogites are also recog-
nized in the southernmost sector of NE Belledonne (Lac
de la Croix, fig. 5) [Vivier et al., 1987 and ref. therein].
Thermobarometric estimates show P greater than
1.2 ± 0.1 GPa and T higher than 640 ± 30oC [Guillot et al.,
1998]. The age of the protolith and eclogite facies metamor-
phism have been dated at 473 � 21 Ma, and 390 ± 8 Ma re-
spectively [U-Pb on zircon, Paquette et al., 1989]. The
retrogression under amphibolite facies conditions is dated
at 373 Ma [Demeulemeester, 1982]. These metabasites have
a N- to E-MORB geochemical signature [Ménot et Paquette,
1993].

In the Oisans Massif, amphibolitic lenses in migmatites
[Le Fort, 1973] show N- to T-MORB geochemical signa-
tures and considered to have formed during Lower Paleo-
zoic continental rifting [Ménot and Paquette, 1993]. Among
these metabasites, garnet bearing granulites in the north-
western part of the massif contain relics of rutile and
symplectites of clinopyroxene + plagioclase suggesting that
they are retrogressed eclogites and the peak condition
greater than 1.4 ± 0.1 GPa and 850 ± 50oC [Guillot et al.,
1998]. These retrogressed eclogites may be comparable to
those of NE Belledonne, indicating the evidence for an
early Paleozoic subduction.

In the SE part of the Oisans Massif, Grt-bearing
granulitic lenses contain orthopyroxene symptomatic of LP
granulite facies (Peyre Arguet metabasites, fig. 5). Their
protoliths are probably the same as the eclogites described

above, but their metamorphic evolution is different with a
temperature increase up to 800oC during decompression
from 0.7 to 0.3 GPa, and is likely related to the Late Paleo-
zoic orogenic evolution [Grandjean et al., 1996].

The post-convergence magmatic events are represented
by several granitic stocks in the Oisans Massif and by the
single Grand Chatelard Granite in the Belledonne Massif
(fig. 7). The younger granitic plutons display high Al and
Fe contents [Debon and Lemmet, 1999]. Some stocks dis-
play a monzogranitic and syenogranitic composition, but
the most striking difference with the Mg-K granites is the
absence of mafic enclaves. In the ECM, the Al-Fe
magmatism is well defined in age, between 305 and 295 Ma
[Debon and Lemmet, 1999], and all granites with high Al
and Fe have been interpreted to be emplaced during the
Stephanian transtension regime [Strzerzynski et al., 2005].
Granites are abundant in the Oisans Massif and associated
with Upper Carboniferous Crd-bearing migmatites [Le Fort
and Ehstrom, 1969]. Sources appear to be similar to those
of the Mg-K granites: continental crust and subordinate en-
riched subcontinental lithospheric mantle [Debon and
Lemmet, 1999].

The Stephano-Permian sedimentary rocks are recorded
in both the central and eastern domains and are comprised
of black schists, sandstones and conglomerates with eco-
nomic coal seams (fig. 7). They are commonly associated
with rhyolitic, dacitic to andesitic volcanic and pyroclastic
rocks in the northern part of the Grandes Rousses Massif
[Banzet et al., 1985] and in the Aiguilles Rouges [Capuzzo
and Bussy, 2001]. Carboniferous sedimentary rocks are in
places pinched within the basement along major NNE-SSW
dextral faults during Permian time [Barféty et al., 2001].

STRUCTURAL EVOLUTION

Early Devonian nappe emplacement (D1)

The oldest structure (D1) is identified in the inner zone of
the Oisans Massif and corresponds to the emplacement of
the eclogitic unit onto the metasedimentary unit (fig. 4).
The age and direction of thrusting are unknown but nappe
emplacement occurred after the eclogitization of this unit
(ca. 395 Ma) and prior to its Devonian migmatisation
(< 355 Ma). As the root of the eclogitic unit is observed in
NE Belledonne [Paquette et al., 1989] a SE direction of
thrusting may be inferred. Southward thrusting of the
eclogitic nappe (Upper Gneissic Unit) onto a meta-
sedimentary unit (Lower Gneissic Unit) is also known in the
French Massif Central and dated at ca. 380 Ma [e.g.
Lardeaux et al., 2001 and Faure et al., 2005].

The amphibolitic sole of the Chamrousse ophiolite
(fig. 8a) preserved a Mid-Devonian foliation dated at
376 ± 7 Ma (unpublished 40Ar-49Ar dating on amphiboles
by Monié and Ménot). This S1 foliation is oriented 70oE
27oS bearing a N097o 10oESE amphibole lineation. Shear
criteria indicate top-to-the-WNW thrusting, probably re-
lated to the early obduction of the Chamrousse ophiolitic
complex. Moreover, we recently observed that the primary
contact between the serpentinites and the gabbros is locally
preserved in normal position defining the petrological
Moho at the top of the ophiolitic complex (fig. 8b). This
normal sequence (serpentinites + gabbros) is overlying the
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gabbros along an intra-ophiolitic ductile thrust that
developped under amphibolite facies conditions; it also
shows top to-the-NW thrusting (fig. 8a). The lower contact
between the gabbros and the Sechilienne amphibolites
(equivalent of the layer 1 in Alpine ophiolite) is still not
clearly identified all along the Chamrousse ophiolite; a
10 meters thick mylonite oriented N005o 20oW bearing a
N100 15oWNW stretching lineation also indicates top to the
NW thrusting just above the Chamrousse skiing station (fig.
8c). This suggests that the contact between the Sechilienne
amphibolites and the gabbros is also a tectonic contact with
the same thrusting vergency [Guillot and Ménot, 2009]. We
conclude that the apparent inversion of the whole ophiolitic
nappe pile may not be related to its passive rollover (in-
verted limb of a decakilometric fold) but it may result to
nappe stacking during Mid-Devonian times.

Visean nappe stacking (D2 and D3)

The major deformation in the NE Belledonne area and in the
Grandes Rousses Massifs is dominated by the emplacement
of Mg-K granites during Visean times along a N000o-N020oE

transpressive shear zone (fig. 6). In the Belledonne Massif,
the deformation resulted in the thrusting of the internal HP
unit towards the NW [Guillot et al., 1998]. This 10 km large
shear zone can be traced southward by the distribution of
granites to the outer part of the Oisans Massif (fig. 6). Con-
sidering the high Mg content of the granites, this
transpressive shear zone likely rooted within the upper man-
tle.

In the SW Belledonne area, the nappe pile including
the Devonian-Dinantian magmatic complex and the
Chamrousse ophiolite, records two stages of Visean defor-
mations [Guillot and Ménot, 1999; Fernandez et al., 2002].
In the felsic gneisses and amphibolites of the Devo-
nian-Dinantian magmatic complex, the D2 tectonic event
generated km-scale folds and a regional foliation dipping to
the east. This foliation is associated with an early mineral
lineation (N090o 130oE) defined by the orientation of
plagioclase and amphibole. This lineation is locally re-
aligned close to late N030 dextral strike-slip faults. In
mylonitic metasediments, the lineation is marked by the
preferred orientation of staurolite (N090oE). Shear criteria,
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FIG. 6. – Geological map of the Devonian-Dinantian magmatic and metasedimentary rocks, which developed in a back-arc basin on a thinned continental
crust. Visean magmatic and sedimentary rocks are related to syn- to post-collision basins.
FIG. 6. – Carte géologique des formations Dévono-Dinantiennes formant un domaine d’arrière arc. Les formations viséennes sont syn à post collision.



asymmetry of the folds and geometry of S-C structures indi-
cate top to the west or northwest thrusting during D2.

D3 deformation enhanced the NE back-thrusting of the
Chamrousse ophiolitic complex over the Devono-Dinantian
magmatic complex. The tectonic sole of the Chamrousse
ophiolitic complex shows a pervasive S3 foliation oriented
approximately N095oE and dipping 25oN, which clearly
overprinted the S1 foliation. All along the southwestern part
of the Belledonne Massif, the amphibolitic lineation L3 is
oriented N030oE dipping 25o towards the NE. The sole of
the Chamrousse ophiolite shows D3 microdrag folds ori-
ented N130oE and locally indicating top to the NE sense of
shear. Below the Chamrousse ophiolitic complex, in the bi-
modal magmatic complex, the S3 cleavage is parallel to the
mean axial plane orientation of D3 folds with an average di-
rection of N000o dipping 40oW. Hinge lines of these folds
strike parallel to the S2-S3 intersection lineation with a
N175oE orientation and dipping 25o north. Guillot and
Ménot [1999] suggested a local shearing as the cause of re-
orientation of the S2 surfaces into that of S3, indicating a
top to the east motion. Scattered shear criteria in the
paragneisses also indicate a thrusting towards the NE
[Fernandez et al., 2002]. In the southern flank of the
Romanche River in the Taillefer Massif, the dominant pla-
nar structure in the Visean volcano-sediments appears as a
composite S2-S3 crenulation schistosity. In these schists,
the intersection lineation between S2 and S3 is parallel to
the microfold axes of the crenulation with a N140o 10oSE
trending direction. The microfolds show a northeastern
vergence similar to that observed in the amphibolites at the
sole of the ophiolitic unit. The axial planes of D3
microfolds are parallel to those of mesoscopic folds. Thus,
the geometry of D3 microfolds is consistent with the major
fold structures, suggesting both took place during the D3
event. K/Ar ages of hornblende and granites bracket the
D2-D3 event between 341 ± 13 Ma and 324 ± 12 Ma
[Ménot et al., 1987; Debon et al., 1998].

Westphalian-Middle Stephanian extensional tectonics
(D4)

From Late Carboniferous to Permian times, the External
Crystalline Massifs belt records a complicate tectonic his-
tory dominated by extensional and strike-slip tectonics. The
SW Belledonne area records two phases of extension (D4
and D5). Both these deformation phases took place during
Late Carboniferous, as inferred from structural relation-
ships with Westphalian and Stephano-Permian sedimentary
basins. D4 occurs under low pressure anatectic conditions
in lower structural rocks and under greenschist facies condi-
tions in higher nappes [Guillot and Ménot, 1999; Fernandez
et al., 2002]. Kinematic indicators mark a SW-NE directed
extension, roughly parallel to the strike of the massif, with
collapse of the SW part and exhumation of the NE part of
this domain. This extensional event is responsible for the
opening of the Westphalian basins [Fernandez et al., 2002].
Eastwards, a N-S to N160oE ductile/brittle normal fault dip-
ping 65o to 80o towards the west is located at the transition
from the Grandes Rousses Massif to the western boundary
of the Oisans Massif (fig. 7). The D4 ductile normal fault
bears a N030oE 40oSW muscovite lineation indicating top
to the SW extension. This ductile extension is contempora-
neous with a local migmatization of the staurolite-bearing

schists in the Romanche Valley, as observed in the lower
part of the SW Belledonne area. At shallower structural lev-
els, the brittle faulting related to this extensional tectonics
post-dated the deposition of Westphalian sediments, as ob-
served in the SW Belledonne area, suggesting a possible
Middle Stephanian age for the D4 extensional tectonics
[e.g. Basile, 2006].

Stephanian-Permian extension and strike-slip faulting
(D5)

The late Variscan structures of the External Crystalline
Massifs are dominated by localized metric to hectometric
ductile to brittle dextral strike slip faults oriented NE-SW in
the Belledonne (fig. 8d) and Grandes Rousses Massifs and a
NNW-SSE ductile sinistral slip fault in the inner zone of the
Oisans Massif in which granite emplaced [Strzerzynski et
al., 2005]. The close association between strike-slip fault-
ing and normal faulting along a lithospheric shear zone is
very common as observed in the Tertiary Ailo Shan shear
zone in Indochina [Leloup et al., 1995] or the Karakorum
fault in western Tibet [Lacassin et al., 2004]. Similar direc-
tions of strike-slip faulting and of opening of the Late
Stephanian coal basins are observed in the French Massif
Central [e.g. Basile, 2006].

In the Oisans Massif, the Devonian nappe pile is cross-
cut by the intrusion of Stephanian granites along a N160oE
sinistral ductile strike-slip fault [Strzerzynski et al., 2005].
A ductile normal fault outcrops on the western flank of the
Oisans Massif where syn-migmatization extensional struc-
tures oriented N160oE to N010oE and dipping 50oW are
observed. These structures are locally associated with con-
jugated extensional S-C structures oriented N005oE to
N020oE and dipping 50oE. In the migmatites surrounding
the low-pressure-high temperature mafic granulites, syn-
migmatization extensional S-C structures, oriented N140oE
dipping 20oW, are interpreted as Stephanian extensional
structures [Grandjean et al., 1996].

The External zone of the Belledonne Massif is entirely
composed of a sub-vertical metasedimentary unit (Série
Satinée). This unit recorded three deformation phases. The
first phase of deformation is represented by 10 cm-scale
isoclinal folds with vertical axial surfaces and N-dipping
axes and reflects earlier dextral wrenching (Visean?). The
second phase generated metre-scale folds with horizontal
axial surfaces and sense of asymmetry indicating top to the
SE displacement compatible with the D5 event. The youn-
gest deformation overprinted the previous structures and
generated 10 - to 100 m -scale folds with vertical axial planes
and axes oriented N000o 20oN related to the Alpine defor-
mation along the Synclinal Median strike slip-fault.

This Stephano-Permian tectonics resulted in the separa-
tion of NNE-SSW trending blocks (fig. 7). Three major nor-
mal/strike-slip faults are recognized: the Synclinal Median
fault (fig. 4) is a typical Stephanian-Permian dextral strike
slip fault reactivated during Alpine convergence [Fernandez
et al., 2002]. It marks the juxtaposition of the external and
internal zones of Belledonne. The dextral Rivier-Belle
Etoile fault marks the boundary between the SW and the NE
Belledonne areas (fig. 8d). A third boundary between
Devono-Dinantian and older basement rocks has also been
traced between the outer and inner parts of the Oisans Mas-
sif. Le Fort and Ehstrom [1969] described this boundary as
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a major fault and recent structural investigations suggest
that it is a Stephanian normal fault [Guillot et Ménot, 1999]
with a sinistral component along an initial NW-SE direction
[Strzerzynski et al., 2005]. The prolongation of this normal
fault corresponds northwards to the conjugated Grandes-
Rousses-Chatelard dextral-strike slip fault (fig. 7). The em-
placement of the Al-Fe granites resulting from melting of
continental crust and subordinate enriched subcontinental
lithospheric mantle [Debon and Lemmet, 1999] within D5
strike-slip faults, suggests that these faults cross-cut the en-
tire continental crust and were rooted in the lithospheric
mantle. The importance of these Stephanian-Permian strike
slip fault zones for tectonic reconstruction will be further
discussed.

THE EXTERNAL CRYSTALLINE MASSIFS IN THE
PALEOZOIC FRAMEWORK

On the basis of the geological data presented above and pre-
vious reconstructions [von Raumer et Ménot, 1989; Ménot

et al., 1994; von Raumer et al., 1999; 2002; 2003; 2009;
Stampfli and Borel, 2002], we propose here to integrate
these three domains within the tectonic evolution of the Eu-
ropean Paleozoic orogenic belt. In comparison with the rest
of the Variscan belt, in terms of lithology, tectonic evolution
and associated metamorphism and magmatism, the External
Crystalline Massifs record the complete evolution
of the collision zone, comprised between Laurussia and
Gondwana, including Armorica. Considering that the
Chamrousse ophiolitic complex represents a witness of the
Late Cambrian back-arc rifting and a subsequent general
extension leading to the opening of the Rheic Ocean
[Guillot and Ménot, 2009; Von Raumer et al., 2009] and the
rest of the External Crystalline Massifs including Sardinia
and Corsica represent the southeastward prolongation of the
eo-Variscan suture zone [Matte, 2001; Corsini and Rolland,
2009; Rossi et al., 2009], we will demonstrate that the cen-
tral domain represents the Moldanubian zone, initially lo-
cated northward in the prolongation of the present-day
Bohemian Massif (fig. 9) in accordance with the interpreta-
tion of von Raumer et al. [2003].
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FIG. 7. – Geological map of the Late Carboniferous event. Domain I corresponds to the upper crustal level dominated by brittle extensional tectonics ; do-
main III corresponds to the deeper crustal level dominated by ductile extensional tectonics associated with widespread magmatism ; domain II is interme-
diate with both brittle and ductile tectonics and local anatexis.
FIG. 7. – Carte géologique du Carbonifère inférieur. Le domaine I correspond à la croûte supérieure dominée par l’extension fragile ; le domaine III cor-
respond à la croûte profonde dominée par l’extension ductile et le magmatisme. Le domaine II est intermédiaire, à la transition ductile-fragile avec une
anatexie très localisée.



Lower Paleozoic ocean

The Lower Paleozoic evolution of the External Crystalline
Massifs is variably recorded in pre-Devonian units. The
ophiolitic complex of Chamrousse in the central domain
represents the Cambro-Ordovician oceanic lithosphere. It is
characterized by E-MORB signature, relatively large vol-
ume of plagiogranites and the presence of volcanoclastic
sediments, suggesting that this ophiolite formed in a
back-arc continental basin [Guillot and Ménot, 2009]. In the
eastern domain, the metabasic rocks from NE Belledonne
derive from tholeiitic basalts formed on a thinned continen-
tal crust, close to a subduction zone. This continental prox-
imity is also supported by the striking occurence of
metasediments surrounding the retrogressed eclogites in NE
Belledonne and in the Oisans Massif (fig. 5). The minimum
age of sediments is provided by a radiometric age of
489 ± 22 Ma for a metagranite intruding these sediments
[Barféty et al., 2001].

A continental rifting with a possible subduction influ-
ence is also inferred for the geological setting of
orthogneisses preserved in the Oisans Massif (fig. 5) that
display alkaline compositions [von Raumer et al., 1993].
An Ordovician age is inferred since a similar Ordovician

magmatic event is well documented in the Paleozoic belt of
Europe and similar metagranites are recently reported in NE
Belledonne and dated at 489 ± 22 Ma (U/Pb on zircon)
[Barféty et al., 2001].

In the western domain, there are no relics of ocean ridge
or rift related magmatism. The only lithologies are meta-
sediments the protoliths of which are not dated. Their age is
supposed to be Late Neoproterozoic to Lower Paleozoic on
the basis of lithologic similarities with the metapelitic units
of the South Massif Central and Vosges [Ménot, 1988a].
Similar series are observed in the external part of the
Maures Massif [Arthaud and Matte, 1977], in Sardinia
[Carmignani et al., 1994] and Corsica and are traditionally
correlated with the Montagne Noire Massif [von Raumer et
al., 1993; Rossi, 2007]. These metasediments probably cor-
respond to a terrigenous series deposited at the northern
edge of the Gondwana passive margin during the
Cambro-Ordovician rifting.

The Cambrian-Ordovician period of widespread exten-
sion and rifting is recorded in some rock sequences from all
over the Paleozoic belt, as testified by the protoliths of
metabasic rocks with tholeiitic affinities [Paquette et al.,
1989; Ménot and Paquette, 1993 and ref. therein]. Accord-
ing to paleomagnetic constraints [Tait et al., 1997; Torsvik,
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FIG. 8. – a) General view of the upper part of the Chamrousse ophiolitic complex. The N-S dextral strike-slip La Pra fault puts the Devono-Dinantian mag-
matic rocks in contact with the Chamrousse ophiolitic complex. The petrological Moho (normal contact between the serpentinites and the gabbros) is pre-
served around the Manqué summit. Front of the photo, a ductile thrust oriented NE-SW puts in contact the normal serie (serpentinites + gabbros) over the
gabbros. b) photo of the sole of the Chamrousse ophiolitic complex (Les Puntis, Taillefer Massif) showing the top to the NW vergence folds , dated at
376 ± 7 Ma (unpublished 40Ar-49Ar dating on amphiboles by Monié and Ménot) c) photo of the mylonite oriented N005o 20oW bearing a N100o 15oWNW
stretching lineation indicating top to the NW thrusting, putting in contact the gabbro over the amphibolites of Sechilienne (Rocher de la Perche, Cham-
rousse skiing station). d) Metric dextral shear zone oriented N020o 85oE in the migmatitic paragneisses of NE Belledonne. Notice that shearing is syn to
post migmatitic, suggesting that it developed during the Carboniferous.
FIG. 8. – a) Vue générale de la partie supérieure du complexe ophiolitique de Chamrousse. La faille dextre N-S de La Pra, met en contact les roches mag-
matiques dévono-dinantienne avec l’ophiolite de Chamrousse. En dessous du Manqué, le Moho pétrologique est observé entre les serpentinites et les gab-
bros. Au premier plan, un chevauchement ductile orienté NE-SW met en contact la série normale sur les gabbros. B) Photo de la semelle ophiolitique de
Chamrousse (Les Puntis, Massif du Taillefer) montrant les cisaillements vers le NW daté à 376 ± 7 Ma (datation 40Ar-49Ar sur amphiboles par Monié et
Ménot). C) Photo de la mylonite (N005o 20oW portant une linéation N100o 15oWNW) correspondant au chevauchement vers le WNW des gabbros sur les
amphibolites de Séchilienne (Rocher de la Perche, station de Chamrousse). d) Zone de cisaillement métrique orientés N020o 85oE dans les paragneiss
migmatiques (NE Belledonne). Noter que la déformation ductile est syn à post migmatisation suggérant que le cisaillement est probablement d’âge carbo-
nifère.



1998], this general extension could be related to the open-
ing of a back-arc basin between the passive north Gond-
wana margin and the active Armorica domain [Matte, 1986;
von Raumer et al., 2002; 2008] (fig. 10a). In this scenario,
the ophiolitic complex of Chamrousse is a rare preserved
witness of the opening of this oceanic domain initiating the
opening of the Rheic Ocean [Guillot and Ménot, 2009].

The age (~ 470 Ma) of the NE Belledonne and
Argentera metabasites [Paquette et al., 1989] compared
with the Chamrousse ophiolitic complex (~ 495 Ma) may
suggest the late opening of the Central-European ocean be-
tween the Moldanubian zone and Gondwana (fig. 10b).

Silurian subduction

Convergence and subduction of oceanic crust at the transi-
tion from the central domain to the eastern domain, during
Silurian-Devonian times, are shown by eclogitic relics in
NE Belledonne, which are dated at 390 ± 8 Ma (U-Pb)
[Paquette et al., 1989]. Relics of eclogites have been found
only in rocks of oceanic origin, and are preserved in the in-
nermost part of the belt. Relics of HP oceanic rocks with
similar age (390 – 420 Ma) have been described in other
sectors of the External Crystalline Massifs (Argentera, Ai-
guilles Rouges) [Paquette et al., 1989] but also in the
Maures Massif, in Corsica and Sardinia [Palagi et al., 1985;
Libourel, 1985; Buscail, 2000; Franceschelli et al., 2007].
In the French Massif Central, the eo-Variscan period, during
which subduction of continental and oceanic crusts took
place [Matte, 1986], also spanned between 420 and 400 Ma,

and corresponds to the closure of the Medio-European ocean
(fig. 10c) [Matte, 1986; 2001; Faure et al., 1997, 2009;
Torsvik, 1998]. The localized occurrences of eclogitic rel-
ics, in the Aiguilles Rouges and NE Belledonne Massifs,
and thrusting over the Gondwana basement (eastern do-
main) towards the SE suggests that the polarity of the
subduction zone was initially towards the NW (fig. 10c).
This interpretation would be in accordance with the
subduction polarity proposed in the French Massif Central
[Matte, 1986; 2001]. Subduction was followed by collision
marked by the widespread migmatisation and amphi-
bolitisation dated at about 380-360 Ma [Vivier et al., 1987;
Paquette et al., 1989; von Raumer et al., 1993]. In contrast
with von Raumer and Stampfli [2008] who tentatively pro-
posed that the Chamrousse ophiolite obducted just after its
formation in the Early Ordovician, we propose that this ma-
jor Mid-Devonian collisional event was responsible for the
final closure of the back arc Chamrousse basin and its
obduction towards the WNW (fig. 10c).

Devonian subduction and Visean collision

Devonian-Dinantian bimodal igneous rocks outcrop in the
central domain. It probably corresponds to an arc or a
back-arc basin as the Brevenne unit in the French Massif
Central [Carme and Pin, 1987; Pin and Paquette, 1997;
Faure et al., 1997; 2009] and correlates with the central part
of the Moldanubian zone in the Bohemian Massif
[Schulmann et al., 2005]. There is no evidence of HP meta-
morphism associated with this second subduction. The LP
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FIG. 9. – Possible configuration of the Variscan belt of western Europe in Late Carboniferous times, showing the main sutures and prolongation of the
eo-Variscan suture zone in the External Crystalline massifs but also in Corsica and Sardinia. The southward prolongation of the Saxo-Thuringian suture
zone is only observed in the SW Belledonne Massif. The strong shearing of these two main suture zones (reduced at a width of 30 km) from Late Carboni-
ferous to Permian was accommodated by the dextral External Crystalline Massifs shear zone. Correlation of the Chamrousse ophiolite with the Saxo-Thu-
ringian suture zone requires a total offset of a minimum of 300 km. S.A.S.Z.: South Armorican shear zone; C.C.S.Z.: Coïmbra-Cordoba shear zone [after
Matte, 2001].
FIG. 9. – Configuration possible de la chaîne Varisque d’Europe occidentale au Carbonifère supérieur, avec la prolongation de la suture éo-Varisque dans
les Massifs Cristallins Externes, en Corse et en Sardaigne. La prolongation vers le sud de la zone de suture saxo-thuringienne n’est observable que dans
le massif de Belledonne SW. Le très fort cisaillement subit par les deux zones de suture réduite à une trentaine de kilomètre de large durant que le Per-
mo-Carbonifère est accommodé le long de la zone de cisaillement des Massifs Cristallins Externes. La corrélation de l’ophiolite de Chamrousse avec la
zone saxo-thuringienne implique un décalage d’au moins 300 km. S.A.S.Z. : zone broyée sud armoricaine ; C.C.S.Z. : zone de cisaillement de Coïm-
bra-Cordoba [d’après Matte, 2001].



eclogites from the Cellier unit and the blueschists from the
Groix island in South Brittany are dated between 360 and
370 Ma [Bosse et al., 2000; Ballèvre et al., 2009], but also
in the Saxo-Thuringian zone [refs in Ballèvre et al., 2009]
confirming the age of this second subduction event.
Paquette et al. [1989] dated an eclogite in the Argentera
Massif at 351 ± 1 Ma that likely corresponds to this second
subduction. The subduction plane probably dips towards the
SE in the studied area (fig. 10d) because:

– the Devonian-Dinantian volcanism developed within
the SW Belledonne-Grandes Rousses and western part of
the Oisans Massifs, thus the earlier Gondwana passive mar-
gin (eastern domain) was already accreted with Armorica,

becoming an active margin; the western part of this second
subduction-collision event is only formed by low-grade
metasediments, Cambro-Ordovician in age (Série Satinée),
thus it corresponds to a passive margin;

– the first compressive phase, recorded in the lower
units of the Devonian-Dinantian magmatism, is indicated by
a NW direction of shortening (fig 10e).

This is in accordance with the polarity and the timing of
subduction of the Saxo-Thuringian ocean in the Bohemian
Massif [Schulmann et al., 2005].

Visean rocks are not affected by this second
subduction-collision event, suggesting that the volcanism is
syn- to post-collisional. During the same period, the central
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FIG. 10. – Schematic evolution of the Belledonne-Grandes Rousses and Oisans domain in six steps during the Paleozoic Era (see text for explanation). It
shows the possible relationships of the Belledonne-Grandes Rousses-Oisans Massifs with the microcontinents Armorica and Gondwana and localizes the
two main suture zones : the eo-Variscan suture zone between Gondwana and Moldanubian zone and the Devonian-Dinantian Saxo-Thuringian suture zone
between Armorica-Barrandia and Laurusia. In this general scheme, the Chamrousse ophiolite is interpreted as a witness of a back-arc basin, emplaced on
the Saxo-Thuringian suture zone. SM: Synclinal Median fault.
FIG. 10. – Evolution schématique des Massifs Cristallins Externes en six étapes au cours du Paléozoïque. Ces coupes évolutives montrent le lien possible
des Massifs Cristallins Externes avec Armorica et Gondwana et identifient les deux zones de suture : la zone de suture éo-Varisque entre Gondwana et la
zone moldanubienne et la zone de suture saxo-thuringienne entre Armorica-Barrandia et Laurusia. Dans ce scénario, Chamrousse correspond à un bassin
d’arrière-arc obducté sur la zone de suture saxo-thuringienne. SM : faille du Synclinal médian.



domain also recorded a northwestward thrusting with a
sinistral component along wrench faults oriented N030o,
contemporaneous with the emplacement of Visean Mg-K
granites. The simultaneous thrusting and wrenching may
suggest a global transpressive regime that is compatible
with an oblique collision. The northwestward direction of
thrusting in the Belledonne Massif is in good agreement
with the common shortening direction and kinematic indi-
cators within the French Central Massif and the Armorican
Massif during the same period [Brun and Burg, 1982; Ledru
et al., 1989; Faure et al., 1997; Leloix et al., 1999].

A second shortening event, responsible for the
overthrusting of the Chamrousse ophiolitic complex onto
Devonian-Dinantian units towards the NE (fig. 10e) is dated
at 324 ± 12 Ma (K/Ar on amphiboles) [Ménot et al., 1987].
Similar Late Visean deformation is recently recognized as
the nappe displacement in the northeastern part of the
French Massif Central [Faure et al., 1997; Leloix et al.,
1999; Faure et al., 2001, 2002]. During this period, the
southern part of the Iberian block records thrusting towards
the southwest whereas the northern part of the Ibero-
Armorican arc still records NW compression [Brun and
Burg, 1982; Matte, 1986]. Thus, the D3 event is likely re-
lated to the lateral move of the Paleozoic blocks, located
north and south of the Ibero-Armorican arc, during the final
collision between Gondwana and Avalonia. This motion is
accompanied by the clockwise rotation of the northern
branch of the Saxo-Thuringian suture zone [Tait et al.,
1996; Edel, 2001].

Late Carboniferous and Permian evolution

Three major NW-SE trending, normal/strike-slip faults rim
the Westphalian and Stephanian basins to the east and delin-
eate crustal blocks exhibing different crustal depths, as sug-
gested by their metamorphic evolution and by the location
of Late Carboniferous basins (fig. 7).

In the central domain, two phases of Late Carboniferous
extension have been recorded, both developed at relatively
shallow crustal depths. The geometry of the Westphalian
and Stephanian basins and related brittle structures
[Fernandez et al., 2002], attests a first Westphalian to Mid-
dle Stephanian NE-SW direction of extension followed by a
second Late Stephanian NW-SE directed extension
(fig. 10f). The development of Westphalian and Stephanian
basins over the central domain testifies their shallow crustal
level at that time. The eastern domain (fig. 7) displays char-
acteristics of a deeper crustal level. The Al-Fe granitic
plutons, emplaced in a N-S extensional regime, are entirely
located in this block (fig. 10e). Secondary cordierite bear-
ing migmatites in the inner Oisans Massif are widespread
and obliterate quite completely the oldest structures. More-
over, in the SE portion of the Oisans Massif, granulites re-
cord a LP-HT late-Paleozoic metamorphism, with a P-T
path marked by a strong increase in temperature during de-
compression [Grandjean et al., 1996], as classically ob-
served in western Europe [e.g. Gardien et al., 1997].
Neither the Westphalian nor the Stephanian basins are pres-
ently preserved upon this block, providing another argu-
ment for its deeper structural level during the Late
Carboniferous.

Mid-Carboniferous to Permian strike-slip faulting plays
a major role in the final geometry and emplacement of the

External Crystallines Massifs. This fault system is well
known northward in the Mont Blanc Massif and was respon-
sible for the emplacement of several granitoids up to the
Stephanian [Bussy et al., 2000]. More to the south, in the
Argentera Massif, the dextral Ferrière-Mollières shear zone
is oriented NW-SE and is dated at 327 ± 3 Ma [Musumeci
and Columbo, 2005] while in the Oisans Massif, the NW-SE
shear zones are dated by syntectonic granite emplacement
at 302 ± 2 Ma [Strzezynski et al., 2005]. This suggest that
between the Stephanian and the Tertiary, the southern
branch of the External Crystalline Massifs, including the
Oisans and the Argentera Massifs recorded important coun-
terclockwise rotation related to a north-south regime of ex-
tension and corresponds to the individualization of a
conjugated strike-slip fault. This shift in strike is inter-
preted as anticlockwise tilting of the Argentera massif of
~ 40o during the Early Miocene [Corsini et al., 2004;
Corsini and Rolland, 2009]. In the Maure Massif, the Plan
de la Tour and the Rouet granites are also emplaced in a
NNE-SSW dextral shear zone at ca. 300 Ma [Onezime et
al., 1999; Corsini and Rolland, 2009]. Restoring the
Oligocene rotation (~30o) of the Corsico-Sardinia block, the
foliation strike and the orientation of the main fault aligned
along a N-S to a N030o direction and recorded similar evo-
lution from Silurian to Late Carboniferous as described in
the rest of the External Crystallines Massifs, in particular
the emplacement of Late Carboniferous granites (mostly
from 320 to 300 Ma in a transpressive dextral tectonique
régime [Corsini and Rolland, 2009; Rossi et al., 2009]. This
fault system defines a 30 km wide dextral strike-slip fault
system namely the External Crystalline Massifs shear zone
(fig. 9).

More to the north of Europe, a similar NW-SE dextral
shear zone active all along the Carbonifeous is recognized
in the southeastern boundary of the Bohemian Massif, de-
fining the 50 km wide Moravian zone [Suess, 1912;
Schulmann et al., 2005]. In accordance with von Raumer
[1998], we propose that the Moravian zone is the northward
equivalent of the External Crystalline Massifs Shear Zone
[Guillot and Ménot, 2009]. The fact that the External Crys-
talline Massifs show the same lithologies and the same
tectono-metamorphic evolution as the eastern part of the
Bohemian Massif [e.g. Schulmann et al., 2005 for compari-
son] suggest that the External Crystalline Massifs were
probably in lateral continuity with this massif during the
Early Carboniferous (fig. 9) as already suggested [Bard,
1997; Stampfli and Borrel, 2002; von Raumer et al., 2003].

Then, from Late Carboniferous to Permian times, the
northern branch was finally stretched and translated towards
the SE along the External Crystalline Massifs shear zone.
The length of this fault system from the Bohemian Massif
to the Maures Massif is of a minimum of 600 km. More-
over, the occurrence of synkinematic granitoids along this
shear zone suggests that it represents almost a crustal-scale
shear zone similar to the South Armorican shear zone or the
Coïmbra-Cordoba shear zone (fig. 9). Correlation of the
suture zones (Saxo-Thuringian and eo-Variscan) across the
External Crystalline Massifs shear zone requires a possible
offset of 300 km. In this general scheme, the external part
of the Belledonne Massif, but also the external part of the
Maures Massif, Corsica and Sardinia are the only
parautochthonous parts of the studied area and belong to the
southern Variscides (fig. 9). Such an important offset,
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equivalent of the offset estimated for example on the
Karakorum fault in Tibet [Lacassin et al., 2004], did not re-
sult in collision or extrusion processes but was related to the
global clockwise rotation of Africa during the Late Paleo-
zoic and the opening of the Paleo-Tethys oceanic domain
between Laurussia and Gondwana [Bard, 1997; Edel, 2001;
Matte, 2001; Stampfli and Borel, 2002; Nance and
Linneman, 2008].

IMPLICATIONS FOR ALPINE RECONSTRUCTION

According to Schmid and Kissling [2000], the northern
margin of Apulia (present-day Insubric line) was translated
by about 124 km towards the NW during the Alpine colli-
sion after the Eocene. Considering that the Bohemian and
the Maures Massifs were not affected by Alpine translation
and that the External Crystalline Massifs were aligned
along the External Crystalline Massifs Shear Zone at the
end of the Paleozoic (fig. 9) we estimated by comparing fig-
ure 1 and figure 9 that the amount of translation of the ECM
along the NW direction is about 110 km after the Paleozoic.
Our estimate is similar to Schmid and Kissling’s estimates
based on Tertiary reconstructions, which suggest that our
reconstruction is robust, i.e. that the External Crystalline
Massifs were initially aligned along the External Crystal-
line Massifs shear zone between the Bohemian and the
Maures Massifs, prior to the Mesozoic.

CONCLUSION

Reexamination of the 1/50,000 scale geological maps and
new structural and metamorphic data allow us to evaluate
the Paleozoic evolution of Belledonne, Grandes Rousses

and Oisans Massifs. We propose that the eo-Variscan suture
zone between the internal part of the Belledonne and the
Oisans Massif formed during the Silurian-Devonian
subduction-collision when Gondwana (Oisans) subducted
beneath and collided with Armorica (Belledonne-Aiguilles
Rouges) along a NW dipping subduction zone. The colli-
sion was accompanied by the closure of the back arc
Chamrousse basin and its obduction toward the WNW over
Armorica (or Barrandia).

A second episode of subduction-collision occurred from
Devonian to Visean time. It was characterized by the clo-
sure of the Saxo-Thuringian ocean along a SE dipping
subduction zone beneath the External Crystalline Massifs
and the development of an active margin on the northern
part of Moldanubian domain (SW Belledonne, Grandes
Rousses and outer Oisans Massifs]. The Visean collision
was characterized by intrusions of Mg-K syntectonic gran-
ites, nappe stacking towards the NW and Barrovian meta-
morphism and ended with the back thrusting of the
Chamrousse ophiolitic complex towards the NE.

The final tectonic activity was marked by widespread
extension and dextral wrenching from Carboniferous to
Permian times, along the > 600 km long External Crystal-
line Massifs shear zone. This strike-slip faulting was re-
sponsible for the SW translation of the External Crystalline
Massifs from northern Europe (in prolongation with the Bo-
hemian Massif) in response to oblique collision between
Laurussia and Gondwana.
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