N

N

Multistage shortening in the Dauphiné zone (French
Alps): the record of Alpine collision and implications for
pre-Alpine restoration

Thierry Dumont, Jean Daniel Champagnac, Christian Crouzet, Pierre Rochat

» To cite this version:

Thierry Dumont, Jean Daniel Champagnac, Christian Crouzet, Pierre Rochat. Multistage shortening
in the Dauphiné zone (French Alps): the record of Alpine collision and implications for pre-Alpine
restoration. Swiss Journal of Geosciences, 2008, 101 (Supplement 1), pp.89 a 110. 10.1007/s00015-
008-1280-2 . insu-00349919

HAL Id: insu-00349919
https://insu.hal.science/insu-00349919
Submitted on 27 Nov 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://insu.hal.science/insu-00349919
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

1661-8726/08/01S089-22
DOI 10.1007/s00015-008-1280-2
Birkhéuser Verlag, Basel, 2008

Swiss J. Geosci. 101 (2008) Supplement 1, S89-S110

Multistage shortening in the Dauphiné zone (French Alps): the record
of Alpine collision and implications for pre-Alpine restoration
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ABSTRACT

Three-dimensional modelling tools are used with structural and palaeo-
magnetic analysis to constrain the tectonic history of part of the Dauphiné
zone (external Western Alps). Four compressive events are identified, three
of them being older than the latest Oligocene. Deformation D1 consists of
W-SW directed folds in the Mesozoic cover of the study area. This event, bet-
ter recorded in the central and southern Pelvoux massif, could be of Eocene
age or older. Deformation D2 induced N-NW-oriented basement thrusting
and affected the whole southern Dauphiné basement massifs south of the
study area. The main compressional event in the study area (D3) was WNW
oriented and occurred before 24 Ma under a thick tectonic load probably
of Penninic nappes. The D2-D3 shift corresponds to a rapid transition from
northward propagation of the Alpine collision directly driven by Africa-Eu-
rope convergence, to the onset of westward escape into the Western Alpine
arc. This Oligocene change in the collisional regime is recorded in the whole
Alpine realm, and led to the activation of the Insubric line. The last event (D4)
is late Miocene in age and coeval with the final uplift of the Grandes Rous-
ses and Belledonne external massifs. It produced strike-slip faulting and local
rotations that significantly deformed earlier Alpine folds and thrusts, Tethyan
fault blocks and Hercynian structures. 3D modelling of an initially horizon-
tal surface, the interface between basement and Mesozoic cover, highlights
large-scale basement involved asymmetric folding that is also detected using
structural analysis. Both, Jurassic block faulting and basement fold-and-thrust
shortening were strongly dependent on the orientation of Tethyan extension
and Alpine shortening relative to the late Hercynian fabric. The latter’s re-
activation in response to oblique Jurassic extension produced an en-échelon
syn-rift fault pattern, best developed in the western, strongly foliated base-
ment units. Its Alpine reactivation occurred with maximum efficiency during
the early stages of lateral escape, with tectonic transport in the overlying units
being sub-perpendicular to it.

RESUME

L’histoire des deformations dans un secteur du Dauphiné (zone externe des
Alpes occidentales) est précisée en utilisant a la fois ’analyse structurale, le
paléomagnétisme et la modélisation 3D. On y reconnait quatre événements
compressifs, dont trois antérieurs a I’Oligocéne terminal. La deformation D1
se marque par des plis a vergence W a SW dans la couverture mésozoique.
Ce premier évenement, mieux connu dans la partie sud des massifs cristallins
dauphinois, est antérieur a ’'Eocene supérieur. La déformation D2 a produit
des chevauchements de socle orientés vers le N et le NW dans les massifs
dauphinois situés au Sud du secteur étudié. Mais ce dernier a été princi-
palement marqué par le raccourcissement D3 orienté ESE-WNW, qui s’est
produit avant 24 Ma sous une importante couverture tectonique de nappes
penniques. Ce changement entre D2 et D3 marque une évolution importante
de la collision alpine, d’abord dominée par la subduction continentale en con-
séquence directe de la convergence N-S entre Afrique et Europe, puis par
I’échappement latéral vers I‘ouest qui a généré I’arc des Alpes occidentales.
Cette réorganisation oligocene a aussi provoqué I’activation du décrochement
insubrien. La dernieére déformation D4, d’age Miocéne supérieur, a accentué
les bombements de socle des massifs des Grandes Rousses et de Belledonne,
entre lesquels des mouvements décrochants et des rotations ont distordu a
la fois les structures alpines antérieures, les failles et blocs téthysiens et la
foliation hercynienne. L'interface socle hercynien/couverture mésozoique, qui
était initialement plan et horizontal, a été construit en 3D. Le réseau des blocs
téthysiens y apparait déformé par des failles et des plis de socle. Les observa-
tions de terrain montrent que l'orientation du grain hercynien a largement
influencé la nature et la localisation des structures distensives et compres-
sives. Les dépocentres jurassiques se seraient disposés en échelon a cause de
I’obliquité de I’extension téthysienne par rapport a la foliation du socle. Du-
rant la collision, cette derniere a été le plus intensément réactivée lorsque la
contraction lui était subperpendiculaire, c’est a dire a partir de ’Oligocéne
quand le régime en échappement latéral vers I’Ouest a été établi.

1 Introduction

The origin of the arcuate shape of the Western Alpine fold belt
is still debated. Some models regard it as inherited either from

the shape of the Jurassic margins (Lemoine et al. 1989) or from
the shape of the Adriatic indenter (Coward & Dietrich 1989).
Other authors propose that the arc was created during Alpine
collision due to indentation and lateral escape (e.g. Tapponnier

ICNRS, Université Joseph Fourier, Laboratoire de Géodynamique des Chaines Alpines (UMR 5025), 1381 rue de la Piscine, F-38400 St Martin d’Héres.

Email: Thierry. Dumont@ujf-grenoble.fr

2Institute of Mineralogy, University of Hannover, Callinstrasse 3, D-30167 Hannover.

3 allée des Bayardines, 38530 Pontcharra.
4Total, BP730, F-92007 Nanterres cedex.

Multistage shortening and inversion in the French Alps S89



1 =2 3 [7 ]+ 05

7
b

Jura

— Lyon

E I. J

3 Chartreuse /. &

B fig. 3, fig. 5C QP %
(€]  Gremoblew A=A,

. |section Fig. 13 4= = Y

: vﬂ:co,rs - APely )

fig. 2, fig. 5B A\ \ N
‘Baronies '

=R nappes = 9o
S et

Prove

L 50 km : J_'_‘j‘jff--z

Fig. 1. Location of the study area. Shaded relief: deformed Meso-Cenozoic
cover of the External zone; 1: External basement massifs (Hercynian base-
ment); 2: Exotic flysch and klippe; 3: nappes of the Internal zones; 4: Internal
basement massifs, European origin; 5: Crystalline basement, Austro-Alpine
origin.
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1977; Vialon et al. 1989). However, various associated driving
mechanisms are involved: counter-clockwise rotation of the in-
denter and/or of the Penninic foreland (Ricou & Siddans 1986;
Choukroune et al. 1986; Laubscher 1988; Thomas et al. 1999),
change in relative motion of the indenter (Schmidt & Kissling
2000; Lickorish et al. 2002; Ford et al.2006), or indenter-induced
body forces with constant plate motion (radial outward model
of Platt et al. 1989a, Ratschbacher 1989). The arcuate trend
is outlined by the trace of the Internal Alpine units and their
western boundary, the so-called Frontal Pennine thrust (Butler
1992), Brianconnais Frontal Thrust (Sue & Tricart 2002), Pen-
ninic Basal Contact (Ceriani & Schmid 2004), and Basal Pen-
ninic Fault (Ford et al. 2006). By contrast, the trend of the exter-
nal crystalline massifs shows an abrupt change from NE-SW to
NW-SE, where the study area is located (Fig. 1). Belonging to
the Dauphiné zone, it shows high Hercynian basement massifs
with Mesozoic series pinched in roughly N-S trending synclines
(Fig. 2). In the literature these structures have been described
as inverted Jurassic basins (Barféty et al. 1979; Lemoine et al.
1981). Alpine shortening was strongly influenced by the Me-
sozoic rift pattern (Tricart & Lemoine 1986), which needs a
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detailed understanding of compressional deformation history
to be restored. Because the orientation of rift structures (tilted
blocks) and the transport direction along the major thrusts
changed through time (Graciansky & Lemoine 1988; Claudel
& Dumont 1999; Ceriani et al. 2001), the final geometry must
be studied in three dimensions, and maintaining consistency in
the deformation history between large-scale and small-scale
structures is of utmost importance. In this study field data and
palaecomagnetic records are considered in a regional frame-
work improved by the use of synthetic imagery (synthetic
aerial views and 3D geological maps). Additionally, 3D model-
ling of the Hercynian basement/Mesozoic cover interface was
carried out because this initially flat reference surface provides
a marker for finite deformation during the Alpine cycle (Teth-
yan extension plus Alpine shortening). This multidisciplinary
approach leads to a reappraisal of the relative effects of Her-
cynian heritage, Mesozoic rifting and Alpine shortening on the
present geometry. It also facilitates proposing time constraints
for some stages of Alpine exhumation in this area.

2 Structural and stratigraphic framework
of the northern Dauphiné

Many previous studies focused on structures and deformation
processes (Vernet 1965, 1974; Vialon 1974, 1986; Gratier et al.
1973, 1978; Gratier & Vialon 1975, 1980; Lamarche 1987; Gill-
crist 1988; Grand 1988; Crouzet et al. 1996). The northern Dau-
phiné region shows N-S to NE-SW trending massifs composed
of Cambro-Ordovician to early Carboniferous metamorphic
basement and intruded by late Variscan granites (Guerrot &
Debon 2000), locally with late Carboniferous cover of molasse
and conglomerates. The Palacozoic basement together with
these molasse sediments are truncated by a regional unconfor-
mity overlain by thin but widespread Triassic shallow marine
carbonates, and by deeper marine Liassic to Upper Jurassic
limestones and marls (Barféty 1988; Dumont 1998). The Me-
sozoic series are pinched between the basement massifs (Fig. 2;
Fig.3) and deformed under zeolite to lower greenschist meta-
morphic facies during Alpine shortening (see references in
Crouzet et al.2001a). The overall structure was first regarded as
Alpine folds involving the basement (Vernet 1965), then later as
remnants of Tethyan tilted blocks (Barféty et al. 1979; Lemoine
et al. 1981; Barféty & Gidon 1983, 1984) more or less affected
by tectonic inversion processes in a brittle setting (Grand et
al. 1985; Lemoine et al. 1986; Gillcrist et al. 1987). However,
the occurrence of large-scale basement folds, already noted by
previous authors (e.g. Vernet 1965), has been highlighted more
recently (Ford 1996; Dumont et al. 1997).

The tectono-sedimentary analysis of the Mesozoic record
documents Alpine and pre-Alpine deformation in the follow-
ing ways:

— The sharp Triassic transgression seals Hercynian structures
and makes it possible to distinguish between Hercynian and
Alpine cleavages;
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The constant thickness and facies of the widespread lower
Triassic dolomites, which were deposited in peritidal envi-
ronments, demonstrate that the whole domain was very flat
and horizontal at that time. Thus, the present geometry of
the transgression surface is the result of Mesozoic extension
combined with Alpine shortening;

The distribution, stratal patterns and palaeotectonic fea-
tures within Liassic syn-rift sediments help to reconstruct
the shape of Jurassic extensional blocks (Barféty & Gidon
1983; Lemoine et al. 1986; Barféty 1988, and refs. herein).
The vertical movements and extensional fault kinematics
can be deduced from analysis of palacobathymetry and se-
quence stratigraphy (Roux et al. 1988; Chevalier et al.2003).
Since the Triassic series contain few evaporites, the lower
part of the syn-rift sequence generally remains attached to
the basement, such that the contribution of Mesozoic rift
deformation on the geometry of the basement blocks of this
area can be evaluated.

Despite Alpine shortening, the Mesozoic rift structures are still
clearly visible on E-W profiles across the Bourg d’Oisans half-
graben (Fig.4; Fig. 5a). However, the 3D structure is poorly

Fig. 2. Structural map of the central Dauphiné
region, corresponding to the 3D model of Fig. 5b.

understood. Due to its present rhomb shape, it has been tenta-
tively interpreted as a pull-apart basin (Grand et al. 1985; Du-
mont & Grand 1987), but the amount of Alpine deformation
was probably underestimated.

3 Compressional structures and deformation history

Multistage deformation is documented by Gratier & Vialon
(1980), with strong reorientation of fold axis near the Teth-
yan-inherited Taillefer-Belledonne buttress due to increasing
strain intensity (Gratier et al. 1978). Here we propose a se-
quence of tectonic events which is similar to the one identified
by Sue et al. (1998) in a nearby area, but with different ages
(see discussion in § 5). Our outcrop observations focus on the
basement-cover interface, whose 3D regional-scale shape is
described in §4. We investigated the structural relationships
of this interface with two types of structures: (a) Alpine com-
pressive structures in the overlying Mesozoic sedimentary
cover, and (b) the late Hercynian foliation in the underlying
basement, which is locally involved in Alpine folds but which
can be restored together with the originally horizontal base-
ment-cover interface.

Multistage shortening and inversion in the French Alps S91
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3.1

Deformation sequence recorded in the Mesozoic cover

Alpine deformation was polyphase and the cleavages devel-
oped during folding under low to medium grade metamorphic
conditions (Gratier & Vialon 1980; Aprahamian 1988; Nziengui

199

3; Crouzet et al.2001a). Fold trends and cleavages measured

within the Triassic and lower Liassic formations around the
Grandes Rousses bulge (Fig. 6 and examples in Fig. 7) docu-
ment four folding and thrusting events (D1 to D4, in order of
increasing age):

D1 produced WSW- to SW-recumbent folds only visible in
the southern part of the study area (Auris fold; site 13, Fig. 6).
Itislocally overprinted by north-directed D2 crenulation, and
by D3 westward shortening (Fig. 7a). A similar deformation
history is known further south (Sue et al. 1998 and §6.4).

D2 involves only the southern part of the study area and is
much more developed further south (central and southern
Pelvoux). It consists of north- to NW-directed, high-angle
basement thrusts, which affect the Liassic cover only locally.
These features indicate N-S to NW-SE shortening, which
is parallel to the trend of the Alpine chain in this area. This
particular feature will be documented and discussed below

(§6.4).
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D3 is responsible for many of the observed structures, with
both small-scale folding of Triassic beds attached to the
basement and large-scale ductile deformation of the lower
Liassic wedge, disharmonically folded above basement
thrusts (Fig. 7b). D3 features are enhanced by the reactiva-
tion of basement foliation, which was suitably oriented for
high-angle reverse faulting (e.g. the Herpie and La Garde
thrusts: HT & LGT, Fig. 4b & 5a). D3 is top-W to top-NW
oriented, but the orientation of fold axes vary significantly
from south to north (Fig. 6). This curved path is due to D4
rotation, as shown by structural and palaeomagnetic data
(§3.2 and §5).

D4 consists of open folds with steep axial planes and
kink geometries, with local backward (eastward) fold and
thrust features (Fig. 7b & 7c). The associated cleavage S4
clearly overprints D3 structures along the road from I’Alpe
d’Huez to Villard Reculas (Fig. 7b), in agreement with Vi-
alon (1968) and Gratier et al. (1973). D4 folding is con-
sistent with conjugate strike-slip faulting on both sides of
the Rissiou basement block (Fig. 6, sites 4 to 6) and on the
western slope of the Grandes Rousses massif, indicating an
EW to N100° oriented maximum stress axis. D4 is probably
coeval with the final uplift of the Grandes Rousses massif,



which occurred recently according fission-track data (Sabil
1995).

3.2 Alpine compressional structures in the shallow part
of the basement

Alpine folding affected both the basement-cover interface and
the Hercynian foliation. In the hanging wall of the La Garde
thrust (LGT, Fig. 7b), the Hercynian foliation is involved in a
ramp anticline, as shown by the scatter of poles of Hercynian fo-
liation along a small circle of the stereogram (Fig. 8). This small
circle indicates a primary angle of no more than 20° between
the strike of Hercynian foliation before folding and the D3 Al-
pine fold axis measured in the sedimentary cover immediately

above the interface. This low-angle obliquity is repeatedly ob-
served in five locations from south to north (Fig. 9a, Fig. 10),
with Hercynian foliation and D3 fold axis rotated together but
maintaining about the same angle between both. This rotation
of the D3 fold axis together with the Hercynian foliation, about
40° clockwise from south to north, is due to the later Alpine
event D4.This renewed E-W shortening also involved (Fig. 9b)
conjugate strike-slip motion of the Rissiou and Alpe d’Huez
faults (RF and AHF) and updoming of the Grandes Rousses
bulge (Fig. 9c). Older Alpine structures such as D3 fold trends
and basement thrusts (HT, GRT; Fig. 3, Fig. 9b) are rotated and
involved in the bulge. Before rotation, the D3 structures and
the Hercynian fabric were more rectilinear, and were slightly
oblique to each other.

Aiguillett
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Fig. 4. E-W interpretative cross sections in the Bourg d’Oisans area (location Fig. 3).
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Fig. 5. a) Perspective geological map view from the South (same area as Fig. 3) combined with the interpretative cross-section of Fig. 4b. b) 3D model of the
Basement-cover interface (BCI) in the area corresponding to Fig. 2, perspective view from SW. Shaded relief combined with rainbow colour scale for altitude.
¢) Detailed 3D model of the BCI in the main area of interest (corresponding to Figs. 3 and 5a). Altitude scale is different from fig. 5b.

Main Alpine features: AHF: Alpe d’Huez fault; BEF: Belle Etoile fault; GRT: Grandes Rousses thrust; HT: Herpie thrust; LGT: La Garde thrust; RF: Rissiou
fault; SA: Sabot anticline; VS: Vaujany syncline; Main pre-Alpine (Tethyan) features: OF: Ornon fault zone; MF: Mizoén fault zone.
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pictures are given in Fig. 7. Most tectonic marks refer to deformation D3, locally overprinted by D4. A gradual clockwise rotation of F3 fold trends is observed
from south to north, as in the basement structures (Fig. 9). This D4 deformation in the Grandes Rousses massif may be related with conjugate strike-slip motions
of the southern BEF and RF suggested by steeply dipping F4 fold axes on both sides of the Rissiou block (sites 4 & 5).

Sites location: (1) Cote Alamelle cliff, (2) road to I’ Alpe d’Huez, (3) road from Huez to Villard Reculas, (4) 1 km north from Le Verney, (5) below Les Grandes
Cotes, SW from the Sabot pass, (6) 0,5 km west from the Sabot pass, (7) near the Couard pass, (8) southern slope of Créte des Sauvages, (9) between Blanc
lake and Milieu lake, (10) above Besson lake, (11) southern shoulder of the Chambon dam, below high water level (projected), (12) north of Sarenne pass, (13)
between Les Courts, Combe Gillarde and Cluy pass (projected).
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4 Large-scale present geometry of the Hercynian
basement-Mesozoic cover interface

4.1 modelling the basement-cover interface in 3D

As stated above, the present shape of the basement-cover in-
terface represents the combined effects of Tethyan and Alpine
deformations, because this surface was flat and horizontal 230
My ago before Jurassic extension (normal faulting, tilting) and
Alpine shortening (folding, thrusting). This surface frequently
has no Mesozoic sedimentary cover and is intersected by val-
leys, making it easy to model. Two 3D models of this basement-
cover interface were made using DEMs from the French Institut
Géographique National (BD-Alti database) and 1/50000 scale
geological maps from Bureau de Recherches Géologiques et
Minieres (BRGM), modified and georeferenced in NTF Lam-
bert III (Vizille sheet, Barféty et al. 1972; La Grave sheet, Bar-
bier et al. 1973; La Mure sheet, Barféty et al. 1988; St Christophe
sheet, Barféty, Pécher & coll. 1984). The areas covered by these
two models correspond to Fig.2 and Fig. 3, respectively. The
first larger model covers the Dauphiné and northern Oisans
(Fig. 5b;37x37 km). The second model focuses on the Grandes
Rousses-Rissiou area (Fig. 5¢; 18 x 18 km). We used the follow-
ing method:

— E-W topographic profiles were extracted every 350 m
(model 1, Fig.5b) or 250 m (model 2, Fig.5c) from the
DEM. Along each profile, the basement-cover interface was
located from outcrops or its depth was estimated consider-
ing the thickness of the sedimentary cover. Gaps were pre-
served when such estimation was unreasonably constrained
(e.g. central Bourg d’Oisans valley) or when a significant
part of the basement was suspected to have been removed
by erosion (e.g. Belledonne massif). In the latter case, the
envelope surface of the highest preserved relief was taken
as a minimum altitude value for the interface.

— The profiles were included in a 3D modelling box. The
traces of interface from each profile were connected, giving
patches which cover about 40% of the total area.

— Finally, an automatic interpolation was carried out (mini-
mum curvature method, Surfer software) in order to fill the
areas without data. These interpolated areas, lacking in geo-
logical constraints, are striped on Fig. 5b.

The models are presented in colour/altitude scale to show el-
evation (probably underestimated in the Belledonne massif),
and lightened to enhance the relief. They can be rendered as a
block-diagram (Fig. 5b) or map view (Fig. 5¢).

4.2 Characteristic features of the 3D models: Tethyan
vs. Alpine influence

The large model (Fig. 5b) shows relicts of the Jurassic half-
grabens (Bourg d’Oisans and Mizoén basins) which are N-S
oriented and which are best preserved from Alpine shorten-
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Fig. 8. Top: schematic cross-section of the La Garde thrust, with Alpine fold-
ing of Hercynian cleavage measured in the hanging wall block (stereogram).
Bottom: block-diagram of the Huez fold-La Garde thrust area (satellite view
over DEM).

ing in the northern and western parts of the modelled area.
The strongest compressional deformation of the interface
together with its highest altitude is observed in the south-
eastern part of the area, in the vicinity of the Pelvoux massif.
Cross sections extracted from this model in different direc-
tions illustrate the variable relative influence of Tethyan and
Alpine deformation in its present shape (Fig. 11): the tilted
blocks geometry is visible on E-W and ENE-WSW pro-
files n° 1 and 3, whereas the E-W shortening component is
more prominent to the south (profiles n° 2, 4 and 5). The lat-
ter produced basement uplift and forward short cuts, which
are contractional faults slicing through the basement in the
footwall of the normal faults. Along N-S profiles, trending
parallel to the Jurassic fault blocks, the changes in elevation
of the basement/cover interface are significant and show the
occurrence of a N-S Alpine shortening component. The as-
sociated N-directed thrusts (Fig. 11) are D2 structures (Sue et
al. 1999, and personal data). The compressional deformation
is decreasing from the SE (A, profile 6) to the NW (C, pro-
file 8). The A, B, C and D uplifted massifs lie in the hanging
wall of both north-directed and west-directed thrusts, which
suggests that this SE-NW gradient is due to partitioning be-
tween N-S and E-W shortening events. This is in good agree-
ment with the field data presented above, and corresponds to
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D2 and D3 events, respectively. The Grandes Rousses uplift
(E) is mainly due to E-W shortening, a conjugate result of
D3 and D4 events (§3.2). This model shows that the southern
closure of the Mizoén Jurassic half-graben is due to Alpine
shortening, namely westward and northward thrusting. In the
Bourg d’Oisans half graben, stratigraphic data suggest that
the offset of the Ornon Jurassic fault was decreasing south-
wards (Gidon 1980; Bas 1985; Barféty 1988). Our field investi-
gations and modelling concentrated in the northern termina-
tion of this half-graben. The Grandes Rousses massif shows
both a horizontal curvature on its western side and a gradual
uplift towards the central part of the massif. This uplift oc-
curs within a conjugate strike-slip system, that is between (i)
the Alpe d’'Huez fault zone (AHF, Fig. 5¢) including several
N120° sinistral faults visible along the road to I’Alpe d’Huez,
and the Belle Etoile reverse fault cutting the Belledonne
basement (BEF), and (ii) the Rissiou dextral fault (RF). The
Bourg d’Oisans syncline splits northwards into two branches
on each side of the Rissiou block (unit b, Fig. 5¢). The Rissiou
fault (RF) is not connected to the Jurassic Ornon fault (OF)
that runs northwards in the footwall of the BEF. Here is actu-
ally the northern termination of the Bourg d’Oisans graben
which therefore cannot be interpreted as a pull-apart basin as
proposed by Grand et al. (1985).

5 Thermochronological constraints

5.1 Age of peak metamorphism

Alpine metamorphic peak conditions are estimated at about
320 °C to 370 °C and 2 to 3.5 kbar, corresponding to a maxi-
mum overburden of 7 to 12 km (see discussion in Crouzet et al.
2001a). Surprisingly, the age of peak metamorphism in the stud-
ied areais not clearly constrained. It can be estimated from some
debatable data in the literature: the K/Ar method gives a reset
apparent age of 24 Ma from biotites of the Belledonne massif
(Demeulemeester et al 1986); the <2um clay fraction of Lias-
sic rocks dated using the same method gives 26.5 Ma (Nziengui
1993). The thermo-palacomagnetic record starts at 24.1 Ma in
the Bourg d’Oisans area (Crouzet et al. 2001a), thus, the meta-
morphic peak was reached earlier, and it may correspond to the
thermal overprint at 26.5 Ma or may be even older.

5.2 Rotation tested using re-interpretation
of palaeomagnetic data

The palacomagnetic interpretation of Crouzet et al. (1996)
was focused on tilting around a horizontal axis. The magnetic
mineralogy, the procedure and treatments used are extensively
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Fig. 9. Alpine fold trends and Hercynian grain
between the Grandes Rousses and Belledonne
massifs. a) Satellite view with location of five
sites showing a gradual change in orientation
of the late Hercynian cleavage from north to
south (stereoplots in Fig. 10). Sites location: (1)
Sabot pass, (2) from Couard pass to Jasse lake,
(3) above Besson lake, (4) Blanc lake, (5) road to
I’Alpe d’Huez. b) Simplified sketch map show-
ing the trend of late Hercynian cleavage (white
areas: basement outcrops), bended within two
late Alpine conjugate strike-slip fault boundaries
(RF: Rissiou fault; AHF: Alpe d’Huez fault; BEF:
Belle Etoile fault). ¢) Synthetic, horizontal per-
spective view of the Grandes Rousses bulge from
West, with no vertical exaggeration. Updoming is
probably associated with bending during D4, as
a compensation of westward displacement of the
Grandes Rousses massif within the conjugate RF
and AHF/BEF fault zones, coeval with the curva-
ture of its western side (Fig. 9b). The D3 Herpie
thrust (HT) is involved in bulging.
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described in other papers (Crouzet et al. 1996,1999 and 2001b).
Here these data are re-interpreted and some new data are pre-
sented (Table 1) in order to test the hypothesis of recent rota-
tion obtained from interpretation of our 3D model and struc-
tural data. The investigated sites are split into a northern and a
southern group (location Fig. 3) corresponding to areas 1 and 3
of Crouzet et al. (1996), respectively. These sites were selected
using the following criteria: (1) sites definitely tilted (Crouzet
et al. 1996) and sites with k < 10 were not taken into consider-
ation; (2) only sites from the lower Liassic formation were used
(except area 4 of Crouzet et al. 1996), because they are closer
to the basement/cover interface. The mean data for these two
groups are the following:

— Southern group (Fig. 3; Tables 1 & 2, area 3): the mean di-
rection (D =350.0°,1 = 52.5°,k = 76, 095 = 6.0) shows a sig-
nificant apparent counter-clockwise rotation of 17.7° + 8.5°
(Table 2) with respect to the expected direction at ~25 Ma
(D=7.7+3.9;1=583+2.7;a95 = 2.0) calculated after the
apparent polar wander path for stable Europe (Besse and
Courtillot 1991).

— Northern group (Fig.3; Tables 1 & 2, area 1): the mean
palaeomagnetic direction is D =359.5°, I =53.2°, k = 559,
095 = 2.6. It also shows a significant rotation of 8.2° + 4.6°
from the expected direction (Table 2).

Table 1. New paleomagnetic site characteristics. X, Y Lambert zone III coor-
dinates; Z: altitude in m; N: number of samples used; Dec (Inc): Geographic
declination (inclination) of the characteristic remanent magnetisation; k: pre-
cision parameter; o95: confidence cone for a 95% level; areas are defined
according to Crouzet et al., (1996). A new area corresponding to Villard Notre
Dame is introduced (sites BA, BB, BC).

Site X Y Z N Dec Inc K 095 area
47 891.34 3321.12 780 6 1.0 498 492.6 3.0 1
48+49  889.77 3320.00 740 13 39 564 138 116 1
50 887.31 331492 1400 4 169.7 -582 179.1 69 4
51 887.38 3315.08 1550 5 1739 -249 48 388 4
52 894.94 332643 1740 10 3589 525 528 6.7 1
53 888.00 331492 1445 7 190.7 -623 120.0 55 4
BA 891.80 330795 1465 5 1873 -525 189 181 6
BB 891.81 3307.90 1500 5 1935 -50.7 571 102 6
BC 891.83 3307.85 1480 7 191.1 -575 873 6.5 6
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The differential rotation between the southern and northern
groups is 9.5° + 8.6°. This rotation is significant at 95% con-
fidence. Therefore, the northern sites underwent a clockwise
rotation with respect to the southern sites, which is consis-
tent with the structural and kinematic observations discussed
above. Additional sampling was carried out on the SW part of
the study area:

— The mean directions for areas 4 (Oulles road) and 5 (Vil-
lard-Reymond), located in the western part of the Bourg
d’Oisans syncline, do not show any significant rotation with
respect to stable Europe since ~25 Ma. Thus D4 rotations
occurred only in front of the Grandes Rousses bulge, as ex-
pected from the model discussed in §4.2.

— Area 6 samples were taken in the lower Liassic beds in the
footwall of the D2 Villard Notre Dame thrust (Desthieux
& Vernet 1968), in order to test the influence of such struc-
ture on the magnetization direction. The samples from both
limbs of a D2 fold show no significant rotation with respect
to the expected direction of stable Europe (Table 2). This
shows that northward thrusting associated with D2 oc-
curred before the acquisition of magnetization.

5.3 Age of deformation stages

It has been demonstrated that the magnetization carried by pyr-
rhotite in the Bourg d’Oisans area is of thermal origin and was
acquired during cooling in a temperature/time range between
>320 °C at 24.1 Ma to around 220 °C at 20 Ma (Crouzet 1997;
Crouzet et al. 1999, 2001a and b). As stated above, magnetiza-
tion postdates D2 deformation. The fold test is also negative
concerning the Huez F3 fold (Crouzet et al. 1996), therefore,
magnetization also postdates D3. Therefore, deformations D1
to D3 must be older than 24.1 Ma. The Zijderveld diagrams
of most of the thermally demagnetized samples are linear be-
tween the pyrrhotite Curie temperature of 320 °C and 150 °C.
Consequently, no deformation seems to have occurred dur-
ing this cooling interval. The 150 °C isotherm may have been
reached at about 9 to 13 Ma according to Sabil (1995) and
Crouzet et al. (1996). Rotation and tilting which have affected
the palaecomagnetic record and which correspond to D4 defor-
mation, correlated with the Grandes Rousses bulge uplift and

bending, must then be younger than 13 Ma. The final exhuma-
tion is upper Miocene in age (9.3 + 1 Ma and 5.8 + 0.7 Ma AFT
ages: Sabil 1995).

6 Discussion

6.1 Mesozoic fault pattern: a result of oblique extensional
reactivation of Hercynian fabric

The structural and kinematic data demonstrate that the shape
of the Bourg d’Oisans Jurassic basin must have been signifi-
cantly distorted by Alpine events. The western sidewall, corre-
sponding to the N-S Ornon boundary fault (OF) south of the
Romanche valley, can be followed further north, in the footwall
of the BEF (Eau Dolle syncline, Fig. 4a). Its N-S trend parallels
the late Hercynian foliation, but conjugate strike-slip and/or
reverse faulting on both sides of the Rissiou basement massif
(area b, Fig. 3 & 4), has strongly distorted the pre-Alpine ge-
ometry of the northern Bourg d’Oisans basin. Evidence of syn-
rift extensional deformation is found between the Rissiou and
the northern Grandes Rousses massifs (Col du Sabot area c,
Fig.3 & 4): an east-dipping Liassic normal fault was located
between unit ¢ (Col du Sabot highly condensed lower Liassic
series; Chevalier et al. 2003) and unit d (Aiguillettes thick se-
ries, Fig. 7c). This Sabot Liassic fault (SF, Fig. 4a) coincides with
highly deformable basement (Sabot anticline schists, Fig. 4a &
Sc), located between two late-Hercynian granites (southern
termination of Sept Laux granite and Alpette granite), which
favoured the distortion of Tethyan structures in this area. A ten-
tative pre-Alpine restoration is given in Fig. 12a. Basement de-
formation in the Sabot unit (c¢) and the curvature of the western
Grandes Rousses unit (d) were taken into consideration. E-W
shortening of about 50% is in agreement with the deformation
measured in the Jurassic series (Gratier & Vialon 1980). In this
model, the Sabot paleofault (SF) died out southwards beneath
the Liassic cover of the Bourg d’Oisans basin, and extension
was then transferred to the Ornon paleofault (OF) further
west (Fig. 12b). The syn-rift (early Liassic) depocentres were
then aligned from the NE (Aiguillettes depocentre) to the SW
(Bourg d’Oisans depocentre, and further on the Beaumont ba-
sin: Bas, 1988). Because there is evidence that the Sabot, Ornon
and La Mure palaeofaults developed by extensional reactiva-

Table 2. Mean palacomagnetic directions for the different areas. Dec (Inc): Geographic declination (inclination) of the area, calculated using sites with k >10;
k: precision parameter; o 95: confidence cone for a 95% level; areas are defined according to Crouzet et al. (1996); N: number of sites used; R: rotation in respect
to the stable Europe pole at 25 Ma calculated from Besse and Courtillot (1991); dR: error on the rotation, calculated after Demarest (1983). While sites from
areas 3 to 6 are mainly reverse, the mean directions are given as a normal polarity in order to allow comparison between different areas. For areas 1 to 5, the
mean is calculated using data of Crouzet et al. (1996) and data presented in Table 1. Area 6 is newly defined in this paper.

Area Name Dec Inc k A95 N R dR
1 Allemond-Oz-Vaujany 359.5 53.2 559 2.6 7 -8.2 4.6
3 Huez 350.0 52.5 76 6.0 9 -17.7 8.5
4 Oulles 3.6 56.5 88 4.1 15 -4.1 6.7
5 Villard Reymond 8.6 55.3 38 3.6 7 0.9 59
6 Villard Notre Dame 10.7 53.6 410.4 6.1 3 3.0 8.8
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tion of N-S Hercynian foliation, we propose that this NE-SW
distribution of depocenters is due to en-échelon pattern of the
N-S master faults, and we interpret this feature as a response of
N-S Hercynian foliation to obliquely oriented Jurassic exten-
sion (NW-SE; Lemoine et al. 1989). Such a fault relay geom-
etry is observed in other natural examples (Cornfield & Sharp
2000) and in analogue experiments (McClay & White 1995).

6.2 Regional restoration: major half-grabens
in foliated basement

A larger scale restored cross-section perpendicular to the Ju-
rassic tilted blocks and to the Hercynian foliation is proposed
in Fig. 13. The eastern half of this reconstruction is signifi-
cantly different from previously published models (Lemoine
et al. 1986; Gillcrist et al. 1987; Trift & de Graciansky 1988;
Chevalier 2002). Only two major boundary faults are involved,
the La Mure and the Ornon faults. The syn-rift sequence is
clearly pinching eastwards on the Grandes Rousses block,
but further east the two limbs of the Mizoén syncline are not
regarded as conjugate normal palaeofaults because they both
display condensed, but conformable syn-rift sediments. Two
small half-grabens are now buried beneath the Mizoén syn-
cline and are exposed further south (see §6.4, Fig. 14). We
found no evidence to support the interpretation of the Meije
and Combeynot massifs as syn-rift tilted blocks (Lemoine et
al. 1986; Gillcrist et al. 1987), because all the areas east of the
Grandes Rousses block and around the Pelvoux massif bear
condensed syn-rift lower Liassic series (Barféty 1988; Corna
et al. 1997; Chevalier 2002). Thus the eastern Dauphiné zone
represented a large plateau without major fault blocks. This
suggests that the offsets of the western Dauphiné faults (La
Mure and Ornon) were transferred at depth to a flat detach-
ment underlying the whole eastern Dauphiné area (Fig. 13),
as proposed in different models (Gillcrist et al. 1987; Cheva-
lier 2002). Considering the width of the western tilted blocks
(~15 km), this detachment may have occurred in the middle
crust, either close to the brittle-ductile transition, or as a re-
activation of a Hercynian low-angle thrust.

According to this reconstruction, Jurassic extension was
accommodated in different ways in the western and eastern
parts of the Dauphiné zone, corresponding to different types of
basement. In the western area (central Oisans), the metamor-
phic units with synkinematic intrusions of early Carboniferous
granites are extensively foliated. This regionally consistent N-S
striking, east-dipping foliation was conveniently oriented for
extensional reactivation (negative inversion), and the major
fault blocks developed here. In contrast, the eastern basement
represented by the Pelvoux massif shows extensive late Car-
boniferous, late-orogenic granitic plutons (300 Ma; Guerrot &
Debon 2000) intruded at shallow depth. There, the early syn-
rift series are always condensed, indicating that no major fault
blocks developed. Further southeast, the Hercynian fabric is
oriented NW-SE (south-eastern Pelvoux massif, Argentera
massif), similarly to the syn-rift Jurassic basins in the southern

French Alps (Dardeau 1983). This also supports the interpreta-
tion that Hercynian foliation was a primary controlling factor
in the development of tilted blocks.

6.3 Multistage shortening: A proposed tectonic and geodynamic
scenario

The following sequence of eventsis proposed to explain the
data (Fig. 15a):

Earliest compressional structures: a consequence of Pyrenean-
Provence orogeny?

The Mesozoic cover of central Oisans was locally affected by
top southwest transport and recumbent folding (D1), locally
re-oriented along the Ornon Jurassic fault buttress. This early
compressional event is consistent with the SW-directed base-
ment-thrusting event well documented in the southern Pelvoux
area (Gidon 1979; Ford 1996; Lazarre et al. 1996). There, this
event pre-dates the deposition of late Eocene limestones. Thus
this early phase D1 must also predate the emplacement of Al-
pine nappes and be older than the peak of low grade metamor-
phism in the Dauphiné.

Early collision stage: Northward to NNW-ward thrusting
(Early Oligocene):

This event is hardly visible in the study area, but is a key fea-
ture for understanding the kinematics of the Western Alpine
external zone. The Alpine realm suffered important N-S con-
traction in response to Adria-Europe collision in late Eocene-
early Oligocene times (Lacassin 1989; Schmid & Kissling
2000; Dézes et al. 2004). Early Alpine northward to NW-ward
thrusting and folding is documented in many places through-
out the Alps: in the Helvetic zone (Dietrich & Durney 1986;
Ramsay 1989; Wildi & Huggenberger 1993), in the Internal
Zones (Caby 1973; Maury & Ricou 1983; Merle & Brun 1984;
Merle et al. 1989; Platt et al. 1989b; Schmid et al 1996; Ceriani
& Schmid 2004) and in the Austro-Alpine realm (Froitzheim
et al. 1994). N-directed thrusting is also known in the Pel-
voux realm (Barbier 1956; Desthieux & Vernet 1968; Bartoli
et al. 1974; Gidon 1979; Gillcrist 1988; Barféty & Gidon 1990;
Pécher et al. 1992; Ford 1996; Sue et al. 1998; Gidon 1999)
but it has been generally confused with Pyrenean-Provence
events. We propose that this D2 episode, which predates the
onset of westward escape in the Western Alps but involves
the late Eocene sediments, occurred in early Oligocene times,
consistently with our palacomagnetic record (§5.3). We also
propose that this event is linked with the emplacement of the
exotic early Alpine Embrunais-Ubaye nappes to the SE of
the study area (2, Fig. 1). There, the Eocene flysch was bur-
ied to more than 7 km depth (south of the Pelvoux massif;
Waibel 1990) and suffered local isoclinal folding in the foot-
wall of these nappes (Prapic area, Orcieres geological sheet;
Debelmas et al. 1980). According to Kerckhove et al. (1978),
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the associated tectonic transport direction was towards the
NW.Both these D2 structures and the nappes are overprinted
by D3 SW-directed tectonic transport. The Penninic Romand
and Chablais Prealps nappes were also emplaced in early Oli-
gocene times towards the N to NW onto the external Euro-
pean units (Mosar et al. 1996; Bagnoud et al. 1998).

W-directed basement stacking and early stage of exhumation
(Oligocene, >24 Ma):

A sharp kinematic shift must have occurred between D2 and
D3, since all the post-D2 deformations correspond to westward
propagation of shortening. The eastern part of the Grandes
Rousses area is affected by D3 high-angle basement thrusts
that reactivate the N-S trending late Hercynian lithological
boundaries and cleavage (e.g. the Herpie thrust, HT, Fig. 4).
D3 shortening is properly oriented to produce both short cuts
of the Tethyan horsts and pinching of the syn-rift basins along
the Belledonne-Taillefer, Jurassic-inherited buttress (Dumont
et al. 1996). Greater amounts of inversion are observed in the
Helvetics (Morcles nappe, Badertscher & Burkhard 1998). In
the study area, the offset of basement thrusts is generally less

than 1 km. They form ramp anticline features in the shallow
part of the basement and their displacement is transferred to
large-scale folds in the lower Liassic cover (Huez fold, Fig. 7b).
This deformation still occurred at elevated temperatures, prob-
ably >320 °C, because it predates the pyrrhotite magnetization
(Crouzet et al. 1996 and 2001a). Thus D3 represents an early
stage of the exhumation history, soon after the metamorphic
peak which may have occurred in Oisans aroud 26 Ma or ear-
lier (§85). The latter is very likely related with the westward
emplacement of the Internal Nappes stack onto the External
zone along the Brianconnais Frontal Thrust (sensu Sue & Tri-
cart 2002; D3 activation of Roselend thrust according Ceriani
et al. 2001 or D2 stage of Fiigenschuh & Schmid 2003) which
occurred in early and middle Oligocene times, between 33 Ma
and 27.5 Ma (Tricart et al.2000; Ceriani et al. 2001; Tricart 2004).
The D3 westward tectonic transport of the Internal Nappes
was strongly influenced by the Pelvoux basement bulge, previ-
ously thickened during D1 and D2 episodes (Gamond 1980;
Tricart 1980). The propagation of this tectonic overload is also
recorded in the Mt Blanc and the Argentera external massifs,
which were buried to over 14 km at 22 Ma (Leloup et al. 2005;
Corsini et al. 2004).
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Buttressing and forward propagation of uplift
(Middle-Late Miocene, <13 Ma):

According Crouzet et al. (1996 and 2001a), no deformation oc-
curred during the main cooling interval from 320 °C to 200 °C-
150 °C. Structural and palaeomagnetic records indicate that
post-D3 clockwise rotation and strike-slip faulting occurred be-
tween the Grandes Rousses and Belledonne basement blocks.
D4 also produced long wavelength uplift of the Grandes Rous-
ses massif, later than 10 Ma. The large scale anticlinal shape
of this massif (Vernet 1965) formed at that time, as shown by
opposite tilting of the palacomagnetic vectors in the Liassic
sedimentary cover (West side: Crouzet et al. 1996; East side:
Lamarche et al. 1988). D4 in the Bourg d’Oisans and Grandes
Rousses areas was enhanced by the uplift of the Belledonne-
Taillefer buttress, which increased shortening of sedimentary
series with local backward folding. This recent exhumation of
the Belledonne massif is documented by:

— The lack of basement rocks from the Belledonne massif in
the Middle Miocene conglomerates of the proximal delta
near Grenoble (Bocquet 1966).

— The upper Middle Miocene to Pliocene range of apatite fis-
sion-track data from the eastern Belledonne near the study
area (14.3 £2.0 to 4.2 = 0.5 Ma; Sabil 1995).

The uplift and subsequent increasing buttress effect to the east
of the Belledonne-Taillefer massif is probably a consequence
of the late Miocene transport of these external massifs above
a crustal ramp, which accommodated the westward propa-
gation of the Alpine orogen (Mugnier et al. 1990; Deville &
Chauvieres 2000).

6.4 Interpretation of D2 shortening: an early, N-directed stage
of Alpine collision

The Dauphiné crystalline basement in the study area is short-
ened and uplifted by several E-W, southward dipping high-
angle thrusts (Fig. 2, Fig. 11). Most of the highest peaks in the
region are in the hanging wall of such structures. Our kinematic
data from the Mesozoic cover indicate that this remarkable
event occurred between D1 and D3, and the Eocene flysch is
involved. Further south in the Lanchatra valley (Fig. 14, loca-
tion Fig. 2), the Liassic strata in the footwall of the Muzelle E—-
W thrust (MT, Fig. 11 & 14) are affected by both E-W and N-S
shortening. Northward recumbent folding below this thrust
affects an earlier cleavage and is overprinted by a younger
one, namely D1 and D3, respectively. Thus MT is a D2 feature.
Other D2 thrusts (ST, MT, VT, TT; Fig. 11) bear evidence for
dextral strike-slip reactivation and/or deformation by E-W D3
shortening, and several of them crosscut older compressional
structures. For example (Fig. 14), the hanging wall block above
MT transports a huge D1 granitic-core anticline and previously
shortened Tethyan tilted blocks are cut in its footwall.

Such perpendicular shifts in orientation of shortening were
already noticed by Gillcrist (1988) and Sue et al. (1998). To-
gether with Ford (1996) and Gidon (1999), they regarded all
the N-S shortening features as related to pre-Late Eocene Py-
renean-Provence orogeny. Bravard & Gidon (1979) proposed
that the north-directed thrust system of the northeastern Pel-
voux was active during Late Eocene, but the synsedimentary
tectonic evidence is highly questionable according Butler (1992).
In our opinion, two episodes with a N-S shortening component
must be distinguished: a pre-Late Eocene event, so-called “Py-
renean-Provence”, and an Early Oligocene, early Alpine event.

Aiguillettes

Restored map depocenter

Bourg d'Oisans
depocenter

Bourg d'Oisans depocenter

Restored
block diagram

Aiguillettes depocenter

extension

| >< Hercynian fabric

Fig. 12. The main structural units (a) to (f) corresponding to Fig. 3 & 5c are restored in a pre-Alpine position based on semi-quantitative estimation of Alpine
deformation (left). The superposition of the main Liassic faults and depocentres over this restored map leads to reconstruction b, right: the faults were subparal-
lel to the late Hercynian fabric and close to N-S oriented. Extension was transferred laterally from the Sabot fault to the Ornon fault. This could be due to the
initial obliquity between the involved Hercynian fabric and NW-SE Jurassic extension.
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Fig. 13. E-W cross-section of the whole Dauphiné zone, with proposed reco

nstruction during the early Jurassic, based on the distribution and facies of early

syn-rift sediments. Large-scale blocks tilting occurred only in the western part, as a suspected consequence of specific basement lithologies and postulated con-

nection of the major normal faults with a mid-crustal detachment level.

The former (D1) is dominantly S-directed and is sealed by the
Priabonian beds in southern Pelvoux (Gidon 1979; Ford 1996;
Gupta 1997). The latter (D2) overprints D1 features in many
places, it is north to NW-directed and is nowhere sealed by the
Late Eocene sediments. It clearly deformed the Nummulitic for-
mations both in the eastern Pelvoux (Bravard 1982, and personal
data) and in the southern Pelvoux area (Gidon & Pairis 1981).

6.5 Basement folding

Despite metamorphic conditions lower than greenschist facies,
the Dauphiné basement accommodated a significant amount of
E-W shortening by large-scale folding, as shown by the contorted
shape of the initially flat basement-cover interface in our 3D
models. This feature has been considered of minor importance in
some thin-skinned type models that emphasize brittle deforma-
tion (Butler 1984; Platt 1984), but kilometric-scale folds occur in
the hanging wall of high-angle basement ramps, and even granitic
blocks show large wavelength folds: the Grandes Rousses massif
is a 10 km-wide basement anticline, and the Rochail massif is a
granitic dome in the hanging wall of both D2 and D3 thrusts. The
Pelvoux massif itself is a 5 km-high basement bulge created by
D1 and D2 N-S shortening, which suffered D3 underthrusting
below the westward-propagating internal nappes (Gamond 1980;
Tricart 1980). Since the conditions for ductility of granitic miner-
als were not reached in this region (§5.1), the «semi-ductile»
deformation of basement must involve the following processes
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(i) pressure-solution for a prolonged period; and/or (ii) simple
shear reactivation of the Hercynian foliation when it was opti-
mally oriented (e.g. eastward dip favoured reverse reactivation
during E-W shortening). The features observed here represent
an incipient stage of basement folding much more developed in
recumbent structures of some other external crystalline massifs
(Aar-Gotthard massif, Pfiffner et al. 1990).

6.6 Integration of our observations with the Alpine
collisional evolution

Two different nappes stacks are found to the S-SE and to the
east of the Dauphiné basement massifs (Fig. 15b): (1) the Em-
brunais-Ubaye nappes which propagated north-westwards
during the Early Oligocene (Kerckhove et al. 1978) and which
experienced a 90° anticlockwise rotation in transport direction
(Merle & Brun 1984), and (2) the Internal nappes transported
westwards since the Early Oligocene (Ceriani et al. 2001; Tri-
cart 2004). The latter clearly crosscuts the former south of the
city of Briancon, and a sharp kinematic change is needed to
explain this regional interference. We propose that this change
is recorded in the footwall of both Alpine nappe systems (the
Dauphiné basement massifs and sedimentary cover) by the
D2/D3 shift. This shift occurred in the lowermost Oligocene
according to some preliminary dating of synkinematic miner-
als in the eastern Pelvoux basement. D3 buried the study area
to ~10 km during Early Oligocene times. Palacomagnetic data
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(this paper and Crouzet et al., 2001a) recorded the initiation
of unroofing in the footwall of the Internal zones during early
Late Oligocene times, consistent with extensional reactivation
of the Briangonnais Frontal Thrust (Tricart et al. 2000). Exhu-
mation occurred with little deformation in the central Dauphiné
until the lower Miocene, coeval with westward propagation of
subsidence and deformation in the foreland molasse basins
(Ménard 1988; Guellec et al. 1990; Deville et al. 1994). During
late Miocene times, the exhumation of the Belledonne massif
resulted in the study area in backward buttressing, renewed
shortening at shallow structural levels (D4) and final exhuma-
tion and bending of the Grandes Rousses massif. Considering
the whole Alpine realm (Fig. 15¢), the major D2/D3 kinematic
change can be correlated with the shift from N-directed (oro-
gen-perpendicular) crustal stacking to westward (orogen-paral-
lel) extrusion, which developed the western Alpine arc (Schmid
& Kissling 2000; Ford et al. 2006). The latter is marked since
the Early Oligocene in the central Alps by transcurrent motion
along the Insubric line (Schmid et al. 1989; Miiller et al. 2001).
In the Western Alps, this late collisional extrusion regime has
extensively overprinted the initial build-up, but interferences
with earlier stages are still visible in the external zone.

7 Conclusions

Basement behaviour and Hercynian heritage:

The different Alpine compressive stages reactivated the late-
Hercynian foliation depending on their relative orientation. The
strongest reactivation was caused by maximum stress axis sub-
perpendicular to the Hercynian grain: In the northern part of the
Oisans region, the early Oligocene WNW-ward transport of Pen-
ninic nappes (D3) produced reverse faulting involving reactiva-
tion of the N-S trending, steeply east-dipping Hercynian cleav-
age, and subsequent basement thickening. D3 maximum stress
axis was probably not strictly perpendicular to this cleavage, so
that the coeval structures are trending ~20° W with respect to
the Hercynian fabric. Further southeast, D3 inversion is more
strike-slip because the orientation of Hercynian fabric changes to
NW-SE (southern Pelvoux and Argentera massifs). Large scale
Hercynian structures such as late-orogenic pinched synclines and
magmatic contacts (boundaries of granitic plutons) have also
been reactivated during the Alpine orogeny. The late Hercynian
granitoid massifs are mainly located in the hanging wall of north-
directed D2 thrusts in the central Oisans region. The influence of
granitoids distribution on the development of Alpine structures
is also seen in the Aar massif (Pfiffner et al. 1990).

Tethyan structures and inversion:

Extensional reactivation of the Hercynian grain detected in
the foreland (Roure & Colletta 1996) was somehow underes-
timated in the Western Alps. Our reconstruction suggests that
the syn-rift depocenters have been distributed en-échelon as a
response to the obliquity of Jurassic extension (NW-SE) in the

N-S foliated basement. The Alpine compressional reactivation
of Tethyan fabric consists of incipient short cuts in the shallow
basement, mostly important during the D3 deformation stage.
There is little evidence for compressional reactivation of first-
order normal faults which were probably too steep (since they
developed over the steeply dipping late Hercynian cleavage).

Multistage shortening: lateral escape since middle Oligocene:

The present structure results from four individual events sepa-
rated by drastic changes in local shortening direction, which
took place over a long time span. Three of them occurred be-
fore Neogene times: D1, D2 and D3, respectively directed SW-
wards, N-wards and WN'W-wards. The interpretation of the ear-
liest event D1 is still speculative, but in the eastern and southern
Pelvoux areas similar deformations occurred before Priabonian
sedimentation, that is, before Alpine flexural subsidence. Thus
a link with Pyrenean deformations in Provence is suspected. By
contrast, we propose that D2 corresponds to an early stage of
north-directed Alpine collision following the overthrusting of
the Paleogene flexural basin during earliest Oligocene. The D3
stage occurred after a sharp kinematic change which probably
marks the onset of westward extrusion in the W-Alpine arc.
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