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ABSTRACT

This paper addresses the contribution of 
extension in the upper crust during syncol-
lisional exhumation of subducted mate-
rial. We present structural data based on 
the analysis of ductile, brittle-ductile, and 
brittle deformation features in meta-pelitic 
schists and meta-basalts from the Schistes 
lustrés nappe stack in the Piedmont zone of 
the western Alps. To link the structures with 
synkinematic pressure and temperature 
estimates, geothermobarometry was per-
formed using fl uid inclusion investigation 
in quartz together with temperature estima-
tions based on metamorphic chlorite compo-
sition. Samples used for geothermobarom-
etry were collected taking into account the 
structural framework within veins associ-
ated with extensional structures observed at 
the regional scale. The early generation of 
veins associated with boudinage occurred at 
415–345 °C and 6–2.5 kbar, and subsequent 
incipient normal faulting occurred at tem-
peratures of 315–235 °C and pressures <1.7 
kbar. The transition from ductile to brittle 
extension occurred between ca. 27 Ma and 
ca. 10 Ma. These results indicate a continu-
ous extension in the upper crust during 
exhumation and continuous deformation 
associated with regional-scale tilting of the 
exhumed Schistes lustrés tectonic pile. The 

extensional tectonic regime in greenschist-
facies conditions remains active today in 
most of the internal Alpine zones as the 
Alpine collision continues.

Keywords: western Alps, Schistes lustrés unit, 
deformation sequence, tectonic analysis, fl uid 
inclusion, fi nal exhumation.

INTRODUCTION

Syncollision extension has been recognized 
for more than a decade (e.g., Platt, 1987; Mol-
nar and Lyon-Caen, 1988) as a major process 
controlling the structural evolution of Alpine-
type mountain ranges along converging plate 
boundaries. Extension is often associated with 
the exhumation of metamorphic units in the 
inner zones of orogenic belts (Malavieille et al., 
1990; Hodges et al., 1992; Jolivet et al., 1996; 
Ring et al., 1999). The nature of the forces driv-
ing syncollisional extension remains debated 
due to the variety of documented tectonic situa-
tions and suitable interpretative models, includ-
ing shallow extension assisted by deep tectonic 
underplating, orogenic collapse, extrusion pro-
cesses, slab retreat, and channel fl ow (Platt, 
1987; Dewey, 1988; Chemenda et al., 1995; 
Faccenna et al., 2001; Beaumont et al., 2004). 
As a contribution to this debate, we document 
the late tectonic evolution in the accretionary 
wedge of the western Alps, where fi nal exhu-
mation occurred while an extensional regime 
prevailed in the internal zones. In this classical 

example of a collision mountain range (e.g., 
Coward and Dietrich, 1989), the importance of 
widespread late extension in the internal zones 
was only recently discovered (see Selverstone, 
2005, for review).

Major isolated ductile normal faults were fi rst 
reported along the Queyras transect (Ballèvre et 
al., 1990; Blake and Jayko, 1990). Active exten-
sion was recognized by the current horizontal 
movements and seismicity (Sue et al., 1999, 
2000) and has been interpreted as the continua-
tion of the same long-lived extension at the scale 
of the internal arc (Sue and Tricart, 2003). It is 
associated with a dense network of “late Alpine” 
brittle normal faults (Tricart et al., 2004). Two 
possible driving mechanisms for this extension 
have been proposed in the inner western Alps: 
upward indentation of the European crust by the 
Apulian mantle (Lardeaux et al., 2006) or gravi-
tational collapse of the overthickened European 
crust (Sue et al., 2007). To provide new con-
straints on this issue, we investigated a key zone 
of the Alpine internal arc.

We focus here on the Schistes lustrés of eastern 
Queyras, where various outcrops in meta-pelitic 
schists and meta-basalts display extensional 
structures developed at the ductile-to-brittle 
transition during fi nal exhumation. Through 
microtectonic analysis, we characterize the tec-
tonic regime that prevailed when the blueschist-
bearing units cooled from greenschist facies to 
brittle conditions. The corresponding pressure-
temperature-time (P-T-t) path is discussed on 
the basis of the available thermochronological 
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data and new thermobarometric data from two 
generations of quartz-chlorite–fi lled veins. In 
light of our results, we propose a tectonic sce-
nario to explain this regional extension.

GEOLOGICAL CONTEXT

Alpine evolution along the Eurasia-Africa 
boundary was initially dominated by plate 
divergence, which induced Mesozoic rifting 
and ocean opening. Since the Cretaceous, plate 
convergence has resulted in subduction and col-
lision (Rosenbaum and Lister, 2005, and refer-
ences therein). This study focuses on the core 
of the western Alpine arc, in the Queyras region 
and the surrounding valleys, close to the water-
shed (France-Italy border). Geologically, the 
area belongs to the Piedmont zone of the Alpine 
internal arc (Fig. 1). This internal arc consists 
of a pile of metamorphic nappes with dominant 
Paleogene north- or northwest- or west-directed 
structures. The Alpine external arc is less short-
ened (Gratier et al., 1989) and only slightly 
metamorphosed, ranging up to greenschist-
facies conditions (Goffé et al., 2004), and it was 
built mainly during the Neogene. This contrast 
between the arcs is explained by the existence 
of a west-directed major structure, the Penninic 
deep crustal thrust, along which the internal arc 
overrides the external arc (Tricart, 1984; Nicolas 
et al., 1990; Schmid and Kissling, 2000). This 
Oligocene thrust surface was reactivated as a 
detachment at the end of the Oligocene, while 
the “late Alpine” extensional tectonic regime 
developed in the Alpine internal arc (Tricart et 
al., 2001).

General Structure of the Alpine Internal Arc 
along the Queyras Transect

Along the Queyras transect, four main units 
(Fig. 2), originating from distinct paleogeo-
graphical domains, form the Alpine internal 
arc (Lemoine et al., 1986; Deville et al., 1992; 
Lardeaux et al., 2006).

The Briançonnais Zone
The Briançonnais zone derives from the Euro-

pean margin of the Tethys. It consists of mainly 
late Paleozoic to Mesozoic sediments and pre-
Alpine basement rocks. A remarkable nappe 
stack involves pre-, syn-, and postrift Tethyan 
sediments originating from a stretched margin 
(e.g., Claudel and Dumont, 1999). This stack of 
cover nappes was shortened during the Oligo-
cene, and, because it is mechanically a multilayer 
with mechanical contrast, it gave rise to regional 
west- and east-verging folds and associated 
thrusts. The latter are known as the Briançonnais 
back folds and back thrusts, which correspond 

to the present-day Alpine fan-shaped structure 
(Tricart, 1984) metamorphosed under green-
schist/blueschist-facies conditions (Goffé et al., 
2004, and references therein). The Briançonnais 
zone was subsequently crosscut by a dense net-
work of extensional-transtensional faults during 
the Neogene (Sue and Tricart, 2003). The onset 
of faulting remains poorly dated.

The Piedmont Schistes Lustrés Unit
The Piedmont Schistes lustrés unit originated 

in the distal European margin and from the 
nearby oceanic domain (Lemoine et al., 1986). 
Metamorphic marls, clays, and limestones 
dominate (calc-schists) and enclose hectomet-
ric to kilometric boudins of Triassic dolomites 
or Jurassic ophiolites (Tricart and Lemoine, 
1986; Lagabrielle and Polino, 1988; Deville 
et al., 1992). Thrusting under blueschist-facies 
conditions during the Paleocene–early Eocene 
built an accretionary wedge that was strongly 
redeformed when collision relayed subduction 
in Paleogene time (Agard et al., 2002; Lardeaux 
et al., 2006; Tricart and Schwartz, 2006). Finally, 
the extensional structures described here were 
developed, which we can demonstrate to be 
mainly Neogene in age (Schwartz et al., 2007).

The Monviso Ophiolitic Unit
The Monviso ophiolitic unit contains major 

remnants of the Tethyan oceanic lithosphere that 
were strongly deformed and metamorphosed 
under eclogite-facies conditions (Lombardo et 
al., 1978; Schwartz et al., 2000; Rubatto and 
Hermann, 2001) during the Eocene (Duchêne et 
al., 1997). Contrasted eclogitic conditions (e.g., 
Schwartz et al., 2000) indicate that the Monviso 
massif is composed of imbricate units, rapidly 
exhumed (1 cm/yr) within the subduction chan-
nel during the Eocene and accreted beneath the 
Schistes lustrés unit under blueschist-facies 
conditions at 20–35 km depth (Schwartz et al., 
2000, 2001). The Monviso eclogites are sepa-
rated from the Dora-Maira massif by a ductile 
normal fault (Blake and Jayko, 1990; Philippot, 
1990; Schwartz et al., 2001).

The Dora-Maira Crystalline Massif
The Dora-Maira crystalline massif derives 

from the European margin basement. The 
nappe pile is bent into a N-S–trending antiform, 
which gives the massif its gneissic dome struc-
ture. Imbricated tectonic slices with contrast-
ing metamorphic rocks (orthogneisses, eclog-
itic metasediments, coesite-bearing quartzites) 
were subducted to varied depths, down to 
120 km (Chopin et al., 1991; Compagnoni and 
Rolfo, 2003), and exhumed rapidly (3 cm/yr) 
during the Oligocene (e.g., Rubatto and Her-
mann, 2001). This fast exhumation stage led 
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rocks of the Dora-Maira to be accreted beneath 
the Schistes lustrés–Monviso units under blue-
schist-facies conditions.

General Ductile Structure of the Schistes 
Lustrés Unit in Queyras

The structure of the Schistes lustrés unit in 
Queyras and the surrounding valleys has been 
clarifi ed by systematic mapping (Lagabrielle and 
Polino, 1988; Deville et al., 1992; Tricart et al., 
2003) and detailed petrological studies (Agard 
et al., 2001; Tricart and Schwartz, 2006).

At a regional scale, the initial structure has 
been reconstructed as a pile of thrust sheets 
associated with the development of blueschist 
schistosity parallel with bedding. Each thrust 
sheet has a primitive lateral extension of at least 
several tens of kilometers, and each contains a 
single sedimentary series only a few hundred 
meters thick, detached along Triassic evapo-
rites (distal margin series) or along serpentinite-
derived sedimentary breccias (oceanic series). 
In the present structure, remnants of these 
décollement levels parallel the general bedding 
and schistosity, have a thickness often reduced 

to a few meters or less, and contain boudins of 
Triassic dolostones or varied ophiolites (Tricart 
and Lemoine, 1986).

Contrasting high-pressure–low-temperature 
metamorphic initial conditions in this nappe pile 
allow four subunits to be recognized, called 1–4 
in Figures 2 and 3. This early stack is interpreted 
as an accretionary wedge (Schwartz, 2000; Tri-
cart and Schwartz, 2006), as already proposed 
from structural observations farther north in the 
same Piedmont zone (Deville et al., 1992; Agard 
et al., 2001; Ganne et al., 2005).

Detailed structural analysis shows that the 
initial nappe stack has been deformed by three 
successive generations of folds (Caron, 1979; 
Tricart and Schwartz, 2006). The oldest folds 
initially developed as north-directed recumbent 
folds, developed under blueschist-facies condi-
tions, with a W-E to WNW-ESE axial direc-
tion. A strong associated stretching lineation 
was oriented parallel with this axial direction. 
These folds presently still trend close to W-E 
at the regional scale, and their limbs, in spite 
of subsequent refolding, can be followed up to 
several tens of kilometers. The second genera-
tion of folds also consists of recumbent folds 

and was developed at the blueschist-green-
schist facies transition. The initial fold axes 
strike W-E to WSW-ENE and are also trended 
transverse to the belt direction. They are gener-
ally oblique by only 20°–30° to the previous 
one. These folds are south verging, and super-
imposition on the oldest folds results in nice 
refolded hinges roughly sharing the same axis. 
In the present structure, these folds trend close 
to W-E at the regional scale. The latest folds 
were developed under greenschist-facies con-
ditions and trend N-S, turning progressively 
toward NNW-SSE further toward the south. 
They are east-directed isoclinal folds that dis-
play a 30°–60° west-dipping axial surface. 
Variable, often intense stretching close to E-W 
direction, i.e., transverse to the belt, has pro-
duced curved hinges or even sheath folds at the 
outcrop scale. Where fold hinges are absent, 
superimposed deformation has resulted in an 
omnipresent planar and linear (S + L) structure 
parallel with the monoclinal bedding. The pla-
nar structure results from transposition of the 
older schistosities, now parallel with the latest 
west-dipping schistosity (Fig. 3A). This com-
posite schistosity bears a strong west-plunging 
stretching lineation (Fig. 3A) that generally 
corresponds to the primitive stretching linea-
tion (glaucophane) transposed onto the latest 
one underlined by albite, chlorite, or actino-
lite. Presently, west-dipping (or SW-dipping) 
bedding and schistosity surfaces in Queyras 
Schistes lustrés (Fig. 3A) parallel the Monviso 
and Dora-Maira nappe stack.

Metamorphic Evolution of the Schistes 
Lustrés Unit

As previously discussed, four subunits 
(Fig. 2) have been identifi ed in the Schistes 
lustrés unit. All of them have undergone typi-
cal blueschist-facies pressure-temperature (P-T) 
conditions (Caron, 1979; Pognante and Kienast, 
1987; Caby, 1996). In detail (Rolland et al., 
2000; Agard et al., 2001; Tricart and Schwartz, 
2006), these conditions increase eastward 
from low-temperature blueschist conditions 
(see Fig. 3B) in the western Queyras (subunit 
1: >9 kbar, 300 °C) up to the conditions of the 
blueschist-eclogite transition in eastern Queyras 
(unit 4: >13 kbar, >450 °C). In the easternmost 
domain, in the footwall of the west Monviso 
ductile normal fault, all metamorphic assem-
blages are eclogitic (Figs. 3A and 3B). Every-
where in the Schistes lustrés unit, the retrograde 
metamorphism stages have remained in the 
fi eld of the chlorite-actinote-albite paragenesis 
(Fig. 3B), with no temperature increase (Tricart 
and Schwartz, 2006). The P-T paths display 
clockwise loop geometries, keeping a record of 
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the early prograde evolution (Fig. 3B). These 
paths are regionally coherent in all subunits 
(Tricart and Schwartz, 2006), including their 
northern extension in the Cottian Alps (Agard 
et al., 2001). These metamorphic subunits have 
been the subject of Ar-Ar geochronological 
studies (Agard et al., 2002), and the ages of 
high-pressure metamorphism range between 62 
and 55 Ma.

FROM DUCTILE TO BRITTLE 
DEFORMATION: THE FAULTED 
BOUDINS

From place to place within the pile of meta-
morphosed marly and calcareous formations 
that compose the Queyras Schistes lustrés, 
inserted interbedded relatively thin beds with 
a peculiar lithology favor boudinage. They are 
mainly (1) up to 2–3-m-thick basaltic fl ows or 
basalt-derived sands (“prasinites”) and (2) up 
to a 0.2–0.3-m-thick meta-arkosic sands with 
continent-derived clasts. The selected outcrops 
(e.g., Figs. 4, 5, and 6) are relatively easy to 
reach along the watershed, around the Col Agnel 
(2746 m), which is a pass between France and 
Italy that is suitable for motor vehicles.

Postfolding Boudinage and the Onset of 
Regional-Scale Extension

Isolated beds of prasinite or meta-arkose 
within alternating metamorphosed pelagic 
marls (calc-schists), clay-rich limestones (mica-
ceous marbles), or siliceous limestones (banded 
marbles) display boudin structures. They are 
essentially symmetrical boudins that have veins 
normal to the bedding and to the main com-
posite schistosity. According to the lithology 
and using the nomenclature of Goscombe et al. 
(2004), unmodifi ed geometries vary between 
two end members: drawn boudins (rare) and 
torn boudins (dominant). Phengite-rich arkose 
beds display a tendency to multiple-layer bou-
dinage (Fig. 4). From place to place, boudinage 
becomes asymmetrical due to some slip along 
the interboudin surface. Slip sense is synthetic 
in a general top-to-the-east shear along bedding. 
In a few localities, this shearing is accentuated, 
resulting in shear-band boudins (Goscombe et 
al., 2003). This local evolution has not been 
taken into account here.

Boudinage postdates the last generation of 
folds, since their limbs and hinges are every-
where affected. In the boudin necks, veins are 
fi lled with quartz fi bers, albite, and chlorite 
(Fig. 4A); they correspond to the so-called 
“Alpine veins” in Alpine classical literature 
(Tricart et al., 2003). In the veins that escaped 
subsequent deformation and still contain quartz 

fi bers with nondistorted crystal lattice (Durney 
and Ramsay, 1973), it appears that these fi bers 
grew subperpendicular to the vein planes during 
a coaxial opening (Fig. 4C). We thus interpret 
them as syntectonic fi bers (fi ber I) in response 
to coaxial extension, the stretching axis lying 

within the bedding. Within the Schistes lustrés 
pile, this boudinage is restricted to very few 
lithologies and represents the fi rst expression 
of a brittle extension, while the coeval ductile 
extension within the other lithologies represents 
the ultimate ductile deformation (Fig. 5). Such a 
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the result of double boudinage, the bedding is crosscut by two near-vertical quartz-chlorite-albite veins. The vein 
with ENE-WSW (N70°) strike is crosscut by the vein with NNW-SSE (N150°) strike. Quartz fi bers in veins with 
N150 and N72 trend, respectively, remain nearly perpendicular to vein planes: we interpret them as syntectonic 
fi ber I, later poorly deformed. Boudinage resulting from stretching along a NNW-SSE direction was followed by 
another boudinage in response to ENE-WSW stretching, but in nearby outcrops, the reverse chronology may 
be observed. This suggests that at the regional scale, a single double boudinage deformation event occurred. 
(B) Interpreted structures sketched in block diagram and plotted on a Wulff net, lower-hemisphere projection. 
Double boudinage of the brittle meta-arkose beds within ductile calc-schists result in “chocolate tablet” structure 
development. (C) The proposed corresponding main stress axes. The σ3 axis and σ2 axis (with a stress magnitude 
σ2 ≈ σ3) are normal to the veins; σ1 axis is normal to the boudinaged bed, where σ1 > σ2 ≈ σ3 suggests a prolate, 
almost uniaxial stress ellipsoid.

Figure 5. Ductile stretching–boudinage–normal faulting sequence in alternating marbles, calc-schists, and meta-arkoses. (A) At VG site, the 
gently west-dipping metasedimentary pile (circle in stereoplot B) contains a close to W-E stretching lineation (star in stereoplot B) developed 
under greenschist-facies conditions (see Fig. 3 for regional-scale trajectory). Boudinage of isolated meta-arkose beds (interboudin veins: square 
in stereoplot B) occurred while marbles and calc-schists achieved their ductile stretching. Subsequently, small-scale normal faults (triangles in 
stereoplot B) crosscut the whole pile. This ductile-to-brittle sequence of deformation occurred during the synextensional fi nal exhumation and 
cooling of the structure. (B) Attitude of the microstructures represented in part A plotted on a Wulff net (lower-hemisphere projection). Passing 
from ductile to brittle, stretching was accompanied by the development of a close to N-S extension in complement with nearly E-W extension. 
Two suborthogonal families of small-scale normal faults overprint the suborthogonal boudins (chocolate tablet structure: see Fig. 4). (C) Plot 
(same projection as in B) of the main stress axes computed from striated normal faults in sites localized in Figure 3 (see Table 1 for details). 
The direct inversion analytic method (Angelier, 1990) provides the attitude of the main stress axes. The σ1 axes are grouped near the center of 
the diagram, while the σ2 and σ3 axes are scattered at its periphery, partly due to permutation of σ2 and σ3 axes from one site to another. This 
illustrates a multitiered, almost radial brittle extension, consistent with the low mean value (0.34) computed for the ratio of the principal stress 
difference (σ2 – σ3/σ1 – σ3). The steep plunging σ1 axes toward the east are explained by the progressive westward tilting of the structure 
during normal faulting. (D) Other example of normal faults overprinting the boudins at CV site. (E) Detail of A showing an interboudin vein 
affected by small-scale normal faulting. The faults appear to have nucleated along the interboudin veins. 1 and 2 refer to boudinage stage and 
to the subsequent normal faulting stage, respectively.
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boudin development illustrates how the Schistes 
lustrés evolved from ductile to brittle deforma-
tion conditions. An important conclusion is that, 
subsequent to the folding and thrusting history 
described in “General ductile structure of the 
Schistes Lustreés Unit in Queyras” the regional-
scale regime of deformation has clearly become 
extensional.

Chocolate Tablet Boudinage as the Result of 
Multitiered Extension

In the entire Queyras area, the boudinage 
described in “Post-folding boudinage and the 
onset of regional scale extension” occurred 
along two directions, resulting in two sets of 
veins oriented normal or at high angle to the 
bedding (Fig. 4B). Veins with NNW-SSE strike 
result from ENE-WSW stretching within the 
beds. Veins with ENE-WSW strike result from 
NNW-SSE stretching. Both axes of stretch-
ing are parallel with the bedding. Locally, the 
NNW-SSE vein set becomes oblique to the 
bedding, suggesting asymmetric boudinage 
(Fig. 5A). Crosscutting relationships between 
the two sets of boudins does not allow establish-
ment of a simple chronology. In some places, 
one boudin set is overprinted by the other, 
whereas in other places, the reverse situation is 
observed. We thus conclude that both sets are 
globally coeval and represent a chocolate tablet 

or double-boudinage structure (Ramsay, 1967). 
This implies a multitiered extension within the 
bedding accommodating a compression normal 
to the bedding. 

Small-Scale Normal Faulting and the 
Generalization of Brittle Extension

From the interboudin veins, extensional 
faults developed at the centimeter- to meter-
scale (Fig. 5). These faults are either isolated 
or grouped as pairs of conjugate faults. Nor-
mal sense of faulting is constrained by offset 
of faulted beds, frequently associated with drag 
folding. Normal faulting is not restricted to the 
sites that display earlier boudinage but may be 
observed everywhere in the Queyras unit, what-
ever the lithologies. This illustrates that the entire 
Queyras structure became fully brittle as exten-
sion continued. Along these normal faults, arrays 
of en echelon veins also developed, often with a 
sigmoid geometry (Fig. 6). They contain syntec-
tonic fi bers of quartz and greenschist-facies min-
eral such as albite and chlorite, which represent 
fi ber II in the following sections. Where normal 
faults intersect the veins in the boudin necks, 
the chronology between fi ber I (synboudinage) 
and fi ber II (subsequent faulting) may be clearly 
established. This dense, small-scale normal fault-
ing with centimeter-scale throw was followed by 
the development of more widely spaced major 

normal faults (usually kilometer-sized or more) 
with increased throw (usually several meters to 
several tens of meters). This corresponds to the 
classical localization of a primitive, more dis-
tributed brittle extension (e.g., Sue and Tricart, 
2003). It resulted in the regional-scale normal 
faulting that is widespread today in the entire 
Queyras Schistes lustrés unit, and also in the 
entire Briançonnais and Piedmont zones. This 
normal fault array remains active, explaining the 
ongoing earthquake activity down to 10–15 km 
depth (Sue and Tricart, 2003).

Normal Faulting Confi rms the Multitiered 
Character of Late Alpine Extension

A remarkable feature concerning small-scale 
normal faulting is that the faults seem to have 
nucleated within the boudin necks and propa-
gated upward and/or downward into the calc-
schists and marble beds that escaped boudi-
nage. The direction of brittle extension deduced 
from the orientation of small-scale normal 
faults, notably the conjugated ones, parallels 
the direction of stretching associated with bou-
dinage. This suggests the continuity of the same 
tectonic regime as normal faulting became the 
main process of deformation when the whole 
Schistes lustrés structure entered into the brit-
tle domain. This observation is true for both 
sets of boudins described in “Chocolate tablet 
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Figure 6. Normal faulting of boudins in schistosed meta-basalts at CA site. Two generations of veins fi lled with syntectonic quartz-albite-chlo-
rite fi bers may be distinguished: (1) interboudin veins normal to the bedding (fi ber I) and (2) en echelon veins along the normal faults (fi ber II). 
Some interboudin veins remain preserved, while others are variably sheared. (A) General view. (B) Detail.
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 boudinage as the result of multitiered exten-
sion,” and small-scale normal faults developed 
along two main directions: NNW-SSE and 
ENE-WSW. Crosscutting relationships suggest 
to us that both sets are coeval and formed in 
response to the same multitiered extensional 
regime. This regime persisted when major faults 
developed, also along the same two directions. 
In most sites, measurement of striated faults 
allowed us to compute a reduced stress tensor 
(Table 1; Fig. 5C), which confi rms that the tec-
tonic regime associated with normal faulting is 
a multitiered, almost radial, extension (Tricart 
et al., 2004). The amount of extension along the 
principal stress axes σ2 and σ3 is comparable 
from one site to another. These axes frequently 
exchanged with each other, one of which was 
oriented NNW-SSE and the other ENE-WSW 
(Fig. 4C). The computed stress axis σ1, along 
which the major shortening occurred, remained 
oriented subvertical.

FROM DUCTILE TO BRITTLE 
EXTENSION: P-T ESTIMATES

This analysis focuses on the two generations 
of fi bers related to the boudinage and to the 
subsequent normal faulting of the boudinaged 
structures, described in “From ductile to brittle 
deformation: The faulted boudins.” A fl uid inclu-
sion study of the quartz fi bers provided their 
probable P-T conditions of formation, while the 
composition of the associated chlorites allowed 
us to make independent temperature estimates. 
Zircon fi ssion-track data (Schwartz et al., 2007) 
provide a time calibration that complements 
these new data.

Microthermometry Contribution

The sampled outcrops clearly display the 
sequence of deformation starting in greenschist-
facies conditions (see section “From ductile to 
brittle deformation: The faulted boudins”): (1) 
fully ductile extension, (2) semibrittle exten-
sion with boudin development, and (3) fully 
brittle extension with normal faulting, occur-
ring fi rst at a small-scale, and then affecting the 
whole regional-scale structure. The three sites 
illustrated here—Vallon Giarus, Col Vieux, 
Caramantran—belong to metamorphic units 3 
and 4 (location in Fig. 3A). Two generations of 
syntectonic quartz fi bers, associated with chlo-
rite and albite, were analyzed: fi ber I, within 
interboudin veins, developed during semibrittle 
extension (stage 2) and fi ber II, along micronor-
mal faults, developed later (beginning of stage 
3). Microthermometric study was performed 
with a Linkam THMSG 600 on double-pol-
ished, 150-µm-thick thin sections subjected to 

heating-freezing cycles (Shepherd et al., 1985). 
In the case of two-phase inclusions, two tem-
peratures were measured during each cycle: 
the melting temperature of ice (Tm ice) and the 
homogenization temperature (Th). Tm ice, cor-
responding to the melting of the last ice crystal 
in the inclusion, is a function of the dissolved 
salt concentration in the fl uid phase. Th corre-
sponds to the disappearance of the vapor bubble 
in the inclusion, when the fl uid trapped in this 
inclusion becomes homogeneous. The eutectic 
melting temperature, generally used to charac-
terize the nature of the dissolved species, could 
not be accurately determined. Temperature mea-
surements were reproducible within 0.2 °C for 
Tm ice and within 0.5–1 °C for Th (Shepherd et 
al., 1985; Belkin, 1994).

More than 80 fl uid inclusions were analyzed 
(Table 2). All inclusions were aqueous. Ice melt-
ing started at temperatures close to that of the 
NaCl-H

2
O system eutectic, i.e., around −21 °C 

(Roedder, 1984; Crawford and Hollister, 1986). 

The fl uids were not pure dissolved NaCl. Salt 
content (in NaCl wt% eq.) was determined using 
the Tm ice data, either graphically with the NaCl-
H2O system phase diagram (Roedder, 1984) or 
analytically (Belkin, 1994). The NaCl contents 
were homogeneous and relatively weak, rang-
ing between 0.5 and 7.3 wt% eq. NaCl. Compa-
rable results have been obtained by Agard et al. 
(2000) in the northern extension of the Queyras 
Schistes lustrés (Cottian Alps), for greenschist 
retrograde fl uids in metapelites. Our main result 
is that fl uid compositions (fl uid inclusion popu-
lations) differ in quartz fi bers I and II. Such 
differences clearly support the chronological 
distinctions previously established between the 
different generations of veins.

Fiber I in Interboudin Veins
To avoid the remobilization of fl uids after vein 

formation and the reequilibration of fl uid inclu-
sions in lower P-T conditions during subsequent 
system opening, fi ber I samples were chosen 

TABLE 1. COMPUTED MAIN STRESS AXES FROM NORMAL FAULTS PLOTTED IN FIGURE 5C        
Stress axes Azimuth 

(°) 
Plunge 

(°) 
Site Longitude Latitude Lithology 

σ1 149 73 Brêche de Ruine  06°59′54.34′′E 44°41′53.01′′N Calc-schist 
σ2 264 7     
σ3 356 15         
σ1 62 75 Chamoussière 1  06°57′30.60′′E 44°40′51.16′′N Calc-schist 
σ2 223 14     
σ3 314 5         
σ1 229 71 Chamoussière 2 06°57′30.60′′E 44°40′51.16′′N Calc-schist 
σ2 335 5     
σ3 67 14         
σ1 56 71 Eychassier 1 06°58′17.27′′E 44°42′03.13′′N Calc-schist 
σ2 235 19     
σ3 325 0         
σ1 85 71 Eychassier 2 06°58′17.27′′E 44°42′03.13′′N Calc-schist 
σ2 347 3     
σ3 256 18         
σ1 49 64 Roche Ronde 1 06°56’30.33′′E 44°40′38.08′′N Meta-basalt 
σ2 248 25     
σ3 154 7         
σ1 43 79 Roche Ronde 2 06°56’30.33′′E 44°40′38.08”N Meta-basalt 
σ2 160 5     
σ3 251 10         
σ1 264 59 Roche Ronde 3 06°56′30.33′′E 44°40′38.08′′N Meta-basalt 
σ2 52 28     
σ3 150 14         
σ1 351 79 Roche Ronde 4 06°56′30.33′′E 44°40′38.08′′N Meta-basalt 
σ2 260 0     
σ3 170 11         
σ1 141 63 Roche Ronde 5 06°56’30.33′′E 44°40′38.08′′N Meta-basalt 
σ2 338 27     
σ3 244 7         
σ1 53 70 Col Agnel 1 06°58′46.64′′E 44°41′02.35′′N Marble 
σ2 251 19     
σ3 156 6         
σ1 42 67 Col Agnel 2 06°58′46.64′′E 44°41′02.35′′N Marble 
σ2 135 1     
σ3 225 23         
σ1 193 79 Château Renard 1 06°54′26.78′′E 44°41′53.16′′N Marble 
σ2 69 6     
σ3 338 9         
σ1 94 59 Château Renard 2 06°54′26.78′′E 44°41′53.16′′N Marble 
σ2 274 31     
σ3 4 0         

   Note: For each main stress axis, azimuth and plunge values are given. Measurement sites regroup along
 or near the French-Italian water divide, corresponding to the main Alpine crest line (see location in Fig. 3). 
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carefully from interboudin veins that had not 
been subsequently sheared. Large-size (>20 µm 
in diameter) fl uid inclusions were isolated within 
the quartz (Fig. 7A). In the Th-Tm ice diagram, 
the fl uids plot within a restricted fi eld (Fig. 8A). 
Th varied between 126.0 °C and 191.7 °C, with 
a mean value at 157.2 °C, whereas Tm ice varied 
between −4.6 °C and −0.4 °C, with a mean value 
at −2.1 °C. The Tm ice range allowed the nature 
of the fl uids trapped in the inclusions to be char-
acterized. They were biphase NaCl-H2O fl uids 
with chemical compositions ranging between 

0.70 and 8.08 wt% NaCl eq. Using Zhang and 
Frantz’s (1987) equations, microthermometric 
measurements (Th vs. Tm ice) allowed us to 
determine the characteristic isochores for the 
synboudinage fl uids.

Fiber II in Veins Associated with Normal Faults
The quartz fi bers also contained fl uid inclu-

sions. In the Th-Tm ice diagram, their physical 
parameters plot in a larger fi eld (Fig. 8B). The 
prominent feature is the important variation of 
Th, which ranges from 137.6 to 249.7 °C, ver-

sus Tm ice, which ranges from −1.6 to −0.7 °C 
(Table 2). Contrary to fi ber I, two coexisting 
populations of fl uid inclusions could be dis-
tinguished. A fi rst population is similar to that 
observed in fi ber I, with a large size (>20 µm in 
diameter) and an irregular shape, isolated within 
the quartz. For them, Th was low, around 150 °C, 
and Tm ice ranged between −1.6 and −0.7 °C 
(Table 2). They are interpreted as primary inclu-
sions trapped in syngreenschist minerals during 
early boudinage. The second population corre-
sponds to fl uid inclusions with a small elliptic 
shape, rarely more than 15 µm long (Fig. 7B). 
These inclusions are often stretched and coales-
cent within crystal growth planes, drawing lin-
ear “trails” of inclusions. For these “secondary” 
fl uid inclusions, Th ranges between 210.9 and 
249.7 °C (Fig. 8B), whereas Tm ice is restricted 
to between −1.6 and −0.7 °C, with a mean value 
at −1.1 °C. The trapped fl uids are homogeneous 
biphase NaCl-H2O fl uids. They contain mod-
erate concentrations of salt, between 1.49 and 
2.63 wt% NaCl eq., with an average composi-
tion around 1.70 wt% NaCl eq. The Th varia-
tions toward the high temperatures (>200 °C) 
correspond to the reequilibration of the primary 
fl uid inclusions at shallower depth during exhu-
mation. The newly formed normal faults drained 
and partly remobilized the greenschist-facies 
fl uids, including fl uids trapped within inclu-
sions, in the interboudin veins. Contrary to the 

TABLE 2. FLUID INCLUSION DATA FROM VALLON GIARUS, COL VIEUX, AND CARAMANTRAN VEIN QUARTZ                   
Sample N Tm ice

(°C) 
Th L-V  
(°C) 

NaCl (wt% eq.) Density
(g/cm3)

Sample N Tm ice 
(°C) 

Th L-V 
(°C) 

NaCl (wt% eq.) Density 
(g/cm3)

Sample  N Tm ice 
(°C) 

Th L-V 
(°C) 

NaCl 
(wt% eq.)

Density 
(g/cm3)

VALLON GIARUS     CV16 17 –1.8 148.1 2.96 0.94 CARAMANTRAN      
VGO5 1  –3.1 161.8 5.01 0.94 CV16 18 –2.2 145.7 3.60 0.95 CA18 1 –1.6 160.5 2.63 0.93 
VGO5 2  –2.3 157.4 3.76 0.94 CV16 19 –3.8 163.3 8.08 0.95 CA18 2 –1.6 158.0 2.63 0.93 
VGO5 3 –2.3 165.5 3.76 0.93 CV16 20 –2.3 158.8 3.76 0.94 CA18 3 –1.6 166.1 2.63 0.92 
VGO5 4 –2.3 159.7 3.76 0.94 CV16 21 –1.4 146.8 2.31 0.94 CA18 4 –1.6 230.4 2.63 0.85 
VGO5 5 –2.3 157.3 3.76 0.94 CV16 22 –1.3 142.6 2.14 0.94 CA18 5 –1.2 137.6 1.98 0.94 
VGO5 6 –2.3 161.8 3.76 0.94 CV16 23 –1.4 155.7 2.31 0.93 CA18 6 –0.7 233.0 1.16 0.83 
VGO5 7 –1.5 155.2 2.47 0.93 CV16 24 –2.0 157.2 3.28 0.94 CA18 7 –0.9 234.0 1.49 0.83 
VGO5 8 –1.8 161.9 2.96 0.93 CV16 25 –1.6 157.6 2.83 0.93 CA18 8 –0.9 233.3 1.49 0.83 
VGO5 9 –1.7 154.7 2.79 0.94 CV16 26 –1.3 157.7 2.14 0.93 CA18 9 –1.3 169.1 2.14 0.92 
VGO5 10 –3.2 162.3 5.17 0.94 CV16 27 –3.1 126.0 5.01 0.97 CA20 10 –1.1 153.0 1.82 0.93 
VGO5 11 –3.1 181.3 5.01 0.93 CV16 28 –2.0 141.2 3.28 0.95 CA20 11 –1.0 216.5 1.65 0.86 
VGO5 12 –4.6 145.8 7.25 0.97 CV16 29 –2.1 165.1 3.44 0.93 CA20 12 –0.9 147.6 1.49 0.93 
VGO5 13 –3.0 155.9 4.86 0.95 CV16 30 –0.4 138.5 0.66 0.94 CA20 13 –0.9 148.3 1.49 0.93 

COL VIEUX     CV16 31 –0.6 148.9 0.99 0.93 CA20 14 –1.0 156.9 1.65 0.93 
CV12 1 –2.0 175.0 3.28 0.92 CV16 32 –0.7 138.5 1.16 0.94 CA20 15 –0.8 148.9 1.32 0.93 
CV12 2 –1.9 188.5 3.12 0.91 CV16 33 –0.6 140.5 0.99 0.94 CA20 16 –0.7 165.4 1.16 0.91 
CV12 3 –2.2 162.2 3.60 0.93 CV16 34 –1.1 143.1 1.82 0.94 CA20 17 –1.0 239.5 1.65 0.82 
CV12 4 –1.9 139.4 3.12 0.95 CV16 35 –1.3 138.3 2.14 0.94 CA20 18 –1.1 249.7 1.53 0.86 
CV12 5 –2.2 185.3 3.60 0.91 CV16 36 –2.3 142.3 3.76 0.95 CA20 19 –1.1 222.1 1.82 0.85 
CV12 6 –1.7 141.0 2.79 0.95 CV16 37 –0.4 143.2 0.66 0.93 CA20 20 –1.2 210.9 1.98 0.87 
CV12 7 –2.1 188.3 3.44 0.91 CV16 38 –1.7 173.5 2.79 0.92 CA20 21 –1.1 248.4 1.82 0.81 
CV12 8 –3.7 172.4 5.93 0.94 CV16 39 –1.4 137.0 2.31 0.95 CA20 22 –0.7 147.2 1.16 0.93 
CV12 9 –3.9 191.7 6.23 0.92 CV16 40 –2.2 168.5 3.60 0.93 CA20 23 –0.9 237.5 1.49 0.83 
CV12 10 –3.1 170.6 5.01 0.94 CV16 41 –2.0 160.8 3.28 0.93       
CV12 11 –3.1 172.9 5.01 0.93 CV16 42 –2.1 126.8 3.44 0.96       
CV12 12 –2.8 175.0 4.55 0.93 CV16 43 –2.0 147.5 3.28 0.94       
CV12 13 –1.7 164.0 2.79 0.93 CV16 44 –2.1 162.4 3.44 0.93       
CV12 14 –2.3 162.8 3.76 0.93 CV16 45 –1.5 142.1 2.47 0.94       
CV12 15 –2.2 165.6 3.60 0.93 CV16 46 –1.9 170.0 3.12 0.92       
CV12 16 –2.0 169.3 3.28 0.93 CV16 47 –1.0 142.5 1.65 0.94       

   Note: N—sample number; Tm ice—melting temperature; Th L-V—homogenization temperature; NaCl (wt% eq.)—weight percent of NaCl. 
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Figure 7. Photomicrographs of fl uid inclusion (F.I.) populations in the two generations of 
fi bers. (A) In syntectonic fi ber I associated with boudinage, the primary fl uid inclusions have a 
large diameter (>20 µm). (B) In syntectonic fi ber II, associated with postboudinage micronor-
mal faulting, the fl uid inclusions have smaller diameters. The physical parameters of inclu-
sions are indicated (see text for discussion).
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interboudin veins, the injected normal faults 
may have represented an open system, trap-
ping fl uids that reequilibrated with time. In this 
context, fl uid inclusions with Th around 150 °C 
characterize the early interboudin veins. Shear-
ing of interboudin veins along normal faults 
would have allowed the crystallization of new 
quartz fi bers that equilibrated in lower-pressure 
conditions. In “secondary” inclusions, these 
minerals trapped fl uids with higher Th, around 
210–250 °C. Finally, from microthermometric 

parameters (Th and Tm ice), we deduced two 
limit isochores (Fig. 8B): Th (210)/Tm ice (−0.5) 
and Th (250)/Tm ice (−2). They correspond to 
the onset of brittle extension under greenschist-
facies conditions.

Chlorite Composition as an Independent 
Thermometer

Limit values of the isochores associated with 
the two populations of fl uid inclusions can be 

more precisely calibrated using an independent 
thermometer. Temperatures were calculated 
using the composition of chlorites as proposed 
by Vidal et al. (2001, 2006). The composition 
of chlorite is described with fi ve end members: 
clinochlore (Clin), Fe- and Mg-amesite (FeAm 
and MgAm), daphnite (Daph), and Mg-sudoite 
(Sud), which are used to model the Fe-Mg, di-
tri, and Tschermak chlorite substitutions. The 
solid-solution model between these end mem-
bers is a site-mixing model that uses symmetric 
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Figure 8. Physical parameters 
of fl uid inclusions (F.I.) in inter-
boudin veins and normal faults. 
The data are presented on Th 
vs. a Tm ice diagram and P-T 
isochores diagram. Only iso-
chore limits are presented. (A) 
Fiber I shows fl uid inclusions 
preserved from subsequent nor-
mal faulting. (B) Along early 
micronormal faults, two coexist-
ing fl uid inclusion populations 
are observed: unreworked pri-
mary inclusions inherited from 
the boudinage stage (fi ber I) and 
secondary inclusions, reequili-
brated during subsequent fault-
ing (fi ber II).
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Margules parameters and ideal intersite interac-
tions. Chlorite crystallization temperatures were 
estimated from the location of three equilibria 
(two independents), which can be written for 
the chlorite-quartz-water assemblage observed 
in both generations of structures analyzed here:

2 Clin + 3 Sud = 4 MgAm + 7 Qtz + H
2
O, (1)

16 Dph + 15 Sud =  20 FeAm + 6 Clin 
+ 35 Qtz + 20 H

2
O, (2) 

and, 4 Dph + 6 Sud =  5 FeAm + 3 MgAm 
+ 14 Qtz + 8 H

2
O. (3)

Temperatures were estimated assuming H
2
O 

= 1. The presence of ferric iron in chlorite was 
estimated simultaneously using a criterion based 
on the convergence of equilibria of Equations 
1–3 (Vidal et al., 2005, 2006). If necessary, the 
proportion of Fe3+ (XFe3+ = Fe3+/Fe total) was 
increased to a maximum value of 0.35 in 0.05 
increments until convergence of Equations 1–3 
within 25 °C. Composition, structural formula, 
and Fe3+ content of the analyzed chlorites are 
presented in Table 3. For chlorites in interboudin 
veins (fi ber I), temperatures between 345 °C and 
415 °C were calculated (Fig. 9A). On the other 
hand, chlorites in veins associated with normal 
faults (fi ber II) provided lower temperatures, 
between 235 and 315 °C (Fig. 9A). The Fe3+ 
contents of chlorites were variable between the 
two generations of fi bers. Chlorites in fi ber I, 
equilibrated at higher temperatures, showed 
low XFe3+, ranging from 0.10 to 0.25, while 
chlorites in fi ber II, affected by normal faulting, 
showed higher XFe3+ (>0.30). These variations 
in XFe3+ are probably due to the percolation 
at low temperature of oxidizing meteoric fl u-
ids during normal faulting (Vidal et al., 2006). 
By coupling these data with the calculated iso-
chores (Fig. 9B), we obtained a pressure range 
of 2.5–6 kbar (7.5–18 km) for the opening of 
the veins between the boudins (fi ber I) and <1.7 
kbar (<5 km) for the fi bers in veins opened dur-
ing the early normal faulting (fi ber II).

DISCUSSION

P-T-t Evolution from Ductile to Brittle 
Extension

The P-T conditions proposed here concern 
the formation of the syngreenschist extensional 
structures at the ductile-to-brittle transition 
during the fi nal exhumation of the Queyras 
(subunits 2, 3, and 4). This evolution postdates 
a blueschist-facies metamorphic history. Along 

the P-T path, boudinage (fi ber I) occurred at 
380 ± 35 °C and 6–2.5 kbar (Fig. 10). Incipi-
ent normal faulting (fi ber II) took place subse-
quently at lower conditions, at 275 ± 40 °C and 
less than 1.7 kbar (Fig. 10). The fi nal cooling 
of the Schistes lustrés unit was recently con-
strained by fi ssion-track thermochronology 
(see location on Fig. 3A) on zircon (ZFT) and 
apatite (AFT), performed mainly in meta-
ophiolitic bodies but also in meta-arkose beds 
(Schwartz et al., 2007). Indeed, the maximum 
temperature recorded by the fi ssion-tracks 
method on zircons is 340 ± 40 °C. It corre-
sponds to the upper limit of the partial anneal-
ing zone predicted from low- to zero-damage 
models (Brix et al., 2002; Rahn et al., 2004) 
and is in the range of the temperature estimated 
in fi ber I. Since the AFT closure temperature 
is ~110 ± 10 °C (e.g., Reiners and Brandon, 
2006), AFT ages give the maximum age for 
the crystallization of fi ber II. Thus, the tran-
sition from ductile to brittle extension in the 
Schistes lustrés is given by the oldest ZFT age 
at ca. 27 Ma, whereas the minimum age of the 
brittle extension associated with the crystalli-
zation of fi ber II is given by the youngest AFT 
age at ca. 10 Ma.

Interpreted Stress-Strain Evolution

The Schistes lustrés unit, which was initially 
entirely ductile, became partly brittle, then 
entirely brittle while it underwent synexhuma-
tion decompression and cooling. The structures 
developed at the ductile-brittle transition illus-
trate the evolution of the stress conditions and 
the strain geometry during this exhumation; the 
tectonic regime remains extensional. Next, we 
describe this continuous evolution in terms of 
successive stages.

Chocolate Tablet Boudinage
The geometry of deformation implies that the 

maximum principal stress axis (σ1) remains sub-
vertical and that the σ2 and σ3 magnitudes are 
quite similar (Fig. 4C). Globally, the extension 
is multidirectional, almost radial. According to 
our new P-T estimates, we propose that this bou-
dinage occurred at relatively high temperature 
(415–345 °C) in a 6–2.5 kbar pressure range.

Small-Scale Multitiered Normal Faulting
All beds become brittle and are faulted, 

allowing the stress regime to be computed by 
fault-striae analysis (see Tricart et al., 2004, for 
review). The geometry of deformation has not 
changed, corresponding to multitiered exten-
sion, with a subvertical main compression axis 
(Fig. 5C). Lowering of fl uid pressure recorded 
by fi ber II (P <1.7 kbar) could have resulted from 

fl uid escape along the new fault network and/or 
less fl uid supply by retrogressed reactions.

Multiscale Multitiered Normal Faulting
Numerous, widespread minor faults with small 

movements are relayed, as active structures, by 
fewer faults of larger size with greater throw. 
Brittle deformation is more and more local-
ized, while extension increases at the regional 
scale. The computed stress regime remains 
unchanged, corresponding to multitiered sub-
horizontal extension. This late normal faulting 
has been systematically analyzed and appears to 
be common in both the Briançonnais unit and 
Piedmont zone (Sue and Tricart, 2003). In the 
Schistes lustrés unit, normal faults, decametric 
to kilometric in size, are gently dipping and often 
listric in the bulk mass of calc-schists, but they 
are steeper in dolomites and ophiolites. Close to 
dip-slip movements often accompany the initial 
rupture, but more oblique movements (or even 
strike-slip movements) may follow. Region-
ally, the fault network is organized around two 
dominant trends, longitudinal and transverse to 
the belt (mean trends: NNW-SSE and SW-NE to 
E-W), which have worked contemporaneously. 
These faulting directions are comparable to the 
centimeter-scale faulting directions observed in 
the interboudins. The faults and microfaults are 
everywhere closely associated, and we relate 
them to the same regional-scale extension. The 
inversion of data (striae, striated planes) col-
lected on these faults led us to compute stress 
tensors with a subvertical σ1 axis. Comparable 
magnitudes for σ2 and σ3 give a prolate form to 
the regional-scale mean stress ellipsoid. For the 
Schistes lustrés unit, the resulting multitiered 
horizontal extension may be globally described 
by a fl attened strain ellipsoid (Sue and Tricart, 
2003). We consider this stress regime to be the 
continuation of the regime that was responsible 
for (1) early double boudinage (chocolate tab-
let development), and then (2) micronormal 
faulting of the boudins, when the Schistes lus-
trés structure entered into the brittle domain. In 
addition, a seismotectonic survey led Sue et al. 
(1999) to propose that the network of longitudi-
nal and transverse faults remains active, result-
ing in a current multitiered extension within the 
upper 10–15 km crust below the internal Alpine 
arc. This suggests that the tectonic regime has 
not fundamentally changed along the fi nal exhu-
mation path in brittle conditions.

The Schistes Lustrés Unit in Queyras: 
A Tilted Accretionary Wedge

The main result of our tectonic analysis cou-
pled with P-T estimates is that the tectonic regime 
experienced by the Schistes lustrés unit has 
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remained constant from the ductile-brittle tran-
sition (greenschist-facies conditions) up to the 
development of the present-day regional-scale 
normal faulting (Fig. 10). This tectonic regime 
is consistent with a subvertical orientation of the 
σ1 axis. Indeed, the latest normal faults indicate 
vertical σ1 axis orientation (Fig. 5C). However, 
in the present-day situation, we observe a fi nite 
geometry with (1) a west-dipping foliation plane 
and (2) a double boudinage geometry on the foli-
ation plane and positions of microfaults compat-
ible with a σ1 axis orientation steeply plunging 
toward the east (Figs. 4C and 5D).

In order to interpret these relationships 
between fi xed orientation of σ1 axis and the 
present-day west-dipping regional structures 
(Fig. 3), we propose starting from a subhorizon-
tal or low-angle attitude and westward rotation 
of the Schistes lustrés unit around a NNW-SSE 
horizontal axis during the boudinage to faulting 
sequence. In this hypothesis, the Schistes lus-
trés unit in its current position corresponds to 
an accretionary wedge tilted toward the west of 
more than 30° (Figs. 5 and 10). This tilting pro-
cess allows the fi nal exhumation to lead the met-
amorphic rocks toward the surface (Fig. 11A).

This interpretation has important conse-
quences for kinematic analysis in the western 
Alps. For example, before being taken into 

account, all kinematic indicators developed 
under blueschist-facies conditions need to be 
restored to their original position (i.e., with 
a subhorizontal or gently dipping to the east 
position for the regional schistosity). This tilt-
ing was accommodated by west-dipping sur-
faces of extensional detachment parallel to the 
western fl ank of the Monviso and Dora-Maira 
massifs (Ballèvre et al., 1990) (Fig. 11B). These 
processes continued while the Queyras was 
exhumed from the ductile-to-brittle transition 
depth, up to the surface, during the Neogene 
(Tricart et al., 2004). The driving mechanism 
could have been the forethrusting of a 10-km-
depth mantle indenter below the Dora-Maira 
massif in the east, which drove vertical compres-
sion and differential uplift of the internal Alpine 
units (Fig. 11C). This hypothesis is consistent 
with the lithospheric model proposed by Paul et 
al. (2001), Vernant et al. (2002), and Lardeaux 
et al. (2006), who imaged the so-called Ivrea 
geophysical body (Schmid and Kissling, 2000; 
Pfi ffner et al., 2002).

CONCLUSION

The Queyras Schistes lustrés nappe stack 
represents a fossil accretionary wedge devel-
oped under blueschist-facies conditions during 

late Cretaceous–early Eocene subduction of 
the Tethyan ocean. The transition from sub-
duction to collision is marked by a progressive 
evolution from ductile to brittle conditions of 
deformation in a global context of cooling from 
blueschist-greenschist to subsurface metamor-
phic conditions.

We focus here on the late tectonometa-
morphic evolution, from the mid-Oligocene 
onward: as collision continued, we demon-
strate from microstructural observations that 
extension dominated. Synexhumation cooling 
caused the conditions of deformation to evolve 
from ductile, with the last crystallization of 
greenschist-facies minerals, to partly brittle 
with local boudinage, to fi nally fully brittle, 
with general normal faulting. During this fi nal 
faulting stage, widespread small-scale fault-
ing preceded the development of a major fault 
array at the regional scale. All along this sec-
ond period, the tectonic regime was dominated 
by a major subvertical compression associ-
ated with subhorizontal multitiered, almost 
radial extension. It resulted in “chocolate tab-
let” double boudinage at the ductile-to-brittle 
transition and subsequently in normal faulting 
parallel and perpendicular to the general trend 
of the internal Alpine arc. These coeval, longi-
tudinal and transverse faults remain currently 
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Figure 11. Multiscale interpretations across the western Alps. (A) Small-scale structures showing tilted conjugated normal faults in 
Queyras Schistes lustrés and the proposed interpretations. (B) X-X′ geological transect showing the Penninic deep crustal thrust to 
the west and the main detachments localized at the Schistes lustrés–Monviso and Monviso–Dora-Maira boundaries to the east. The 
present-day geometry of the Dora-Maira massif as an extensional dome structure is also compatible with vertical compression (modi-
fi ed after Tricart et al., 2004). (C) Crustal-scale section showing the depth of the European Moho (EM) and Apulian lithospheric mantle 
indenter (AM) from Paul et al. (2001) and Lardeaux et al. (2006). In response to plate convergence, the upper part of the Apulian (Afri-
can) lithospheric mantle acts as an indenter responsible for up-doming in the Dora-Maira the massif and tilting of the Schistes lustrés 
unit (upward indentation: vertical arrow A). The present-day west-dipping attitude of the schistosity in the Schistes lustrés unit results 
from this regional-scale tilting. Coeval widespread normal faulting in the Briançonnais zone and Schistes lustrés unit is also consistent 
with a subvertical orientation of σ1.
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active in the upper seismogenic crust,  resulting 
in the regional seismicity. The subvertical 
compression from the mid-Oligocene onward 
has driven the progressive westward tilting 
of the Schistes lustrés and is associated with 
the development of west-dipping detachment 
faults along the Schistes lustrés–Monviso and 
along the Monviso–Dora-Maira boundaries.

In the Schistes lustrés, microtectonic analy-
sis allowed discrimination of two generations of 
veins, one associated with boudinage and another 
with postboudinage normal faulting. The veins 
contain syntectonic quartz-chlorite-albite fi bers, 
labeled I and II, respectively. Early interboudin 
veins (fi ber I) developed at 380 ± 35 °C and 
6–2.5 kbar, whereas en echelon veins (fi ber II) 
associated with overprinted normal faults devel-
oped at 275 ± 40 °C and <1.7 kbar. Chronologi-
cal milestones were given by recently published 
fi ssion-track ages from zircons and apatites, 
suggesting that in the presently exposed units, 
the ductile-to-brittle transition occurred between 
ca. 27 Ma and ca. 10 Ma.

Two possible driving mechanisms for this 
multitiered extension have been proposed in 
the inner western Alps: gravitational collapse 
of the overthickened European crust (Sue et al., 
2007) and upward indentation of the European 
crust by the Apulian mantle (Lardeaux et al., 
2006). Evidence of extension associated with 
westward tilting of the Queyras Schistes lus-
trés nappe stack during late European-Africa 
convergence is more consistent with this sec-
ond hypothesis. The Apulian mantle wedge 
has played a major role in the Alpine collision 
process (Schmid and Kissling, 2000; Pfi ffner et 
al., 2002). Our “late Alpine” scenario proposed 
here in the core of the arc is consistent with the 
persistence of this deep indentation from the 
beginning of the Neogene onward.
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