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sheared while the cover was disharmonically folded above the main basement shear zones that did not propagate
into the cover. In this contribution, we analyze the witnesses of paleo-fluid circulations associated with these
crustal deformations, focusing particularly on Bourg d'Oisans and Mizoén basins (external Western Alps). On
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W}e’gem Alps the basis of structural and microstructural observations coupled to geochemical analyses (cathodoluminescence,
Shear zone 0 and Cstable isotopes, trace elements) of vein versus host-rock minerals, we show that in the cover, fluids main-

ly circulated over short distances (closed-system). However, trace element data also show that percolation of
small amounts of basement-derived fluids occurred over several tens of meters in cover rocks right above base-
ment shear zones. Indeed, the three successive vein sets recognized in the field display enrichments in basement-
derived Ni, Co, and Cr, which indicate that fluid transfer from the basement was efficient since the beginning of
basin inversion, therefore confirming the synchronous deformation of cover and basement. Fluid temperatures
and pressures are estimated (microthermometry coupled to 5'%0 of vein minerals) to about 250-400 °C and
2-5 kbar for veins that most likely formed at or close to metamorphic peak conditions. These results coupled
to literature data are finally integrated into a model of fluid circulation evolution through progressive deforma-
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tion of the whole external Western Alps.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

In convergent settings (subduction or collision), large amounts of
fluids are released in rocks by successive metamorphic dehydration re-
actions occurring during burial (e.g., Walther and Orville, 1982). The oc-
currence of fluids in rocks, in particular water, has crucial effects not
only on the scale of mass transfer processes and fluid-rock interactions
(e.g., John et al., 2012; Penniston-Dorland et al., 2010), but also on the
deformation mechanisms and rock rheology (e.g., Bos and Spiers,
2000, 2002; Gueydan et al., 2004; and references therein). Moreover,
there is a strong link between mass transfer and deformation mecha-
nisms (Stiinitz, 1998). Indeed, the scale of fluid circulation and mass
transfer through rocks is mainly controlled by the size and connectivity
of the deformation structures, and their evolution through time (Fisher
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et al.,, 1995). The permeability of high-pressure rocks being low and
fluid pressure close to lithostatic (Etheridge, 1983), most rocks may
behave as almost closed-systems, experiencing only small-scale
(mm-dm) diffusive mass transfer through the pervasive fluid pro-
duced locally by dehydration reactions (Cartwright and Buick,
2000; Fisher et al., 1995; Garofalo, 2012; Spandler et al., 2011;
Verlaguet et al.,, 2011). In these rocks, fluid flow may be channelized
in highly deformed zones (shear zones, faults), which form localized
preferential pathways for large-scale (m-km) advective mass trans-
fer; open-system fluid-rock interactions are restricted to mm-m
scale halos in the surrounding rocks (Abart et al., 2002;
Badertscher et al., 2002; Burkhard et al., 1992; John et al., 2012; Li
et al., 2013; McCaig et al., 1995, 2000a,b).

However, it is still unclear how open systems develop in previously
closed-system rocks and what are the transitional stages. Yet these
stages are keys for understanding the fluid system evolution and
constraining the (early) rheological evolution of the continental crust
when it is subducted or underthrusted. It is therefore a major issue to
characterize the fluid system(s) at that time, i.e., the fluid source, the
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circulation timescale and pathways, the intensity of fluid-rock interac-
tions along pathways, as well as the evolution of the fluid system with
progressive deformation, especially during the early stages.

Such a study has been performed in the External Crystalline Massifs
(ECM) of the external Western Alps. During the Alpine collision phase,
this proximal part of the European passive margin was buried to mid-
crustal depth below the internal Alpine units at Oligo-Miocene times
(Bellahsen et al., 2012; Rolland et al., 2008; Simon-Labric et al., 2009).
The ECM experienced mainly thick-skinned deformation during colli-
sion: shortening was accommodated by hundred meter-wide shear
zones in the basement, while the overlying sedimentary cover was
disharmonically folded (Bellahsen et al., 2012; Bellanger et al., 2014;
Boutoux et al., 2014). In the northern ECM, i.e., the Mont-Blanc and
Aar-Gothard massifs (Fig. 1), the fluid system in the sedimentary
cover nappes remained closed to external fluid infiltration, even in
highly cleaved metasediments (e.g., Kirschner et al.,, 1995, 1999;
Marquer and Burkhard, 1992). However, the major cover thrusts or
mylonites and associated veins record the infiltration of important
amounts of basement-derived fluids (Burkhard and Kerrich, 1988;
Kirschner et al., 1995, 1999; Marquer and Burkhard, 1992). Indeed,
the major basement shear zones propagated as thrusts into the cover,
resulting in local opening of the fluid system: ascendant fluids were
then channelized within the thrust zones and flowed through both
basement and cover (Marquer and Burkhard, 1992; Rolland et al.,
2003). Further North, in the Glarus thrust, a localized fluid flow occurred
at the basal contact of the sedimentary nappes, as attested by a clear iso-
topic front due to northward metamorphic fluid flow (Badertscher et al.,
2002).

Was the fluid evolution similar in the southern ECM (i.e., North
Oisans), which underwent less burial and shortening? In the north-
eastern part of the northern Oisans massif (Fig. 1), the cover is locally
detached from its basement, which is consequently not involved in
crustal shortening (i.e., local thin-skinned tectonic style; Bellahsen
et al., 2012). There, cover rocks behaved as a closed-system during the
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Fig. 1. Schematic structural map of the Western Alps showing the location of the studied
area.

whole deformation process; fluid circulations were restricted to the
sedimentary unit scale (Henry et al.,, 1996). On the contrary, the
north-western part of the Oisans massif is characterized by thick-
skinned deformation (Bellahsen et al.,, 2012). However, basement
shear zones did not propagate into the cover. Each of these structures
having accommodated an amount of shortening of only a few hundred
meters they are most likely key features on which one can study the
early fluid circulations and probably the transition from closed to
open fluid system.

The questions we address in this contribution are the following:
what is the scale of the fluid system and its evolution with progressive
deformation? As the basement shear bands did not propagate into the
cover, how is the deep fluid circulation (if any) accommodated at the
basement-cover interface? Can the fluid system give information
about the relative timing of basement and cover shortening during the
margin inversion? In order to answer these questions, we combine the
structural and microstructural analysis of basement shear zones and
the overlying metasedimentary cover in the northern Oisans massif
with geochemical and microthermometric investigation of the succes-
sive vein filling material and host-rocks.

2. Geological setting
2.1. The External Alps

The external zone of the Western Alps arc consists of fold-and-thrust
belts (Vercors, Chartreuse, Bauges, Bornes, Aravis, Haut Griffre) and Ex-
ternal Crystalline Massifs (ECM, Argentera, Oisans, Grandes Rousses,
Belledonne, Mont Blanc, Aiguilles Rouges, Aar, Gothard; Fig. 1). It corre-
sponds to the proximal part of the European margin, thinned during Li-
assic to Dogger times, with the formation of tilted blocks (Lemoine et al.,
1989) limited by normal faults oriented N-S to NE-SW in the ECM
(Figs. 1, 2).

During the collisional phase of the Alpine orogeny, the ECM were
buried down to mid-crustal depth below the internal (Penninic) units.
The ECM burial was deeper in the North (400 °C, 5 kbar in the Mont
Blanc massif; Rolland et al., 2003; Rossi et al., 2005; 450 °C, 6 kbar in
the Aar massif; Challandes et al., 2008) than in the South (270-360 °C
and 2-5 kbar in the Oisans massif; Bellanger, 2013; Crouzet et al.,
2001; Jullien and Goffé, 1993; Poty et al., 1974).

During collision, basement shortening was accommodated by West-
verging reverse shear zones (e.g., Bellahsen et al., 2012; Bellanger et al.,
2014; Leloup et al.,, 2005; Rolland et al., 2008) or anastomosed steep
shear zones (e.g., Marquer et al., 2006; Rolland et al., 2008; Oliot et al.,
2010, 2014). In the northern Oisans area, the cover was mainly
disharmonically folded over basement West-verging shear zones, with-
out significant décollement between the basement and its sedimentary
cover (Fig. 3). The main difference between the northern and the south-
ern ECM is that, in the North (Mont Blanc, Aar), basement shear zones
propagated into the cover, while in the South (Oisans) shear zones
were restricted to the basement and did not propagate into the cover.
Moreover, basement shear zones and the associated significant crustal
shortening are mainly observed in inverted pre-orogenic Liassic basins
(Bellahsen et al., 2012). On the contrary, where the crust was not pre-
structured by Liassic extensional basins (e.g., La Grave area in the
north-eastern Oisans; Figs. 2, 3), there is less field evidence of significant
crustal East-West shortening in the basement, and the cover is de-
tached from the basement, i.e., the shortening style is locally thin-
skinned. A striking point in all the basins is the absence of any signifi-
cant reactivation of the inherited normal faults (Bellahsen et al., 2012;
Tricart and Lemoine, 1986).

2.2. Bourg d'Oisans and Mizoén basins

The Bourg d'Oisans and Mizoén basins are pre-orogenic Liassic—
Dogger N-S extensional basins bounded by East-dipping normal faults,
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Fig. 2. Geological map of Bourg d'Oisans and Mizoén basins and sampling area location (inset Fig. 1).
Modified after Barféty et al. (1972) and Barbier et al. (1973).

the Col d'Ornon and the Mizoén faults, respectively (Figs. 2, 3). Their
normal offset values were of 3 and 2.5 km, respectively (Lemoine
et al.,, 1981). The base of the sedimentary cover is composed of a thin
Triassic layer (few tens of m) of sandstones and dolomites with scarce
gypsum lenses (Figs. 2, 3; Barbier et al., 1973; Barféty et al., 1972). The
Bourg d'Oisans basin underwent important subsidence during Liassic
(Sinemurian) to Dogger (Bajocian) times, which resulted in the deposi-
tion of thick marls or marly limestones. The Mizoén basin was also filled
with marls and shales but mainly during Domerian to Bajocian subsi-
dence (Figs. 2, 3).

A Bourg d'Oisans basin

Col d'Ornon Huez

2.3. Fluid flow in the ECM

In the northern ECM (Mont Blanc and Aar massifs), most studies so
far concluded that Alpine fluids were channelized in the major base-
ment and cover shear zones (Badertscher et al., 2002; Kirschner et al.,
1999; Marquer and Burkhard, 1992; Rolland et al., 2003; Rossi et al.,
2005). Indeed, at the proximity of large thrusts (i.e., within a few me-
ters), oxygen isotopic values (6'80) in shear zones and associated
veins are locally much lower than in the surrounding rocks within the
cover nappes (e.g., Badertscher et al., 2002; Burkhard and Kerrich,
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Fig. 3. Cross-section of Bourg d'Oisans and Mizoén basins and sketch of metamorphic vein formation. A. Cross-section of Bourg d'Oisans and Mizoén basins showing sample locations, mod-
ified after Boutoux et al. (2014). The basement is locally sheared while the overlying cover is disharmonically folded. B. 3D schematic representation of the vein sets relative chronology and

their relationships with the cleavages.
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1988; Marquer and Burkhard, 1992), which is interpreted as the result
of large-scale fluid flow from deeper (basement) parts of the shear
zones. However, apart from the basal thrusts of the largest nappes, sim-
ilar values of oxygen isotopic compositions (5'80) were observed in the
cover shear zones and the surrounding rocks within the nappes
(Kirschner et al., 1999), suggesting that these rocks underwent little to
no advection of isotopically distinct fluid.

In the southern ECM and especially in the Oisans area, few geochem-
ical studies have been performed and none of them provided any evi-
dence of large-scale fluid circulation. In particular, Henry et al. (1996)
carried out a geochemical study of the metasedimentary rocks of La
Grave (Fig. 2), where the cover is detached from its probably unde-
formed underlying basement (Bellahsen et al., 2012). Isotopic and
trace element signatures of metamorphic vein filling material and
their host-rocks show that the metasedimentary cover behaved as a
chemically closed-system, locally-derived fluid circulations being re-
stricted to the metasedimentary Jurassic units (i.e., few tens of meter
scale; Henry et al., 1996).

Microthermometric studies all over the Bourg d'Oisans basin carried
out on fluid inclusions trapped within vein mineral phases also suggest
the absence of large-scale fluid circulation in the Oisans Jurassic cover,
although high salinities recorded in some fluid inclusions in the deeper
Liassic layers were interpreted as due to a local percolation of fluids
from the underlying Triassic gypsum (Bernard, 1978; Gratier and
Vialon, 1980; Gratier et al., 1973; Nziengui, 1993; Poty et al., 1974).

3. Large-scale structures and microstructures
3.1. Large-scale structures

In both the Bourg d'Oisans and Mizoén basins, basement shortening
was accommodated by West-verging 100-500 m wide shear zones
(Bellanger et al., 2014) restricted to the basement (i.e., they did not
propagate significantly into the cover) and that cut across the Variscan
foliation (Fig. 3A), without any evidence for its reactivation. The two ba-
sins have slightly different styles of shortening. In the Bourg d'Oisans
basin, there are five units (Dumont et al., 2008) that are separated by
four West-verging shear zones named Bourg d'Oisans, Huez, Col de
Cluy, and Croix de Cassini shear zones (Fig. 3A). Above these basement
shear zones, the sedimentary cover is disharmonically folded. The ob-
served meter-to-kilometer scale fold axes are N-S and synchronous
with the main cleavage. The Mizoén basin is divided into two parts:
the eastern part is a basement horst named the Emparis Plateau, with
a thin metasedimentary cover (Figs. 2, 3A), whereas the western part
is composed of a thicker disharmonically folded metasedimentary
cover (Fig. 3A) underlain by the main West-verging basement shear
zone (the Mizoén shear zone). Just West of the Emparis Plateau, the
Mizoén metasedimentary cover is composed of two structural units
separated by the Alp décollement (Fig. 3A). Note that the base of the
sedimentary cover is composed of a thin Triassic layer (a few tens of me-
ters wide) attached to the basement, i.e., not disharmonically folded.

3.2. Cleavages in the sedimentary cover

Several cleavages affecting the metasedimentary cover are docu-
mented in the field (Bellahsen et al., 2012; Boutoux et al., 2014;
Dumont et al., 2008, 2012). In the Bourg d'Oisans basin, one main cleav-
age (S2) is observed (Figs. 3, 4A-B), striking N-S and dipping eastward.
This cleavage is associated with the main folds whose axial surface is
East-dipping (Gratier and Vialon, 1980; Gratier et al., 1973). Close to
the basement of the Bourg d'Oisans basin, a previous cleavage (S1)
can also be documented (Fig. 3B), striking N-S and dipping westward.
The chronological relationships between the two cleavage sets are de-
scribed in Bellahsen et al. (2012) and Boutoux et al. (2014): during
the initiation of the basin inversion, the base of the sedimentary cover
underwent a top-to-the-East shearing that locally formed the West-

dipping S1 cleavage. This cleavage was then overprinted by the S2
main cleavage resulting from the top-to-the-West shearing of the entire
basin (Fig. 3). In the Mizoén basin, the S1 cleavage is only recorded
below the Alp décollement, while the S2 cleavage developed only
above it (Figs. 3, 4C-D).

3.3. Vein pattern and sequence

During the development of the two cleavages, metamorphic veins
were continuously formed and deformed in the metasedimentary
cover. Vein deformation occurred either by transposition into cleavage
or by folding (i.e., ptygmatic vein; Fig. 4). In the field, three successive
vein sets could be distinguished owing to their crosscutting relation-
ships with S1 and S2 cleavages (Boutoux et al., 2014). V1 veins were de-
formed by both cleavages (Fig. 4C), V2 veins cut across S1 but were
deformed by S2 cleavage (Fig. 4A), and V3 veins are undeformed and
cut across both cleavages (Fig. 4B). V1 veins are interpreted as pre- to
syn-S1 cleavage, V2 veins as pre- to syn-S2 cleavage and V3 veins as
late- to post-S2 cleavage. Indeed, most V3 veins are perpendicular to
S2 but undeformed, therefore compatible with the end of the ductile
event forming the S2 cleavage. Therefore, most of the veins are related
to the main ductile deformation event associated to the development
of S1 and S2 cleavages (Boutoux et al., 2014), except the latest V3
veins that can be related to the basin exhumation.

Locally, where only one cleavage is expressed, only two vein gener-
ations can be distinguished, e.g., far from the basement in both basins,
where S1 and S2 cannot be distinguished. In this case, V1 and V2 veins
cannot be discriminated and are labeled as “early veins” (Fig. 4B-D).
Moreover, under the Alp décollement in the Mizoén basin, where S1
only is expressed, V2 and V3 veins are undistinguishable and considered
as “late veins”. The structural relationships between vein sets and cleav-
ages are summarized in Fig. 3B.

4. Sampling strategy and analytical techniques

In order to investigate the scale of fluid circulation in the
metasedimentary cover rocks in the Bourg d'Oisans basin and to identify
potential basement-derived fluid infiltration, we collected samples in
the Huez basement shear zone and in the cover right above, at different
distances above the basement-cover interface (Fig. 3). Basement sam-
ples from the Huez shear zone itself were sampled on the road between
La Garde and I'Alpe d'Huez, a few meters under the basement-cover
contact (location 3 in Figs. 2, 3A), along with Triassic samples. Cover
samples were collected in two places: (1) a few tens of meters above
the basement-cover contact on the road between La Garde and 1'Alpe
d'Huez (called “Huez samples” thereafter; location 1 in Figs. 2, 3A)
and (2) about 300 m structurally higher, on the road between Huez
and Villard-Reculas (called “Villard-Reculas samples” in this study; loca-
tion 2 in Figs. 2, 3A).

We also collected samples from the cover in the Mizoén basin, be-
tween the Mizoén village and the Emparis plateau, from both tectonic
units separated by the Alp décollement, i.e., above (location 4 in
Figs. 2,3A) and below it (location 5 in Figs. 2, 3A), in order to investigate
the possible effect of this tectonic contact on potential fluid circulations.
Unfortunately, the underlying basement shear zone could not be sam-
pled, because (1) it does not crop out around the Romanche valley
(Fig. 3A) and (2) further South, in the Veneon valley, the sheared base-
ment is accessible, but according to Barbier et al. (1973), the lithology is
quite different than in the Romanche valley.

Most analyses were performed at ISTeP (Paris, France), except when
specified in the following. Whole-rock analyses were performed at the
SARM (Nancy, France) on six representative cover and basement sam-
ples from the Huez area (locations 1, 2, and 3 in Figs. 2, 3A). The vein
and host-rock mineralogy was determined by X-ray diffraction (D2
Phaser Bruker) and EDS analyses (SDD detector PGT Sahara) associated
to scanning electron microscopy (SEM Zeiss Supra 55VP). Cover vein
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microstructures were characterized under SEM and optical microscope.
Cathodoluminescence (Cathodyne OPEA) on cover veins and host-rocks
was used to identify successive crystallization generations. To investi-
gate local versus external fluid infiltration in metasedimentary cover
rocks, the isotopic signature (8'3C, VPDB and 6'%0, SMOW) of vein cal-
cite was compared to that of their surrounding host-rocks. The 6'80 of
quartz (laser fluorination at IPGP, Paris, France) and calcite in textural
equilibrium in the different vein sets were combined in order to

constrain the fluid temperature during vein mineral crystallization.
Trace element analyses were performed (ICP-MS, following the meth-
odology of Salaiin et al., 2010) on the different vein sets and their
host-rocks, and on samples from the underlying basement (for the
Huez shear zone) in order to detect any basement-derived fluid infiltra-
tion into cover rocks. Besides, microthermometric measurements were
performed on primary fluid inclusions in quartz and calcite from Huez
and Mizoén (locations 1 and 5 in Figs. 2, 3A, respectively) cover veins,
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providing fluid salinity and isochoric evolution paths. Finally, the com-
bination of calculated isochors and quartz-calcite equilibrium tempera-
ture provided fluid pressure estimates during the vein formation. More
details about the analytical procedures can be found in Appendix A.1.

5. Mineralogy and textures of basement and cover rocks and veins
5.1. Mineralogy of basement rocks

In the Bourg d'Oisans basin, the Huez Alpine shear zone (location 3
in Figs. 2, 3A) presents a thick talc-rich zone of a few meters width.
This talc-rich zone is composed of rocks with very mafic Ca-rich compo-
sition (Table 1) exhibiting the following minerals: talc, Cr-rich chlorite,
Mg-Ca-amphibole, plagioclase, Ni-rich pyrite, sphene, chromite, rutile
and titanomagnetite (Fig. 5). Talc, chlorite and sphene are observed to
have co-crystallized in shear zones, where they clearly replace amphi-
bole (Fig. 5A) and plagioclase. Pyrite cores included in amphibole crys-
tals are rimed by iron-oxide or hydroxide (Fig. 5B), which formation is
associated and coeval with talc crystallization in cracks through the am-
phibole crystals. Zoned chromite crystals are partly dissolved and em-
bedded in Cr-rich chlorite (Fig. 5C, D, E). These mineralogical reactions
required both rock hydration (to form phyllosilicates) and progressive
evolution towards more oxidizing conditions (i.e., pyrite rims).

Therefore, two successive parageneses can be identified: (1) the as-
semblage amphibole + plagioclase + pyrite 4+ chromite + rutile cor-
responds to the Variscan paragenesis also observed by Barféty et al.
(1972) in the unsheared basement and is in agreement with descrip-
tion by Guillot and Ménot (2009), and (2) the assemblage talc +
chlorite + sphene + Fe-oxide/hydroxide + titanomagnetite is obvi-
ously related to basement shearing, accompanied by external fluid
influx, during the Alpine collision. Indeed, this second paragenesis
grew in Alpine shear zones, and the presence of chlorite is characteristic
of the greenschist facies P-T conditions undergone by basement rocks
during the Alpine collision.

In the talc zone, numerous quartz veins and scarce calcite veins
(e.g., sample Alp10-5 in the following results) are kinematically consis-
tent with Alpine shearing, and thus considered of Alpine age.

5.2. Mineralogy of cover rocks

The Triassic layers, still attached to the basement rocks, are mainly
composed of sandstone, dolomite and scarce lenses of gypsum
(Table 1). Above the Huez basement shear zone, fractures in the Triassic
layers are mainly filled with calcite, dolomite and quartz, with local

enrichments in galena (PbS), pyrite (FeS,) and/or sphalerite (ZnS).
These minerals can be locally concentrated, e.g., in the La Gardette
(Cathelineau et al., 1990; Marignac et al., 1997; Poty, 1967) and Le
Pontet (Feybesse et al., 2004) ancient gold mines: these sulfur minerals
crystallized in a 500 meter long quartz vein affecting both the basement
(granite and gneiss) and the lowermost Triassic dolomites. In La
Gardette, similar sulfur minerals are also concentrated in a specific
level of the Triassic dolomite, where they were interpreted as syn-
sedimentary enrichments (Poty, 1967).

In both the Huez and Mizoén basins, the metasedimentary cover is
made of marls (Table 1) containing calcite, quartz, phyllosilicates
(mainly pyrophyllite, chlorite, phengite and rare cookeite), iron oxides,
rutile, and pyrite (Fig. 6A-B). Framboidal pyrite is observed and is
interpreted as formed during early diagenesis (Wilkin et al., 1996).
The pyrites are often partially to completely oxidized (Fig. 6A). Detrital
albite grains and rare dolomite (Fig. 6B) and apatite crystals were also
observed. The phyllosilicate paragenesis is characteristic of the Alpine
greenschist facies metamorphism. The analyzed samples (Table 1)
show a large compositional variability, which results in variable propor-
tions of calcite (30-90 vol.%) versus quartz (0-20 vol.%), phyllosilicate
fraction (5-40 vol.%) and organic matter (0.5-1.5 wt.%; modal compo-
sition calculations according to Verlaguet et al., 2011).

Finally, host-rocks show calcite dissolution zones (Fig. 6A), attesting
material displacement by pressure-solution into the sedimentary cover.

5.3. Textures and mineralogy of veins

In both basins, veins are mainly filled with calcite and quartz, the
quartz amount decreasing from V1 to V3, so that many V3 veins are de-
void of quartz and only filled with calcite. Calcite and quartz display ei-
ther fibrous crystals elongated perpendicular to the vein walls (“fibrous
texture” in the classification of Oliver and Bons, 2001; Fig. 6C) or
euhedral morphologies (“blocky texture” in Oliver and Bons, 2001;
Fig. 6C, D, E), whatever the vein generation. Both textures can coexist
in synchronous veins in the same thin section (e.g., late veins in
Fig. 6C), and mixed textures are also observed.

Quartz and calcite crystals show multiple evidences of textural equi-
librium: they often show mutual micro-indentations (intergrowth tex-
tures), and some calcite crystals are embedded within quartz crystals,
themselves surrounded by calcite crystals of similar composition
(Fig. 6F). The textural equilibrium of calcite and quartz in veins indicates
their co-precipitation.

Scarce accessory micrometric phases such as dolomite, apatite, oxi-
dized pyrite and chlorite can be recognized with SEM.

Table 1

Chemical analysis (wt.%) of Bourg d'Oisans basin cover and basement rocks.
Sample Alp10-8* Alp10-13? Alp 10-34" Alp10-1I-15* Alp10-11-16* Alp10-3°¢
Sample location 1 1 1 2 2 3
Si0, 40.38 23.02 2.17 4.838 3245 34.84
Al,O3 14.21 6.04 0.53 2.84 8.55 0.79
Fe;03 total 3.16 241 2,51 1.1 3.52 478
MnO 0.04 0.04 0.37 0.25 0.37 0.39
MgO 3.34 43 19.13 1.24 3.13 26.38
Ca0 15.42 30.57 30.06 47.93 24.25 12.38
Na,O 0.35 0.51 0.26 0.15 0.56 -
K,0 4,01 1.20 0.07 0.55 1.69 -
TiO, 0.57 0.31 0.03 0.12 0.41 0.02
P,0s 0.17 0.18 - 0.06 0.17 -
LO.L 17.83 30.04 43.79 39.49 24.13 21.08
Total 99.48 98.63 98.92 98.62 99.24 100.67
CO3 total 16.85 31.76 44.77 39.78 23.34 18.38
H,0 total 2.87 1.67 0.73 1.23 2.22 3.45

L.O.L, loss on ignition. Whole-rock chemical analysis (oxide weight %).
@ Jurassic.
b Triassic.

¢ Sheared basement.
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Fig. 5. Thin section of the Huez talc-rich basement shear zone (sampling location 3 in Figs. 2, 3A). BSE-SEM images. A. Hercynian paragenesis amphibole (Amph) + pyrite (Py) + rutile
(Rt) partially replaced by the Alpine assemblage talc (TIc) + chlorite (Chl) + sphene (Spn) + titanomagnetite (Mag). B. Ni-rich pyrite included in Hercynian amphibole is altered into
iron-oxide rims by fluid ingression into amphibole cracks during the Alpine shearing, as attested by the coeval retrogression of amphibole into talc + chlorite. C. Hercynian chromite
(Chr) partially dissolved and replaced by talc + chlorite. D-E Elementary maps (EDS-SEM analysis) of AlO (D) and CrO (E), showing that the Alpine chlorite locally incorporates part
of the chromium liberated by the Hercynian chromite dissolution (mineral abbreviations following Kretz, 1983).

6. Geochemical signatures and microthermometry of veins and respectively) were analyzed under cathodoluminescence. Two represen-

host-rocks tative V1 and V2 veins are illustrated in Fig. 6G-H. In V1, V2 and their
host-rock, calcite displays the same red color, with the same intensity
6.1. Cathodoluminescence microscopy (Fig. 6H). Quartz in V1 vein and other phyllosilicate phases in the host-

rock appear in black and lighter red, respectively (Fig. 6H), as they do
Several samples from the three vein generations (from both the Bourg not incorporate the same amount of luminescent elements. A similar
d'Oisans and Mizoén basins, locations 1-2 and 4-5 in Figs. 2-3A, red color was observed in V3 veins and their host-rocks on other samples.
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Ptygmatic
V2 vein

Ptygmatic

Fig. 6. Thin-sections of cover veins and their host-rocks. SE-SEM images (A, B), photomicrographs in natural light (C, D, E, F) and under cathodoluminescence (H). A. Calcite (Cal), quartz
(Qz), chlorite (Chl), and framboidal pyrite (Py) observed within cover host-rock thin section. Pyrite cores are partly oxidized. The arrow highlights a calcite dissolution zone within the
host-rock. B. Host-rock mineralogical assemblage composed of calcite, quartz, phengite (Ph), chlorite, framboidal pyrites and scarce dolomite (Dol). C. Late V3 veins (calcite + quartz)
showing either blocky or fibrous texture, crosscuting V2 ptygmatic vein. D. Ptygmatic V1 veins with blocky textures. E. Transposed V2 veins with blocky textures. F. Calcite and quartz
in textural equilibrium (micro-indentation) in V1 vein: calcite is included in quartz crystals, which are embedded in calcite crystals. G-H. Thin section of cover veins from sample
Alp10-20 (location 1 in Figs. 2, 3A) observed under natural light (G) and cathodoluminescence (H). Sample showing two vein generations: V1 transposed into S1 cleavage, and numerous
V2 (only the major one is underlined) transposed into S2 cleavage and crosscutting V1. V1 contains quartz + calcite + scarce apatite, while V2 is filled with calcite only. Mineral abbre-

viations following Kretz (1983).

These observations indicate that the nature and concentration of lumines-
cent elements incorporated in calcite did not vary during the successive
vein crystallization, and are similar to that of the host-rock calcite. In
these samples, calcite appears red although pure calcite is usually orange
under cathodoluminescence microscopy (Machel and Burton, 1991): this

may indicate a high concentration in red luminescent elements such as
manganese or magnesium.

The absence of variation in either color or intensity of calcite within
the veins precludes any evidence of successive growing phase in any
vein generation.
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6.2. 6'%0 and 8'3C signatures of calcite from veins and host-rocks

5'80 and 6'3C signatures of calcite from cover veins and their host-
rocks from both basins (sample locations 1, 2, 4, and 5 in Figs. 2, 3)
along with one calcite vein from the talc-rich zone of the Huez base-
ment shear zone (sample location 3 in Figs. 2, 3) are reported in
Fig. 7A. In the Bourg d'Oisans basin, the isotopic ratios, whatever the
vein generation, are very close to that of their host-rock (Fig. 7B-C).
580 and 6'3C composition ranges of most veins and host-rocks are rel-
atively narrow: +18 to +23.5% and —2 to + 1.5%., respectively
(Fig. 7A). These variations mainly reflect lithological variations: the
most pelitic (i.e., phyllosilicate-rich) samples exhibit the lowest 530
and 6'3C signatures. In the Mizoén basin, the isotopic signatures of each
vein are also very close to those of their host-rocks (Fig. 7B-C). Two
groups can be identified: one group has isotopic composition within the
range of Bourg d'Oisans rocks (880 = +21.5 to +23.5%., 6'°C = —1
to + 1.5%., Fig. 7A), while the second group has lower §'%0 (4 19.5
to +21.5%.) and 6'3C (— 2.5%. to — 6%, Fig. 7A). This bimodal distri-
bution is correlated to the rock lithology: all samples with negative §'>C
(pelitic layers on Fig. 7A) belong to the Aalenian layer, which is partic-
ularly rich in phyllosilicates and organic matter, while other composi-
tions correspond to samples collected in marls.

Cover vein and host-rock calcite presents very homogeneous isotopic
signatures (Fig. 7B-C). On the contrary, the isotopic signature of the cal-
cite vein from the Huez basement shear zone shows a strikingly different
value (5"3C = —9.2%. and 6'0 = + 13.3%., Fig. 7A) compared to the
cover vein calcite. In the Triassic layer, the isotopic composition of the
vein (6'2C = —5.3%., 6'80 = +19.5%,) is very different from that of
its host-rock (6'C = —1.5%, 8'80 = +25.7%., Fig. 7A), and intermedi-
ate between Triassic host-rock and basement vein composition (Fig. 7A).

6.3. 6'%0 signatures of quartz from cover veins

The 6'80 signatures of quartz crystals in textural equilibrium with cal-
cite in cover veins from both basins (sample locations 1, 2, 4, and 5 in

Figs. 2, 3A) are relatively homogeneous for most veins (880 = +22.3
to +26.3%., Table 2) whatever the sampling site or vein generation.

6.4. Microthermometric study of fluid inclusions in veins

Microthermometric measurements were performed on about 80
fluid inclusions in either quartz or calcite crystals from V1 or early
(V1/V2) cover veins from both basins (locations 1 and 5 in Figs. 2, 3).
In order to characterize the fluid phase present in cover veins during
mineral crystallization, we focused on primary fluid inclusions, which
are interpreted as being trapped during crystal growth (Roedder,
1984; Touret and Frezzotti, 2003). Primary fluid inclusions are distribut-
ed either in trails along successive crystal growth surfaces (Fig. 8A) or in
clusters (Fig. 8B) throughout the vein crystals (Roedder, 1984). In veins
showing fibrous textures, we also analyzed the pseudo-secondary trails
of fluid inclusions (Fig. 8C, D).

For each fluid inclusion, the salinity of the fluid was calculated from
the measured melting temperature (Tm) with the equation presented
in Bodnar (1993). Measured Tm is between —1 °Cand — 10 °C (disper-
sion of £ 3 °C for each sample), which corresponds to 1.74wt.% eq. NaCl
and 13.94wt.% eq. NaCl, respectively. Measured homogenization tem-
peratures (Th) are between 125 °C and 198 °C (dispersion of +12 °C
in a single sample). Then, isochoric P-T relationships were calculated
for each sample from the mean measured Th and mean calculated salin-
ity, using the equation of Bodnar and Vityk (1994). The isochors (Fig. 9)
are almost parallel, with P-T relationships of 16.5 MPa-C™! to
21 MPa-C~ !, whatever the basin (Bourg d'Oisans or Mizoén).

6.5. Trace element analysis in veins and host-rocks

For both basement and cover rocks, trace element concentrations of
3d transition elements (Sc, V, Cr, Co, Ni, Cu and Zn) and HFSE (Zr, Hf, Nb,
Ta, Mo, Sb) were normalized to mean crust composition (Taylor and
McLennan, 1985; Fig. 10A, B) to allow comparison. However, basement
rocks have Ca-rich basic compositions, and cover rocks are Triassic
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Fig. 7. Stable isotopic ratios (6'%0 and 6'C) of calcite from vein and host-rock samples in Bourg d'Oisans (locations 1 and 2 in Figs. 2, 3A) and Mizoén (locations 4 and 5 in Figs. 2, 3A) basins.
A.8'80 versus 8'3C for Jurassic and Triassic calcite. In addition, the isotopic analysis of a calcite vein from the talc-rich zone of the sheared basement shear zone is plotted (location 3 in Fig. 2,
3A). "Pelitic layers" highlights samples from the Aalenian layer, which is particularly phyllosilicate-rich (Barbier et al., 1973). B and C. 5'80 (B) and 6'>C (C) of vein calcite versus their re-
spective host-rock calcite (i.e., for samples where both vein and host-rock calcite was analyzed). Solid line: linear relationship between vein and host-rock isotopic ratios.
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Table 2
5'%0 of vein calcite and quartz presenting textural equilibrium (fine micro-indentation,
see Fig. 6F).

Sample Sample location  Quartz 8'%0 (%)  Calcite 6'%0 (%) T (°C)
Alp10-13* 1 25.2 22 251
Alp10-15 1 24.8 218 274
Alp10-18 1 24 21.8 358
Alp10-20° 1 25.2 23.1 421
Alp10-21 1 253 23 344
Alp10-22° 1 25.7 21.6 189
Alp10-34 1 24.6 195 144
Alp10-II-2 2 24.7 222 327
Alp10-11-6* 2 26.3 235 292
Alp10-11-11 2 25.8 232 314
ALp10-52 4 223 19.7 306
Alp]O-SSb 4 223 20.5 429
Alp'l()—64b 4 238 219 402
Alp10-74 4 24.6 22.8 417
Alp11-15 5 25.7 239 436

5'%0 for quartz and calcite expressed in %o SMOW. 6'80 on quartz corrected from standard
analysis (UWG2 garnet).

Analytical precision for 5'0 on calcite (0.1%.) and quartz (0.08%.) gives a propagated
€rror on AlgOquarlzfcalcite (: 818Oquarlz - ﬁlsocalcite) of 0.12%..

Equilibrium quartz-calcite temperatures calculated from Sharp and Kirschner (1994); es-
timated uncertainty on the thermometer: from 415 °C to 426 °C in the 200-450 °C
range, systematically higher than the maximum error on the equilibrium temperature cal-
culated from the analytical precision on quartz and calcite 6'%0: from +7 °Cto +22 °Cin
the 200-450 °C range.

Veins are all V1 veins for Bourg d'Oisans samples (locations 1 and 2 on Figs. 2, 3A) or early
veins (undetermined V1 or V2 veins) for Mizoén samples (locations 4 and 5 on Figs. 2, 3A).

? Duplicated samples showing a deviation from mean value < 4 0.3%: equilibrium
quartz-calcite temperature calculated from the mean 6'%0 value.

b Samples showing highly dispersed duplicates (4 0.6 and 0.9%.): for both samples, the
highest 5'80 value gives an unrealistically high equilibrium temperature (863 °C and
3944 °C respectively), exceeding both the thermometer calibration temperature range
and the maximum temperature estimated for these rocks (300-350 °C; Bellanger, 2013;
Crouzet et al.,, 2001; Jullien and Goffé, 1993); these unrealistic 5'0 values were discarded,
and the equilibrium quartz-calcite temperature was calculated from the valid 6'%0
analysis.

dolomites and Liassic marls, thus these rocks display accordingly specif-
ic patterns relative to the mean crust composition. As the aim of this
study was to trace potential basement-derived fluid infiltration in
cover rocks, trace element patterns normalized to mean crust composi-
tion are discussed hereinafter in terms of relative variations of shapes
rather than in terms of absolute values. The trace element patterns of
sheared and unsheared basement, basement and cover rock, and
cover vein versus host-rock are also compared. Trace element values
can be found in Appendix Table A.2.

6.5.1. Basement trace element patterns

Trace elements were analyzed in samples collected both in the Huez
basement shear zone (including the talc-rich area, Fig. 10D) and just
outside the shear zone in less deformed rocks.

Basement trace element concentrations are presented on Fig. 10A
normalized to the mean crust (Taylor and McLennan, 1985). For most
elements, trace element patterns of samples from the sheared basement
are similar to those of the unsheared basement with however lower ab-
solute contents, except in Ni, Co and Cr (Fig. 10A). These lower concen-
trations in sheared basement samples reflect either trace element
depletion in basement rocks during shearing or trace element dilution
effects due to depletion or enrichment in some major elements.

Concerning the sheared basement, trace element compositions in
samples from the shear zone outside of the talc-rich zone follow the
same trend than the talc-rich zone samples (Fig. 10A-D), except for
the Cr, Co, and Ni concentrations that are clearly higher in the talc-rich
zone: Cr, Co, and Ni patterns are even inversely correlated in both
zones. This suggests that the shearing of basement rocks has mainly af-
fected the compositions in Cr, Co and Ni, probably through fluid-assisted

mobilization, while other 3d transition elements and HFSE (known as
the least mobile) remained unaffected.

In the talc-rich shear zone, the calcite vein from sample Alp10-5 has
a similar pattern (except in Zn and Mo) than its host-rock, with bulk de-
pletion in all trace elements.

6.5.2. Cover trace element patterns

Trace element concentrations of cover rocks are presented normal-
ized to the mean crust ones (Fig. 10B; Taylor and McLennan, 1985)
whereas the vein trace element concentrations are presented normal-
ized to their host-rocks (Fig. 10C).

Composition patterns of Triassic dolomites are slightly enriched in
Zn, Mo, and Sb compared to the mean crust composition (Fig. 10B).
The associated veins are enriched in Zn 4 Sb and V compared to their
host-rocks (Fig. 10C).

In Liassic layers above the Huez shear zone, the samples have very
similar trace element patterns, whatever their distance to the contact
(Fig. 10B): indeed, both Huez (a few tens of meters above the basement,
location 1 in Figs. 2, 3, 10D) and Villard-Reculas (a few hundred meters
from the basement, location 2 in Figs. 2, 3, 10D) samples exhibit similar
concentrations in all elements (Fig. 10B), with higher concentrations in
V, Zn, Mo and Sb than mean crust composition (Fig. 10B). The variability
of trace element concentrations in marls may reflect their heteroge-
neous calcite content (30-90 vol.%, Table 1) versus pelitic fraction
content.

All the veins sampled just above the Huez basement shear zone (lo-
cation 1 in Figs. 2, 3A, 10D) present strong enrichments in Ni (up to 100
times) and/or Co (up to 10 times), Cr (up to 10 times), Zr and Hf (up to
100 times) compared to their respective host-rocks (Fig. 10C), for V1,V2
and V3 veins. On the contrary, veins sampled farther from the base-
ment-cover interface (location 2 in Figs. 2, 3A, 10D) display a bulk de-
pletion in all trace elements compared to their host-rocks, and do not
present any particular trace element enrichment (Fig. 10C).

7. Interpretation of results and discussion

7.1. Scale of fluid circulation and mass transfer in the metasedimentary
cover

7.1.1. Isotopic reequilibration of host-rocks during burial

In samples from the metasedimentary cover of the Bourg d'Oisans and
Mizoén basins, calcite shows a homogeneous isotopic composition in
each lithological unit (Fig. 7A). However, the calcite isotopic signal is not
that of a typical marine limestone, and plots between “normal marine
limestones” and “metamarls-metapelites” isotopic values (Fig. 11) report-
ed by Henry et al. (1996). This means that isotopic reequilibration oc-
curred among the different minerals (quartz, calcite, phyllosilicate
fraction, organic matter) during burial. Following Henry et al. (1996),
we conclude that these cover rocks attained complete isotopic
reequilibration under greenschist facies conditions.

As a consequence, the isotopic signature of host-rocks seems to be
mainly controlled by the lithology, i.e., it depends on the calcite-
quartz-organic matter-phyllosilicate fraction relative amounts. This is
the reason why the Aalenian samples from Mizoén (“pelitic layers” on
Fig. 7A), which are much richer in phyllosilicates, present different iso-
topic signatures (i.e., lower 6'0 and §'3C) than all other Liassic marls.
These isotopic ratios are in agreement with those analyzed all along
the ECM cover, in metapelites (Aalenian samples in Burkhard and
Kerrich, 1988; Henry et al., 1996) and metamarls (Burkhard and
Kerrich, 1988; Henry et al., 1996; Kirschner et al., 1995) respectively,
and reported in Fig. 11. Note that rocks from the La Grave basin (East
of our study area) being globally richer in pelitic fraction than our sam-
ples, their isotopic signatures are accordingly slightly lower than our
Aalenian Mizoén samples (Henry et al.,, 1996; reported as “ultra-
Dauphinois metapelites” in Fig. 11).
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Fig. 8. Microphotographs of thin sections and corresponding sketch of fluid inclusions analyzed by microthermometry. A. Primary fluid inclusions distributed along growth surfaces in a
quartz crystal. B. Cluster of primary fluid inclusions in a quartz crystal. C. Pseudo-secondary fluid inclusions in a calcite crystal, aligned along a trail parallel to the vein wall, supposed to
develop in response to incremental crystal growth, when the vein-opening rate is lower than the crystal growth rate. D. Trail of pseudo-secondary fluid inclusions in a quartz crystal, par-
allel to the vein wall.

However, it is noteworthy that although the samples from a spe- isotopic signatures are very close (Fig. 11), meaning that the rock
cific lithological layer have highly variable calcite-phyllosilicate rel- isotopic composition was equilibrated at the scale of the lithological
ative proportions (e.g., Bourg d'Oisans samples in Table 1), their layer.
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Fig. 9. Isochoric P-T relationships calculated from microthermometric measurements on
quartz and calcite crystals from cover veins above the Huez and Mizoén basement shear
zones. Host mineral phase and number of measurements are noted for each sample (Q
for quartz and C for calcite). The isochors were computed from the homogenization (Th)
and melting (Tm) temperatures, using equations from Bodnar (1993) for salinity and
from Bodnar and Vityk (1994) for isochor calculations. Fluid temperatures were calculated
from '%0 values of equilibrium quartz and calcite in veins. The error bars are thermome-
ter uncertainties (see Table 2). Fluid pressures are inferred from the intersection of the
equilibrium temperatures and the relative isochors.

7.1.2. Fluid flow within the metasedimentary cover: evidence for a
nearly-closed fluid system

In both the Bourg d'Oisans and Mizoén basins, calcite isotopic com-
positions are very similar in veins and associated host-rocks, whatever
the vein generation, suggesting local fluid-rock equilibrium in cover
rocks all along the successive vein formation. This vein-host-rock isoto-
pic equilibrium precludes massive external fluid influx during deforma-
tion (e.g., Burkhard and Kerrich, 1988; Marquer and Burkhard, 1992).
Indeed, basement-derived fluids may have very different isotopic signa-
tures, as suggested by the calcite vein analyzed in the Huez basement
shear zone (Figs. 7A and 11), and in agreement with the isotopic signa-
ture estimated for basement fluids by Henry et al. (1996) (Fig. 11).
Therefore, the percolation of important amounts of basement-derived
fluids into the overlying cover veins would have modified their isotopic
signatures, as observed in the northern ECM basal thrusts of the sedi-
mentary nappes (e.g., Burkhard and Kerrich, 1988; Kirschner et al.,
1999) or Glarus thrust (e.g., Burkhard et al., 1992) reported in Fig. 11.

In our rocks, the absence of oxygen isotopic fractionation between
host-rock and vein calcite suggests that vein formation occurred at P-T
conditions high enough to allow the host-rock mineral isotopic
reequilibration mentioned above (i.e., probably close to the peak P-T con-
ditions). Therefore, as indicated by the scale of isotopic reequilibration
mentioned above, fluid circulation in the cover rocks was restricted to
the scale of the sedimentary formation, i.e., tens to a hundred meter
scale. This is supported by observations under cathodoluminescence
where calcite from veins and host-rocks exhibits very similar color, what-
ever the vein generation (Fig. 6G-H), suggesting no evidence of massive
external fluid influx in those rocks. Henry et al. (1996) have drawn the
same conclusion of a closed-system fluid circulation at the unit-scale for
similar cover rocks from the La Grave basin.

Both isotopic and cathodoluminescence homogeneity of calcite in
veins and host-rocks thus suggest a local origin for the vein calcite.
Dissolution patterns of calcite crystals in the host-rock close to vein
walls (Fig. 6A) confirm that calcite was partly dissolved by pressure-
solution processes and locally transferred to the successively opening
fluid-filled veins where it crystallized. Quartz and calcite pressure-

solution and recrystallization in adjacent veins are common deforma-
tion mechanisms observed during burial (Bons, 2000; Fisher et al.,
1995; Ramsay, 1980; Yardley and Bottrell, 1992) and which have al-
ready been described in this area (Gratier and Vialon, 1980; Gratier
et al.,, 1973) and in the northern ECM (Burkhard and Kerrich, 1988;
Kirschner et al., 1995). As there is no evidence for infiltration of an im-
portant amount of external fluid, diffusive mass transfer likely occurred
through the pervasive fluid produced locally by the metamorphic dehy-
dration reactions undergone by clay minerals (i.e., phyllosilicate fraction
of the marls) during burial (Cartwright and Buick, 2000; Fisher et al.,
1995; Marquer and Burkhard, 1992; Oliver and Bons, 2001; Verlaguet
et al.,, 2011). Making simplified assumptions on the clay mineralogy of
the marls protolith (i.e., kaolinite, smectite, illite; see Verlaguet et al.,
2011 for further details), modal composition calculations suggest that
about 0.1-2 vol.% of fluid may have been produced by metamorphic re-
actions during the Alpine burial.

However, several authors state that the salinity increase in fluid in-
clusions from cover veins with the proximity to the Triassic dolomites
(Bernard, 1978; Gratier and Vialon, 1980; Gratier et al., 1973; Nziengui,
1993; Poty, 1967) supports the idea of small-scale percolation of
Triassic-derived NaCl-rich fluids in the overlying Liassic cover. This is
consistent with our salinity data obtained from fluid inclusions in veins
from Huez (i.e., just above the Triassic layer, location 1 in Figs. 2, 3A),
which correspond to the highest salinity values measured by these au-
thors for the whole Bourg d'Oisans sedimentary cover. Moreover, the
isochors calculated from our fluid inclusion microthermometric data
(Fig. 9) are in good agreement with those calculated from previous
data and reported in Fig. 12 (Bernard, 1978; Gratier et al., 1973; Nziengui,
1993).

On the contrary, the isotopic signature of calcite from Triassic layer
veins is clearly different (i.e., lower 6'0 and 6'3C) from that of the
host-rock calcite (Fig. 7A). This isotopic disequilibrium between Triassic
vein and host-rock (Fig. 7B-C) suggests external fluid infiltration
through the vein during calcite precipitation. In addition, the Triassic
vein isotopic ratio is intermediate between Triassic host-rock and base-
ment isotopic ratios (Figs. 7A, 11), suggesting that the thin Triassic layer
underwent basement-derived fluid infiltrations.

7.1.3. Local infiltration of basement-derived fluid in the cover above shear
zones

From isotopic data, it can be concluded that there was no massive in-
flux of external fluids in Liassic layers. However, trace element analysis
gives complementary insights on the source and scale of fluid circula-
tion. Above the Huez shear zone, veins from Villard-Reculas, situated a
few hundred meters above the basement (location 2 in Figs. 2, 3A,
10D), have very similar composition patterns than their host-rocks
(Fig. 10C), which is consistent with a local origin of both vein filling el-
ements and fluid (Fig. 10D). On the contrary, in the Huez samples situ-
ated just above the sheared basement-cover interface (location 1 in
Figs. 2, 3A, 10D), veins present strong relative enrichments in Cr, Co,
Ni, Zr, and Hf compared to their host-rock (Fig. 10C). Interestingly, the
underlying mafic basement rocks (location 3 in Figs. 2, 3A, 10D) present
similar trace element patterns in both sheared and unsheared zones for
all elements but Cr, Co, and Ni, suggesting that their concentration may
have been modified during shearing: these elements are specifically
enriched in the talc-rich zone of the sheared basement (Fig. 10A). More-
over, SEM analysis revealed that, in this talc-rich zone, Ni- and Cr-
bearing minerals are Variscan pyrite cores and chromite crystals, re-
spectively (Fig. 5). Both minerals were partially dissolved and replaced
by Alpine hydrated phases, as described in detail below, suggesting a re-
lease of both Ni and Cr in the infiltrating fluid phase during the Alpine
basement shearing.

Therefore, there are clues that small amounts of basement-derived
fluids percolated into the cover just above the Huez shear zone
(Fig. 10D). However, these fluid amounts must have been very limited:
the isotopic signature of this basement-derived fluid, which was
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to the mean crust. C. Trace element compositions of cover veins normalized to their host-rock composition, above the Huez basement shear zone. D. Cross-section of the Huez shear zone
with sampling area locations, and schematic representation of fluid circulation in the cover above the Huez shear zone. All over the cover, fluid circulations are limited to the sedimentary
unit scale, except a few meters above the shear zone, where trace element data provide evidence of spatially-limited basement-derived fluid percolations.

obviously very different from that of cover rocks (i.e., calcite basement
vein, Fig. 7A), affected only the Triassic layer (still attached to basement
rocks), and was buffered by the isotopic signature of Liassic cover rocks.
Moreover, the scale of infiltration of these basement-derived fluids was
spatially limited to a few tens of meters in the cover (Fig. 10D). Indeed,

in Villard-Reculas (location 2 in Figs. 2, 3A, 10D), the trace element sig-
nal of basement-derived fluids is not detected anymore. The very limit-
ed flux of percolating fluids through the cover rocks is in agreement
with the structural observation that veins are mostly isolated structures
and do not constitute a connected network in the metasedimentary
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cover. It is interesting to note that the three successive vein generations
of Huez samples present a similar basement-derived trace element sig-
nal. Therefore, there is no evidence for significant change in the scale of
the fluid system during progressive deformation.

Moreover, in the Triassic dolomites still attached to the sheared
basement, sphalerite, pyrite, and galena were observed to have crystal-
lized in calcite fractures. Accordingly, compared to their host-rocks,
veins in these Triassic layers show enrichments in some trace elements
(Zn 4 Sb; Fig. 10B) that are locally concentrated in the underlying talc-
rich Huez basement shear zone (Fig. 10A), which supports the hypoth-
esis of local basement-derived fluid percolations into the cover, through
the basement-cover interface, above basement shear zones. Interest-
ingly, in La Gardette ancient gold mine (situated in the Bourg d'Oisans
basin), similar basement-derived fluid percolation across the unconfor-
mity was observed, although this zone is not situated above a basement
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Fig. 12. Fluid P-T range for cover rocks above the Huez shear zone. Fluid temperatures are
estimated on the basis of equilibrium temperature between quartz and calcite in veins.
Fluid pressures are estimated from fluid temperatures and isochors (PT relationship)
computed from microthermometric analysis. Gray zones are P-T conditions determined
from (1) fluid inclusion studies in quartz and previous K/Na temperature estimation in al-
bite (Bernard, 1978; Poty et al., 1974); (2) stability of pyrophyllite + margarite +
cookeite + quartz + Mg-rich-chlorite (Jullien and Goffé, 1993); (3) previous fluid inclu-
sion studies and Cuire pyrrhotite temperature (Crouzet et al., 2001 and references therein).
T max reached by cover rocks (350 °C 4 50 °C) was estimated by RAMAN spectroscopy of
the carbonaceous matter (Bellanger, 2013). Brown zones are isochor domains calculated
from the microthermometric data (homogenization and melting temperatures) of
Bernard (1978), Gratier et al. (1973) and Nziengui (1993), using the equation of
Bodnar and Vityk (1994).

shear zone: a 500 meter long quartz dyke enriched in sulfur minerals is
rooted in the Pelvoux granite (source of the sulfur minerals; Poty, 1967),
affects the overlying gneiss and ends in the first 30 m of the Triassic do-
lomite (Cathelineau et al.,, 1990; Poty, 1967). However, the source of this
local basement fluid circulation remains unclear (Feybesse et al., 2004;
Marignac et al., 1997).

Therefore, this study shows that fluid circulations in the Oisans sed-
imentary cover were restricted to the lithological unit scale, i.e., the fluid
system was almost closed. However, when shortening started, small
amounts of basement-derived fluids percolated above the basement
shear zones into the cover on a few tens of meter scale. These conclu-
sions are in agreement with those of Garofalo (2012) who showed
that Alpine marine sediments were generally metamorphosed under
closed-system conditions whatever the locality and the metamorphic
grade, i.e., element mobility from the sediments is negligible except lo-
cally, in narrow shear zones where some specific elements (including Ni
and Cr) can be strongly mobilized by the circulation of ascendant fluids.

7.2. Implications for basement fluids

The mobilization of specific elements (Cr, Co, Ni) from basement
rocks provides insights into the basement fluid properties during shear-
ing. Samples from the talc-rich area of the Huez basement shear zone
(Table 1) show enrichments in Cr, Co, Ni (£ Zn and Sb; Fig. 10A) rel-
ative to the mean crust, similarly to talc and chlorite schists observed
in other settings (e.g., Spandler et al., 2008). The retrogression of the
amphibole + plagioclase Variscan paragenesis to Alpine phyllosilicates
(chlorite + talc; Fig. 5A) required fluid influx during shearing. Moreover,
the partial replacement of the Variscan pyrite crystals by Fe-oxide or
hydroxide (i.e., rims around pyrite cores, Fig. 5B) during Alpine fluid
infiltration (i.e., linked to talc formation in amphibole cracks) and the
partial dissolution of Variscan chromite crystals in Alpine shear zones
(Fig. 5C-D-E) suggest a progressive evolution towards more oxidizing
conditions in basement rocks with their shearing. Indeed, the internal
fluid in equilibrium with the Variscan paragenesis was likely reduced,
as shown by the presence of both pyrite and chromite, whereas the exter-
nal fluid responsible for Alpine phyllosilicate formation had to be more
oxidizing.

Interestingly, the pyrite cores are Ni-rich whereas Ni is absent from
the Fe-oxide or hydroxide rims, which means that Ni may have been
released into the fluid phase during pyrite Alpine oxidation. Similarly,
Cr-rich chromite crystals are partially dissolved and surrounded by Cr-
rich Alpine chlorite, suggesting Cr release during the Alpine shearing
(Fig. 5C-D-E). Therefore, the oxidizing fluid circulating in the basement
shear zone may have become enriched in SO~ while dissolving sulfur
minerals such as pyrite, which was obviously a good complexing anion
for metallic elements such as Cr and Ni that were released coevally by
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pyrite and chromite partial dissolution. Similar mobilization of metallic
low-mobility elements (e.g., Ni, Cr, Zn) by S-rich fluids was observed
by Li et al. (2013) and Spandler et al. (2011) in subduction zone settings.
This SO7~ fluid enrichment is supported by the presence of small
barytine crystals (identified by SEM) in both the calcite vein in the base-
ment talc-rich zone (Alp10-5, Fig. 10A) and in a Cr-Ni-rich V1 vein in
Huez cover rocks, as well as the precipitation of various sulfur minerals
(such as sphalerite, galena, pyrite) in Triassic veins above the shear
zone. Element mobility was thus clearly controlled by both basement
rock mineralogy (enriched in transition metals) and fluid composition,
i.e., pH, fO, and ligands (e.g., Cathelineau et al,, 1990), as was observed
for REE complexing and mobility in the Mont Blanc basement shear
zones (Rolland et al., 2003).

Small amounts of this basement-derived fluid enriched in transition
metals (Cr, Ni) percolated into the overlying metasedimentary cover. Its
mixing with the CO,-rich internally-produced cover fluid, locally at
equilibrium with the cover carbonates, may have induced Ni and Cr re-
lease in veins within the Lias sediments, and similar sulfur mineral pre-
cipitation when percolating through the Triassic layer; the metallic
element precipitation may have been caused by sudden changes in
fluid pH conditions and Xco, (e.g., Gao et al., 2007).

7.3. Fluid pressure and temperature in the metasedimentary cover

Here, we combine the analysis of quartz and calcite isotopic signa-
tures in veins to microthermometric measurements of fluid inclusions
from the same veins to estimate both the temperature and pressure of
the cover vein fluids above basement shear zones. Indeed, quartz and
calcite present evidences of textural equilibrium in most veins (Fig. 6F),
which implies their co-precipitation under similar P-T conditions. Oxy-
gen isotopic fractionation being essentially dependent on temperature,
the temperature of quartz + calcite co-precipitation in veins was esti-
mated from the independent analysis of their '0 signature (equation
in Sharp and Kirschner, 1994; Table 2).

As most late veins only contain calcite and no quartz, all the veins
analyzed in terms of P-T conditions are V1 or early veins (except
Alp10-18, Table 2; Fig. 9). Above the Huez shear zone (locations 1 and
2 in Figs. 2-3A), the quartz-calcite equilibrium temperatures range
from 144 to 421 °C (£ 30 °C, Table 2), but most samples plot in the
250-360 °Crange (locations 1 and 2 in Table 2). Most of these calculat-
ed vein temperatures are consistent with the previous peak tempera-
ture estimates for the Bourg d'Oisans and the Mizoén basin cover
rocks (300-350 °C, Fig. 12; Bellanger, 2013; Crouzet et al., 2001;
Jullien and Goffé, 1993). For a few veins from Huez, combining
quartz-calcite equilibrium temperatures to the isochors determined
from microthermometric analysis of fluid inclusions in the same quartz
or calcite crystals (Fig. 9) provides estimates of the vein fluid pressures
(Fig. 12). The fluid pressures range from 1.7 to 5.1 kbar (Fig. 9), which is
quite similar to the lithostatic pressure range estimated for the meta-
morphic peak conditions in these rocks (2-5 kbar, Jullien and Goffé,
1993; Poty et al., 1974; Fig. 12). Gratier and Vialon (1980) estimated
fluid pressures of 2 kbar from microthermometric data coupled to
temperature data estimated by Poty et al. (1974) for basement vein
fluid inclusions (Na/K ratios), which corresponds to the low pressure
bound estimated here. However, recalculating the isochors from the
microthermometric data of Gratier and Vialon (1980) using the now
widely used equation of Bodnar and Vityk (1994) results in steeper
isochors (Fig. 12), coherent with ours (Fig. 9), and therefore would un-
doubtedly tend to higher pressure estimates.

Moreover, as stated before, the §'80 values for vein calcite are very
close to that of the host-rock calcite (Fig. 7A), suggesting that most
veins formed close to the peak temperature conditions. However,
some V1 veins may have formed during the end of prograde path be-
cause (1) the veins are filled by local infiltration of fluid released by pro-
grade metamorphic dehydration reactions into the host-rock and
(2) their fluid temperature can be as low as 144 °C.

For the Mizoén basin (locations 4 and 5 in Table 2), the calculated
vein temperatures range from 306 to 436 °C, but most temperatures
are above 400 °C, which exceeds the estimated peak temperature in
the Oisans cover rocks. As discussed in Appendix A.1, these higher
values could be the result of an incomplete quartz powder decarbon-
ation for some samples, due to the particularly fine micro-indentation
of quartz and calcite in veins.

7.4. Structural implications

In the talc-rich area of basement shear zones, the abundant crystal-
lization of phyllosilicate minerals (talc and chlorite) required the influx
of important amounts of external fluids. This talc-rich zone is only a few
meters wide inside the shear zone, suggesting that fluid circulation in
the basement may have been channelized in the core of the shear
zone. Therefore, basement shear zones served as preferential pathways
for crustal fluid circulation, as observed in the Mont Blanc (Guermani
and Pennacchioni, 1998; Rolland et al., 2003; Rossi et al., 2005) and
Aar (Goncalves et al., 2012; Marquer and Burkhard, 1992; Oliot et al.,
2010, 2014) basement rocks, as well as in other collisional or
subduction-related settings (e.g., Badertscher et al., 2002; Burkhard
et al., 1992; John et al., 2008; Kirschner et al., 1999; McCaig et al.,
2000a,b). In turn, the crystallization of talc and chlorite may have en-
hanced deformation localization by progressive softening of these
shear zones (Carpenter et al., 2009; Collettini et al., 2009; Moore and
Rymer, 2007; Niemeijer et al., 2010) similarly to the weakening effect
of the feldspar phengitization (e.g., Bos and Spiers, 2000, 2002;
Gueydan et al., 2004; Oliot et al., 2010, 2014).

In northern ECM (e.g., Mont Blanc massif, Rolland et al., 2003), the
largest basement shear zones may have propagated as thrusts into the
overlying sedimentary cover with ongoing deformation, and became
pathways for important amounts of basement-derived fluids, causing
meter-scale opening of the fluid system, as recorded by isotopic data in
the Aar-Gothard massifs (Burkhard et al., 1992; Kirschner et al., 1999;
Marquer and Burkhard, 1992; Fig. 11). In contrast, in the Oisans massif,
which underwent less shortening than northern ECM, the basement
shear zones did not propagate into the sedimentary cover, preventing
important circulation of basement-derived fluids in cover rocks, as
shown by isotopic and cathodoluminescence data. Nevertheless, the
trace element pattern of cover veins situated just above the basement-
cover interface (Huez, location 1 in Figs. 2, 3A) recorded the infiltration
of small amounts of basement-derived fluids, whereas in eastern Oisans
(La Grave), where the basement is not sheared and the cover decoupled
from the basement above a décollement, both isotopic and trace element
patterns showed that cover rocks were isolated from basement fluid in-
filtration (i.e., closed system, Henry et al., 1996).

Even if only small amounts of basement-derived fluids percolated
through the interface in western Oisans, they give key insights into
the timing of shear zone development and basement shortening. In-
deed, the percolation of basement-derived fluids into Huez cover
rocks was recorded in the three successive vein generations (V1 to
V3), which are all related to the E-W collisional shortening and subse-
quent basin inversion (Bellahsen et al., 2012; Boutoux et al., 2014;
Gratier and Vialon, 1980). Moreover, the basement shear zones are
also kinematically consistent with the East-West shortening. Therefore,
the percolation of basement-derived fluids into cover veins, which oc-
curred during the entire basin deformation history, unambiguously wit-
nesses that the shortening of the Oisans massif basement began very
early during the inversion of the pre-orogenic extensional basins, and
lasted during the whole shortening phase. This is supported by geochro-
nology data: the basement shear zone activation was dated to 30-34 Ma
in the Pelvoux massif (Simon-Labric et al., 2009), and mineralizations
into basement veins give a date of 36-39 Ma (Cathelineau et al., 1990;
Marignac et al., 1997; La Gardette gold mine) for basement fluid circula-
tions. The simultaneous deformation of basement and cover basins
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during collisional shortening, hence the absence of decoupling between
cover and basement, supports an overall thick-skinned structural style.

If most of our cover veins are related to the ductile deformation
event (V1, V2 and most V3), it cannot be excluded that part of the V3
veins could be associated to late brittle exhumation phase. Late fluid cir-
culation, from 17 Ma to less than 10 Ma, was evidenced from late verti-
cal veins in basement shear zones from the northern Belledonne and the
Aar massifs (Berger et al., 2013; Gasquet et al., 2010), showing that fluid
circulation lasted until the brittle exhumation of the ECM.

Post-rift

8. A model for fluid flow in the External Crystalline Massifs

Our results, combined with results of other fluid system studies in
the ECM (Abart et al., 2002; Badertscher et al., 2002; Burkhard and
Kerrich, 1988; Burkhard et al., 1992; Kirschner et al., 1995, 1999;
Marquer and Burkhard, 1992; Rolland et al., 2003) allow proposing a
general fluid flow model for the Alpine external zone. This fluid flow
model is illustrated together with a schematic kinematic model of the
ECM shortening in Fig. 13.

Bourg d’Oisans basin type  Huez shear zone type
(This study)

(This study)

Morcles nappe type
(after Kirschner et al., 1999) (after Marquer and Burkhard, 1992)

Aar massif type
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(after Henry et al., 1996)
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Fig. 13. Fluid system evolution through time and across the strike of the external Alpine Arc, proposed from the compilation of several studies of the fluid system in the ECM and projected
on a schematic ECM inherited basin cross-section. A. Initial stage: proximal margin with tilted blocks. B. Initiation of Alpine collisional shortening. The crust is progressively buried to mid-
crustal depth under the internal units. In the easternmost part (just below the Penninic Frontal Thrust), the cover is detached from the basement and fluid circulations are restricted to
lithologic unit scale above and under the thrusts. In the inherited basins, basement shear zones channelized large-scale fluid circulations, while the cover was disharmonically folded
with local-scale fluid circulations and limited basement-derived fluid percolation just above shear zones. C. Higher amount of Alpine collisional shortening. Large sedimentary nappes
overthrusted the inverted basins, allowing the channelization of large-scale fluid flow into the thrusts. In inverted basins, fluid channelization into basement shear zones gave rise to im-
portant fluid-rock interactions. D. Late Alpine collisional shortening. Fluid circulations in the sedimentary nappes were local at this time and flew across presently inactive thrusts. Inverted
basins were progressively pinched and their cover formed recumbent anticlines with overhanging limbs strongly sheared by the basement shear zone propagation, in which basement-
derived fluids probably circulated. Within cover nappes, basement-derived fluid flowed up to hundreds of meters above propagated basement shear zones.
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The overall tectonic framework is the Alpine burial and collisional
shortening of the European crust (see simplified section in Fig. 13A).
Probably during the end of the crust burial beneath the internal units,
i.e., the end of prograde path (Fig. 13B) or at the metamorphic peak,
first ductile deformations initiate (S1 cleavage and associated veins,
see Boutoux et al., 2014 for more details). At this stage, for example in
the present-day eastern part of the Oisans massif (Ultra-Dauphinois,
Fig. 13B), the cover has been locally detached from its basement and
progressively overthrusted the western inherited basins. In both the al-
lochthonous and autochthonous units, the fluid system is overall closed
(Henry et al., 1996) with isotopic reequilibration restricted to each lith-
ologic unit. However, it is possible that large-scale fluid circulations oc-
curred in the cover thrusts—décollement (thick blue arrow in Fig. 13B),
as such zones were not sampled by Henry et al. (1996). Meanwhile, in
the western part, the inherited basins (e.g., Oisans massif, Fig. 13B)
were progressively shortened and inverted. Shear zones developed
within the basement while the overlying cover was disharmonically
folded (e.g., Bourg d'Oisans basin, Fig. 13B). Basement-derived fluids
were channelized into basement shear zones, and locally infiltrated
the overlying cover over a few tens of meters (e.g., the Huez shear
zone described in this study, Fig. 13B). In the rest of the cover, i.e., far
from basement shear zones, the fluid system remained closed, restricted
to the sedimentary unit scale, and involved mainly formational and
metamorphic fluids. To sum up, in the Oisans area (Bourg d'Oisans
basin, Huez shear zone, Ultra-Dauphinois nappes, Fig. 13B), collisional
shortening remained moderate, about 11.5 km (16.1%, Bellahsen et al.,
2012, 2014) and thus we face an “immature” fluid system in the cover
of the inherited basins.

With increasing shortening, coupled to increasing P-T conditions,
basement shear zones developed through the increasing connection of
anastomosed shear bands (Marquer and Burkhard, 1992) and were
most likely the location of channelized basement-derived fluids (e.g.,
Aar, Goncalves et al.,, 2012; Mont Blanc, Rolland et al.,, 2003) with
important fluid-rock interactions, highlighted by REE fractionation
(Rolland et al., 2003). In areas where the cover was detached from the
basement (e.g., Glarus thrust, Fig. 13C), fluid flow was channelized in
the main thrust (Abart et al., 2002; Badertscher et al., 2002; Burkhard
and Kerrich, 1988; Burkhard et al., 1992; Kirschner et al., 1999). The re-
lated presently one meter-thick calc-mylonite (Schmid et al., 1981) was
the locus of 5'80-depleted fluid circulation, as attested by isotopic fronts
(e.g., Badertscher et al., 2002), where metamorphic fluids derived from
deeper (southern) parts of the thrust mixed with formational fluids
northward. The extreme localization of the deformation (1 meter-
thick thrust zone) may have permitted a very localized and fast fluid
flow that explains the isotopic anomalies. Similar fluid flow probably
occurred in the Moine Thrust that is also a very thin and localized thrust
accommodating tens of km of shortening (McClay and Coward, 1981).
To sum up, in and around the northern ECM (Mont Blanc, Glarus thrust
above the Aar massif) where the amount of shortening was higher than
in Oisans (10.6 km, 38.3% in the Mont Blanc massif and 12 km, 40% in
the Aar massif vs. 11.5 km, 16.1% in the Oisans massif; Bellahsen et al.,
2014), the structural style is still a mixed thin- and thick-skinned
style. Large-scale fluid flow may occur both in basement shear zones
and in large sedimentary nappe thrusts, and may have initiated during
the previous step (Fig. 13B) although poorly documented.

In the last step of our model, the structural style switched to a pure
thick-skinned style (Fig. 13D), i.e., the shortening was almost exclusive-
ly accommodated in basement shear zones. The fluid flow was still ac-
tive in basement shear zones (Fig. 13D) both in the Mont Blanc
(Rolland et al., 2003) and the Aar massifs (Marquer and Burkhard,
1992). The cover of these massifs, the Morcles nappe (Escher et al.,
1993) and the Doldenhorn nappe (Burkhard and Kerrich, 1988), respec-
tively, were disharmonically folded as recumbent anticlines with
strongly sheared overhanging limbs. Although Burkhard and Kerrich
(1988) and Marquer and Burkhard (1992) showed that basement-
derived fluids circulated in the major cover thrusts of the Aar massif,

the reverse limbs of the above-cited nappes do not systematically bear
evidence of large-scale fluid flow (Kirschner et al., 1999; red dashed
line in Fig. 13D). These reverse limbs are interpreted as large shear
zones (Ramsay et al., 1983). Thus, it appears that the shearing geometry
distribution made them less prone to large-scale circulation of impor-
tant amounts of basement-derived fluids, in contrast to localized struc-
tures such as few meter-thick thrust zones, which were efficient drains
for localized, large-scale, fluids.

9. Conclusions

In this contribution, we analyzed the fluid system(s) in the inner
part of the Alpine External zone, the External Crystalline Massifs
(ECM). In this domain, pre-orogenic Liassic extensional basins were
buried at mid-crustal depth and inverted during the collisional phase
of the Alpine orogeny. During the basin shortening, the sedimentary
cover was disharmonically folded over localized basement shear
zones. Fluid circulations are associated to this deformation. Isotopic
analyses and cathodoluminescence observations show that, as for the
ultra-Dauphinois cover nappes, fluid circulations were restricted to
local scale in the metasedimentary cover. In the basement shear zones,
fluids were channelized as for the other ECM. On the basis of trace ele-
ment analyses, we highlight the small amount of basement-derived
fluid percolation in the metasedimentary cover above such shear
zones. Stable 80 isotopic signature coupled to microthermometric anal-
yses of fluid inclusions from cover veins above the Huez basement shear
zone provides estimates of fluid temperature and pressure: around 250~
400 °C and 2-5 kbar for veins that thus formed close to peak P-T condi-
tions. These veins formed contemporaneously with the onset of and dur-
ing the basin inversion and basement collisional shortening.

Our study documents the evolution of the fluid system in an area un-
dergoing limited crustal collisional shortening,. It therefore nicely com-
plements earlier studies of fluid systems further North in the Western
Alps (Mont Blanc and Aar massifs) where the crust suffered more short-
ening, and allow one to build a consistent conceptual model of fluid flow
at the scale of the whole external Alpine collision zone.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2014.07.005.
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