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Abstract The spatial and temporal scales and the geometry of fluid pathways in a collisional orogen
are investigated using stable isotope analysis (O, C, and H) and *°Ar/*°Ar dating of vein minerals formed at
circa 11-16 Ma in the Mont Blanc and the Aar External Crystalline Massifs. In both massifs “°Ar/>?Ar dating of
veins adularia provides evidence for progressive crystallization from 16 to 9 Ma, and mainly at 11-12 Ma
following veins opening during shear zone activity. The fluid flow duration thus ranges from 4 to 5 Ma in the
two massifs. The 6'20 values of vein quartz and calcite are similar to those of undeformed crystalline and
sedimentary host rocks, suggesting rock buffering, while carbon isotope ratios of vein calcites fall into three
compositional groups. A-type veins have '3C values that are buffered by the Helvetic metasediments, which
suggests that these veins formed in a closed system from a locally derived CO,-rich fluid. The fluid in equilibrium
with C-type veins has depleted §'C values similar to mantle-CO,, while the intermediate §'C values of B-type
veins suggest mixing between the A-type and C-type fluids. These results are in agreement with crustal- to
lithosphere-scale upward vertical fluid flow along vertical shear zones related to the strike-slip system bounding
the Adriatic block since 16-20 Ma, connecting a deep-seated fluid to some downward flow in the sedimentary
cover of External Crystalline Massifs.

1. Introduction

The question of fluid sources and pathways in the crust is a major issue in the field of Earth Sciences regarding,
for instance, the processes of ore formation, the rheological behavior of deep parts of seismic faults, or more
recently, in stable isotope-based paleo-altimetry [e.g., Rowley et al., 2001]. Stable isotope analysis (O, C, and H)
coupled with “°Ar/*’Ar dating is a powerful approach to examine the duration and architecture of fluid flow
percolating through shear zones and veins and the extent of fluid-rock isotope exchange along flow paths
le.g., Kerrick et al., 1978; McCaig et al., 1990; Mullis et al., 1994; Pili et al., 1997; Valley and Cole, 2001; Badertscher
et al,, 2002; Raimondo et al., 2011]. Indeed, as fluid reservoirs have distinct isotope compositions, it is possible to
place constraints on fluid sources [Sheppard, 1986]. Compositional variations can be interpreted in terms of
fluid mixing and isotope exchange between the infiltrated fluid and the host rocks along the fluid pathways
[Kerrick et al., 1978, 1980; Ferry and Dipple, 1991; Dipple and Ferry, 1992; Dunn and Valley, 1992; Ferry and Gerdes,
1998]. Stable isotopes thus provide key data to explore the scale of fluid redistribution between various fluid
reservoirs via networks of active shear zones and associated veins. For instance, the use of stable isotopes is
being attempted in vein minerals to decipher mountain ranges paleoaltimetry, based on the hypothesis that
fluids retain their meteoric signature [Rowley et al., 2001]. Shear zones are commonly considered as highly
permeable fluid pathways when they are active [Kerrick et al., 1978; Pili et al., 1997; Ferry and Dipple, 1991; Dipple
and Ferry, 1992; Streit and Cox, 1998]. However, the size, origin, and extent of fluid migration are still a matter of
debate. In shear systems, there are indeed evidences of outcrop-scale up to crustal-scale fluid redistribution
[e.g., Kerrick et al., 1978, 1980; Glazner and Bartley, 1991; McCaig et al., 1990; Dipple and Ferry, 1992; Marquer
et al., 1994; Oliver and Bons, 2001; Richards et al., 2002; Cartwright and Barnicoat, 2003, and references therein;
Raimondo et al., 2011]. In the External Alps (Figure 1), several studies have examined stable isotopes and fluid
inclusions [e.g., Poty et al., 1974; Marquer and Bukhard, 1992; Mullis et al., 1994; Sharp et al., 2005] in order to
constrain fluid-rock interactions associated with the formation of shear zones at midcrustal depths in the External
Crystalline Massifs (ECM) and at upper crustal depth in the Helvetic nappes (sedimentary cover sequence of
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the ECM, subjected to nappes stacking
during the Alpine orogeny). On the basis
of 680 distribution in shear zones and
neighboring veins, Fourcade et al. [1989]
and Marquer and Burkhard [1992] proposed
a two-step tectonic model for the Aar
crystalline basement and its metasedimentary
cover: (i) fluid circulation in relatively closed
systems in minor and weakly deformed
shear zones as well as in the alpine veins and
Torino (i) large open-system fluid flow in mylonites
and ultramylonites from major shear zones.
On the basis of a significant decrease in
the 6'3C isotope composition of carbonates
toward main thrusts, Crespo-Blanc et al.
[1995] and Kirschner et al. [1999] showed
that large-scale fluid circulation occurred
in relatively open systems in the Helvetic
nappes cover sequence. The decrease

of 5'3C isotope compositions observed

Grenoble
°

External Alps Internal Alps from the foreland toward the hinterland
= Pre-Alpine nappes Exotic flyschs part of Diablerets and Glarus nappe

[ ] Dauphinois / Helvetic zone I 5rianconnais zone thrusts (Helvetic nappes translated over the

External Crystalline Massifs Internal Crystalline Massifs ~Aar and Gothard Massifs in the Swiss Alps,

Schistes Lustrés Complex Figure 1) [Escher et al., 1993] is interpreted
Bl Austro-Alpine units either as the result of progressive alteration

of the fluid’s composition by isotope
Figure 1. Geological setting of the Western Alps. External crystalline exchange with carbonates along the fluid

massifs: Aar; G: Gothard; AR: Aiguilles Rouges; MB: Mont Blanc;

B: Belledonne; P: Pelvoux; and A: Argentera. Internal crystalline massifs:
MR: Monte Rosa; DB: Dent Blanche; GP: Gran Paradiso; S: Sesia; Am:
Ambin; DM: Dora Maira. PF: Penninic Front; RF: Rhone Fault; and SF:
Simplon Fault. The black squares show the location of the studied area.

pathway or as the effect of fluid
dispersion from the main thrust contact
[Baumgartner and Rumble, 1988;
Burkhard et al., 1992; Crespo-Blanc et al.,

1995]. Similar decreases in values of 5'20
and 6"3C of veins relative to their wall rocks were found by Marquer et al.[1994] and Kirschner et al. [1999] in the
Aiguilles Rouges Massif and in the Helvetic nappes. Low values of §'>C were interpreted by Marquer et al.
[1994] to result from isotope exchange with CO, generated by decarbonation of preexisting carbonates.
However, Kirschner et al. [1999] noted that such decarbonation would not have significantly lowered the 6'%0
compositions. Most of the available isotope data from the external Alps are sampled in the Helvetic
metasedimentary cover, but very few data exist in the crystalline rocks. Obtaining stable isotope data on vein
minerals associated with critical ages for their formation and that of related shear zone deformation in the
crystalline basement would contribute to the understanding of structural controls on the development of
fluid pathways and on the scale of fluid redistribution in collisional orogens.

In this paper, we report stable isotope and *°Ar/**Ar geochronological data from veins formed in the Mont
Blanc and the Aar Massifs and in their metasedimentary cover (NW Alps). The main advantage of these
massifs is to be essentially composed of chemically homogeneous granite or granodiorite that is affected by
the Alpine deformation only [e.g., Marro, 1986; Bussy, 1990; Challandes et al., 2008; Rolland et al., 2003;

Rossi et al,, 2005]. Alpine deformation is featured by a network of shear zones and associated veins that formed
in the last 20 Ma, but the exact timing of vein formation and related fluid flow with respect to the timing of shear
zone activity is still unconstrained. Mineralogical and geochemical changes associated with the shear zones
development indicate that parts of the network localized substantial fluid flow [Poty, 1969; Rolland et al., 2003;
Rossi et al., 2005]. Even though the nature of the Alpine fluids has been investigated using fluid inclusion
studies [e.g., Zimmermann and Poty, 1970; Poty et al., 1974; Mullis et al., 1994; Fabre et al., 2002], the scales of
fluid redistribution within these Alpine structures have not yet been constrained.
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Comparison of the results with stable isotope data from the Helvetic metasedimentary cover sequence and
other ECM of the Western Alps allows to constrain the nature of the fluid reservoirs. Finally, the integration of
the isotope data with the known crustal-scale architecture of the Alpine orogen in the Mont Blanc region,
interpreted from the ECORS-CROP profile [e.g., Tardy et al., 1990; Roure et al., 1996], provides insights to the
development of fluid pathways and to the scale of fluid redistribution and fluid-rock interactions during
the building of a collisional mountain range.

2. Geological Setting
2.1. General Structure of the NW Alps

The Alpine belt results from closure of Tethys Ocean and collision between African and Eurasian plates.
The internal units (Figure 1) form a collisional prism composed of the underthrusted European crustal units,
remnants of Tethys Ocean made of Jurassic to Cretaceous rocks, which include relics of the oceanic crust
and overlying sediments, and klippes of the overriding African plate. Internal units were metamorphosed
at high pressure and low to intermediate temperature during subduction of the Tethys Ocean from the Upper
Cretaceous to the Eocene times [Rubatto et al., 1999, and references therein] and subduction of the European
continental margin during the Eocene [e.g., Duchéne et al., 1997, and references therein]. Exhumation of the
collisional prism was mainly triggered during the upper Eocene and the Oligocene times [e.g., Ceriani et al.,
2001; Simon-Labric et al., 2009]. The external units (Figure 1) that correspond to the subautochthonous and
slightly metamorphosed European margin are dominated by Mesozoic-Cenozoic sediments and their
basement rocks (Hercynian crystalline rocks generally referred to as the External Crystalline Massifs or ECM).
Overthrusting of the internal units over the external domain occurred by top to the west transport in the
Western Alps (Mont Blanc Massif and Dauphinois cover), and top to the northwest transport in the Central
Alps (Aar and Gothard Massifs and Helvetic cover), along the Penninic Front during the main phase of Alpine
collision (upper Eocene to lower Oligocene) [e.g., Ceriani et al., 2001; Simon-Labric et al., 2009]. In the
sedimentary cover of the External Alps, this shortening phase was expressed by folding and transport of
nappes, as the sediments were detached from their crystalline basement and transported westward or
northwestward to form the Helvetic nappes (see Escher et al. [1993] for a review). During the Miocene and
the Pliocene, sustained horizontal tectonic compression resulted in the northwestward propagation of the
foreland deformation front and associated molassic basin [Coward and Dietrich, 1989; Schmid and Kissling,
2000]. During this period, the ECM have been transported to the west in the western Alps, to the northwest
in the central Alps, and uplifted by the initiation of a deep ramp-thrust system at the base of the ECM.
Reactivation of the Penninic Front thrust system by dextral transpressional faulting occurred in possible
connection with the rotation of Apulia [Rolland et al., 2012]. As a result, the ECM have truncated the former
Helvetic nappe pile resulting in a strongly transpressive “pop-up” structure in the Mont Blanc Massif. The ECM
shear zone network connects laterally to the Rhone-Insubric line strike-slip system, and to the southern Aar
shear zone domain, where ductile shear zone deformation is documented to occur from 20 to 12 Ma
[Rolland et al., 2009; Campani et al., 2010], while brittle deformation and fluid flow continued until 8-6 Ma
[Berger et al., 2013] as along the western ECM arc [Gasquet et al., 2010].

2.2, Geology of the Mont Blanc Massif

The Mont Blanc Massif (MBM) is an ECM made of polymetamorphic and igneous rocks (Figures 2 and 3).
Paragneisses, orthogneisses (dated at 453 +3 Ma using U/Pb on zircons) [Bussy and von Raumer, 1994], and
migmatitic gneisses lay on the west and south sides of the massif. Its central part is made of a calc-alkaline
intrusive granite [Baggio, 1958; Bussy, 1990; Bonin et al.,, 1993; Bussy and von Raumer, 1994] dated at 303 £ 3 Ma
by U-Pb on zircon [Bussy and von Raumer, 1994]. As the Mont Blanc granite was emplaced at the end of the
Variscan orogenic cycle, it mainly recorded deformation related to Alpine collision. The intrusive contacts are
exposed on both the NW and SE sides and have been locally reactivated by transpressive tectonics during
the Alpine orogeny.

In the MBM, the Miocene NW-SE horizontal compression developed an anastomosing network of subvertical
shear zones striking N10°E to N40°E that isolates large boudins of weakly strained to unstrained granite
(Figure 3). Along a NW-SE transect, this shear zone network has a fan-like arrangement, with NW verging
shear zones in the NW and SE verging shear zones in the SE [Antoine et al., 1975; Bertini et al., 1985;
Belliere, 1988; Rossi et al., 2005]. Inversion of fault and striae data from brittle-ductile shear zones
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indicates horizontal NW-SE shortening
[Rossi et al., 2005]. These data are in
agreement with a model of westward
thrusting of the MBM [Leloup et al., 2005], at
the horse-tail extremity of the transpressive
dextral Rhone fault system (RF in Figure 1)
[Hubbard and Mancktelow, 1992; Rolland

et al., 2007, 2008, 2009; Campani et al.,
2010]. Insight of compressional shear zone
deformation is constrained by U-Pb ages of
synkinematic allanites is of 29+ 1 Ma in
the center of the Mont Blanc [Cenki-Tok et al.,
2014], which is synchronous to motion of
Penninic Front in the Pelvoux range
[Simon-Labric et al., 2009]. Reactivation
of the pristine shear zone structure by
transpressional shear zones defining a
pop-up structure [e.g., Rolland et al., 2007] is
constrained by single grain laser “°Ar/3*°Ar
dating of shear zone phengites. On the SE
side of the MBM dated top to the SE, ductile
deformation is at 15.8-16.0 Ma, whereas on
the NW side top to the NW deformation is
bracketed between 234+ 04 and 145+ 0.3 Ma
[Rolland et al., 2007, 2008]. These ages are

similar to the 14.6-18.5 Ma Ar/Ar ages

estimated by Crespo-Blanc et al. [1995] and
Kirschner et al. [1996] on white micas within
shear zones of the metasedimentary
Helvetic nappes (i.e., sedimentary cover of
the MBM). The formation of shear zones
was associated with the crystallization of

greenschist facies metamorphic epidote,
chlorite, and white micas, under pressure and temperature conditions of 300-500 MPa and 400-450°C [Rolland
et al.,, 2003; Rossi et al., 2005].

Within the weakly strained granite, horizontal shortening resulted in opened subhorizontal type-l veins, a few
centimeters to tens of centimeter thick, surrounded by hydrothermally altered granite characterized by a high
porosity due to quartz and biotite dissolution (Figure 4) [Poty, 1969; Rossi et al., 2005]. The veins are larger in their

ANW) Mont Chetif B (SE)
(™ Ay ]
4000 - “hamonix Mont Blanc Massif Courmayeur
- 0@

2000

+

(km)

+ +

Ar-Ar ages on phengite
(in Ma; Rolland et al., 2008)

High strain zones

:l Helvetic cover (low grade schists)

Helvetic crystalline basement
(Variscan gneiss and granite)

s Penninic Front (hydrothermal breccias)

Valaisan and Briangonnais
Metamorphic (HP) Units

Figure 3. Sketch of a geological cross section across the Mont Blanc Massif, between Chamonix (NW, France) and Courmayer
(SE, Italy). The locations of 40Ar/39Ar dating performed on phengite from Alpine shear zones are reported (data from
Rolland et al. [2008]).
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center and become thinner toward their
extremities, where they are usually
connected to adjacent shear zones
(Figures 4a and 4b). They are mostly filled
by a quartz + chlorite + adularia + calcite
assemblage (Figures 4 and 5) [Poty,
1969; Poty et al., 1974]. Mineral growth
550°C  500°C  450°C  400°C  350°C 300°C 250°C 200°C 150°C is 5ymmetrica| and syntaxial (Figure 5).
I ‘ I ‘ I ‘ ‘ ‘ ‘ Quartz grows first, forming abundant

~5cm

Quartz B e and large crystals (from 1 cm to more
Chlorite I = than 1 dm). In most veins, a thin layer
Adularia —_— of micrometer-size vermicular chlorite

? grows together with the last stages
Calcite TrLL

of quartz growth; it may develop into

Figure 5. Sketch of a quartz + chlorite + adularia + calcite Alpine vein hosted a thicker layer covering the quartz

in the external crystalline massifs. The paragenetic sequence is indicated ends that sometimes seals the veins.
relative to the fluid’s temperature, according to stable isotope equilibrium,  Adularia grows contemporaneously
field observations, and previous studies (see text). The formation temperature  with quartz and chlorite crystals.

of calcite is uncertain but is lower than the other vein minerals. Vein's
opening ranges from a few to tens centimeters. Qz = quartz; Chl = chlorite;
Ad = adularia; and Cc = calcite.

Calcite is less ubiquitous; it is mainly
found on the southeastern side of the
massif. When present, it fills the open
space after chlorite deposition, thus
sealing the veins. In the gneissic basement, the veins analyzed are similar to those described in the granite.
Temperatures calculated from fluid inclusions trapped in vein quartz range from 350°C to 420°C [Poty, 1969;
Poty et al., 1974; Fabre et al., 2002]. Similar temperatures and pressures of 150-400 MPa were estimated by
Rossi et al. [2005] for vein chlorites, using the chlorite solid-solution model and thermodynamic data from
Vidal et al. [2001]. K-Ar dating of vein minerals yields ages of 15.2-18.3 Ma for adularia and 13.4-15.2 Ma
for muscovite [Leutwein et al., 1970]. Field observations and geochronological data thus suggest that the
subhorizontal veins and the subvertical shear zones formed contemporaneously. However, these latter K-Ar
dating are dubious due to possible excess and loss of Ar due to hydrothermal processes in alpine shear zone
minerals. Only the “°Ar/*°Ar spectra allow unravel such problems [Simon-Labric et al., 2009; Sanchez et al,, 2011],
which will be investigated in this study.

In the center of the MBM, along one of the major shear zones, Rossi et al. [2005] described a large metasomatic
front (Figures 2 and 4g), which shows upward flow of reactive fluid. These metasomatized rocks are
characterized by the replacement of granitic minerals by Mg-rich chlorite and phlogopite [Rossi, 2005]. Similar
metasomatized rocks were sampled in depth in the center of the massif during digging of the Mont Blanc
tunnel. Mass balance calculations performed by Rossi et al. [2005] and Rossi [2005] on metasomatized samples
from the tunnel and the outcrop show huge gains of Mg and Fe (up to 13 wt % Fe,Osrand 12 wt % MgO),
and significant losses of silica and alkali elements (down to 40 wt % SiO;). Mg enrichment of phyllosilicates
observed in some shear zones is interpreted as evidence for the infiltration of the reactive fluid through the
connected network of shear zones.

Figure 4. Pictures illustrating the veins and the metasomatic zones sampled for stable isotope analysis. (a) Outcrop illustrating
the structural relationships between shear zones (vertical features) and Alpine veins (subhorizontal features) within the MBM.
(b) Alpine veins hosted in the weakly deformed granite. Note the alteration halo surrounding the veins (dotted line).
(c) Material filling the Alpine veins hosted in the Mont Blanc crystalline rocks. Qz: quartz; Chl: vermicular chlorite; and Cc:
calcite. Scale is indicated by the 2 Euro coin. (d) Quartz + adularia vein from the Mont Blanc Massif. Adularia crystals grow
contemporaneously with quartz. Qz=quartz and Ad =adularia. (e) Backscattered image of adularia crystals growing in
the porosity of the altered Mont Blanc granite surrounding an Alpine vein. (f) Deformed calcite + quartz veins hosted in the
Helvetic metasediments. (g) Metasomatic front (black line) along a vertical granitic wall located in the center of the MBM. Note
the vertical digitations showing upward fluid flow along localized vertical “shear” zones, from which pervasive infiltration
occurs throughout the granite. Sample C31 was sampled in an Alpine vein close to this metasomatic front. (h) Metasomatic
zone from the Mont Blanc sedimentary cover cropping out in a stream bed along the Penninic Front. The white material is
made of talc + oxides and the ochre material is made of ankerite + oxides. Sample S97c was sampled in the vicinity of
these metasomatized rocks.
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Figure 6. Simplified tectonic map of the Southern Aar Massif (modified from Rolland et al. [2009]) showing the several
generations of shear zones. Location of sampled veins for Ar/Ar and stable isotope analyses is indicated.

2.3. Geology of the Aar Massif

The geology of the Aar Massif and related shear zone deformation is extensively described in Rolland et al. [2009]
(Figures 1 and 6). Main features are summarized below.

Three sets of steeply dipping shear zones crosscutting the Grimsel granodiorite of the Aar Massif have been
identified in the Grimsel Pass area and dated by “°Ar/3°Ar dating of synkinematic white mica (phengite) and
biotite. Stage 1 shear zones (~21 Ma) are very broad (~200 m wide), with a progressive increase in ductile
deformation from rim to core, and have a dip-slip kinematics. Similar, though more complex “OAr/2Ar datings
were obtained by Challandes et al. [2008]. Stage 2 shear zones (15.5-12.2 Ma) are narrower and show a
gradual change from dextral strike-slip to dip-slip kinematics along strike. These coincide with Rb-Sr dates
of 10-12 Ma. Brittle precursors (~15.5 Ma) of shear zones marked by biotite-rich cataclasites are preserved
along the northern contact of the main stage 2 shear zone. These brittle faults localized fluid flow for ~ 2 Ma.
Subsequent ductile shear and fluid-induced reaction weakening produced phengite-rich mylonites and
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phyllonites. The main event of fluid flow is connected to this stage 2 phase, with alpine veins developing
obliquely (10-35°) to the shear zones, in agreement with their transpressional character. These veins show
the same quartz + chlorite + adularia + calcite assemblage and alteration halo as in the MBM [Mullis et al.,
1994; Mullis, 1996]. Stage 3 shear zones are brittle sinistral strike-slip faults, developing cataclasites, breccias,
and clay fault gouges. Previous studies established that these late faults formed at <9 Ma and were active
until at least 3 Ma [Kralik et al., 1992]. Challandes et al. [2008] estimated maximum burial conditions of
600+ 100 MPa (20 km) were achieved at 450 + 30°C. At this temperature, Goncalves et al. [2012, 2013]
estimated pressure of 650 + 100 MPa from P-T sections of the protolith, the mylonite, the ultramylonite, and
the chlorite-bearing ultramylonite compositions in the NaCaFMASH system under saturated conditions.
Therefore, thermobarometric estimates from mineral assemblages in the Aar shear zones range from 300 MPa
to 400°C in the north of the massif to 650+ 100 MPa to 475 +25°C in the study area [Steck and Burri, 1971;
Steck, 1976; Berntat and Bambauer, 1982; Frey, 1987, 1988; Frey et al., 1980, 1999; Frey and Mdhlmann Ferreiro,
1999; Challandes et al., 2008; Goncalves et al., 2012, 2013]. Previous studies concluded that the shear zones
formed close to peak metamorphic conditions [Fourcade et al., 1989; Challandes, 2001; Challandes et al., 2008;
Goncalves et al., 2012, 2013]. Fluid circulation in the shear zone network is indicated by §'80 values in shear
zones being up to 2%o higher in shear zones than in undeformed zones [Fourcade et al., 1989]. Fluid-rock
interaction during shear zone formation also led to enrichment in K, Mg, and Rb, and depletion in Na, Ca, and
Sr [Marquer et al., 1985; Marquer and Peucat, 1994; Goncalves et al., 2012, 2013]. This is consistent with the
stability of micas and destabilization of plagioclase during deformation.

2.4. Geology of the Sedimentary Cover of Crystalline Massifs

The sedimentary cover of the Mont Blanc and Aar ECMs crops out along a narrow stripe trapped between the
Aiguilles Rouges and the Mont Blanc Massifs on the NW and along a large band that is separated from the
internal units on the SE by the Penninic Front, to the SE of the Mont Blanc. Further east, the relationships of
the Aar Massif with its sedimentary cover is complexified by strong transpressional deformation along the
Rhone valley fault, so the basement-cover relationships are best analyzed in the MBM. On both sides of the
MBM, the sedimentary pile is similar and made of Jurassic shales, marls, and limestone (Figures 2 and 3).
During the Alpine collision, the sedimentary pile was metamorphosed into the greenschist facies, as for the
crystalline basement.

The Morcles nappe, which is the basal nappe of the Helvetic units, was rooted to the southwestern side of the
MBM before overlying the Aiguilles Rouges Massif toward the northwest [Escher et al., 1993, and references
therein]. In the central Swiss Alps, the same structure is called the Doldenhorn nappe. The Ardon and Diablerets
nappes are higher Helvetic nappes that were respectively rooted on top and on the southeastern flank of
the MBM [Escher et al., 1993]. As most Helvetic nappes are rooted in the Mont Blanc sedimentary cover,
comparison of stable isotope data from the Helvetic nappes appears relevant.

Along the Penninic Front (i.e., the thrust contact that separates the External Units from the high-pressure
Internal Units, Figure 1), a complex zone is developed, which includes lenses of argillite and ankeritic dolomite
trapped in a talc matrix. This complex zone is interpreted as remnants of Triassic evaporites transported during
thrusting of the Penninic Front that were transformed by hydrothermal fluid-rock interaction (Figure 4h)
[Antoine et al., 1975]. The reactive fluid may thus have infiltrated the sediments by flowing along the Penninic
Front thrust.

Most veins hosted in the sedimentary rocks were sampled from the Mont Blanc Helvetic sediments. They are
ptseveral millimeters to a few centimeters thick and are filled by a calcite + quartz assemblage, with no
occurrence of chlorite or adularia (Figure 4d).

3. Methodology and Analytical Techniques
3.1. Stable Isotopic Analysis

For this study, 55 synkinematic veins were sampled for quartz, chlorite, and calcite to perform oxygen, carbon,
and hydrogen isotope analysis: 24 veins were sampled in the Mont Blanc granite, 3 veins in the Mont Blanc
gneisses, 11 veins in its Helvetic sedimentary cover, 1 vein in the Valaisan unit (5102), and 16 veins in the Grimsel
granodiorite (Table 1). Mineral separates with grain diameters of 0.1-1 mm were obtained by handpicking from
crushed vein samples.
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Table 1. Description of the Host Rock and the Vein Mineralogy

Distance From

Mont Blanc Massif Host Rock Contact® (km)  Vein Mineralogy  Vein Typeb Aar Massif Host Rock Vein Mineralogy  Vein Typeb
Veins

S70 Helvetic sediments —-0.3 Qz-Cc A S11 Granodiorite Qz -
S73 Helvetic sediments —0.1 Qz-Cc A S15 Granodiorite Qz-Chl -
S90 CC Gneiss 0.0 Cc B S 28b Granodiorite Qz-Cc-Chl B
PA 1 Granite 1.5 Qz B S29 Granodiorite Qz-Chl -
S80b Granite 1.7 Qz-Cc-Chl B S35 Granodiorite Qz-Chl -
MB 55 Gneiss 33 Qz-Chl B S 36 Granodiorite Qz-Cc C
MB 57 Gneiss 35 Qz-Cc-Chl C S37 Granodiorite Qz -
c30 Granite 55 Chl B S45 Granodiorite Qz-Cc C
C31 Granite 5.6 Qz-Cc-Chl C S 46 Granodiorite Qz-Cc-Chl @
S83 Granite 7.0 Qz-Cc-Chl B S48 Granodiorite Qz-Chl -
MB04 07 Granite 7.2 Qz-Cc-Chl B S48b Granodiorite Qz-Chl -
MB04 08 Granite 73 Cc-Chl B S50 Granodiorite Qz-Chl -
MB 148 Granite 7.4 Chl B S 59 Granodiorite Qz -
MB04 10 Granite 74 Qz-Cc-Chl B S91 CC Granodiorite Cc B
MB 149 Granite 7.5 Qz-Chl B S 108 Granodiorite Qz-Chl -
MBO04 11 Granite 7.5 Qz-Cc-Chl B S129 Granodiorite Qz -
S141 CC Granite 7.5 Cc B

MB04 12 Granite 7.6 Qz-Cc-Chl B

MBO04 13 Granite 7.7 Cc B

MBO04 14 Granite 7.8 Cc-Chl B

MB04 16 Granite 7.9 Qz-Cc B

S140 Granite 8.0 Qz-Cc B

MB04 22 Granite 8.1 Qz-Cc-Chl B

MBO04 24 Granite 8.5 Qz-Cc-Chl B

SC4 Granite 9.2 Qz-Cc B

MB 94 Granite 9.2 Chl B

MB 96 Granite 9.3 Chl B

MB 99 Granite 9.4 Qz-Cc B

MB 90 Granite 9.5 Qz-Chl B

MB 153 Helvetic sediments 11.0 Qz-Cc C

MB 100 Helvetic sediments 11.5 Qz-Cc A

MB 156 Helvetic sediments 12.0 Qz-Cc A

MB 105 Helvetic sediments 125 Qz-Cc A

MB 109 Helvetic sediments 13.0 Qz-Cc A

S95 Helvetic sediments 13.0 Qz-Cc A

S97¢ Helvetic sediments 14.0 Qz-Cc C

S97 Helvetic sediments 14.0 Qz-Cc A

S99 Helvetic sediments 14.5 Qz-Cc A

S 102 Valaisan sediments 15.0 Qz-Cc A

@Distance from the contact of the Helvetic sediments and the gneiss on the west side of the MBM. Qz: Quartz; Cc: Calcite; and Chl: Chlorite.
Vein types defined from Figures 5 and 6.

The stable isotope analyses of calcite were performed at the Research School of Earth Sciences (RSES, ANU),
Australia. Calcite samples were reacted with H3PO, in a Kiel microcarbonate preparation device at 90°C
[McCrea, 1950]. The evolved CO, gas was measured in a Finnigan MAT 251 mass spectrometer. The §'>C and
5'80 values of calcite were calibrated relative to NBS-19 (accepted values §'0ppg = 2.20%0 and

8"3Cppg = +1.95%0) [International Atomic Energy Agency (IAEA) catalogue, 1998]. The long-term measurement
precision for NBS-19 at RSES is 0.07%o (20) for 880 and 0.04%o (20) for §'>C. Average NBS-19 standard
values obtained during measurements were 580 =220+ 0.03%0 and 513CPDB =1.95+0.01%0 (N=9). The
average standard error on duplicate samples was 0.02%o. In this paper, the values of 680 of calcite are reported
relative to Vienna SMOW (VSMOW) (§'®0ppg = 1.03091 X 6'®0ysmow + 30.91) [Coplen et al,, 1983].

Stable isotope compositions of silicates were analyzed at the Institute of Geological and Nuclear Sciences
of Lower Hutt, New Zealand. Hydrogen isotope values of chlorite were determined using the method of
Vennemann and O'Neil [1993]. Adsorbed water was removed from samples by heating to 200°C in a vacuum
for at least 12 h. Water was extracted for hydrogen isotope measurement by heating to temperatures of
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Table 2. Summarized *°Ar/>°Ar Dating Results®

38

39

StepNo.  Laser Power (mW) 35Ar 37ar Ar Ar A0pp Aget2o(Ma)  “CAr(%)  °Ar(k)(%) K/Ca
Aar veins

Sample AA03-11, plateau age: 12.63 + 1.55 Ma, MSWD: 5.8 (89% 39Ar), isochron age: 14.04 + 1.18 Ma, MSWD: 0.81 (J = 0.00349845 + 0.00001749)
K317-1 550 0.000586 0.11009 0.012119 0.044158 1.228154 167.52+4.22 87.45 437 1.97
K317-2 615 0.000117 0.04867 0.002369 0.026251 0.011731 2.82+8.79 24.68 2.60 5.51
K317-3 652 0.000105 0.04458 0.001987 0.042967 0.045242 6.63+3.73 58.19 4.25 10.83
K317-4 705 0.000102 0.05123 0.002624 0.079574 0.113903 9.01+1.08 77.68 7.87 15.41
K317-5 750 0.000063 0.04929 0.002430 0.111114 0.190801 10.81+1.12 89.66 10.99 23.13
K317-6 763 0.000027 0.01552 0.000241 0.122438 0.237177 12.18+0.89 101.84 12.11 -
K317-7 840 0.000058 0.03788 0.001435 0.088410 0.151569 10.79+1.02 88.43 8.75 32.82
K317-8 902 0.000036 0.02243 0.000503 0.151488 0.349096 1449+0.59 95.80 14.98 -
K317-9 950 0.000045 0.03355 0.001126 0.081082 0.205948 15.96+0.99 92.88 8.02 39.56
K317-10 970 0.000002 0.00000 0.000000 0.040151 0.090092 14111227 98.12 3.97 -
K317-11 1111 0.000193 0.06816 0.004646 0.223314 0.408679 11.51+0.73 86.39 22.09 24.76

Sample AA03-37, plateau age: 11.51+0.42 Ma, MSWD: 0.17 (81% 39An), isochron age: 12.13+0.39 Ma, MSWD: 0.99 (J=0.00349980 + 0.00001750)
K314-1 20 0.000075 0.30983 0.001873 0.000114 0.108543 - 82.88 0.01 0.03
K314-2 615 0.000125 0.44971 0.002676 0.014607 0.007360 - 16.30 1.88 2.76
K314-3 615 0.000174 0.76635 0.004564 0.132946 0.195179 9.25+1.58 77.71 17.08 14.75
K314-4 652 0.000081 0.44094 0.002680 0.101339 0.182611 11.34+1.62 87.00 13.02 19.54
K314-5 700 0.000060 0.38595 0.002377 0.173835 0.330632 11.97+0.82 93.44 2233 38.28
K314-6 720 0.000081 0.36889 0.002231 0.082622 0.142910 10.89+1.75 84.28 10.61 19.04
K314-7 1200 0.000104 0.57593 0.003487 0.272976 0.494331 11.40£0.52 92.66 35.07 40.29

Mont Blanc veins
Sample MB03-70_grain 1, plateau age: 12.5 + 0.3 Ma, MSWD: 11.4 (92.3% 39Ar), isochron age: 11.3+0.7 Ma, MSWD: 2.74 (J=0.00349912 + 0.000017)

K313-1 605 0.001583 0.13393 0.017937 0.259518 3.129307 74.56 +0.86 86.69 7.74 8.02
K313-2 629 0.000014 0.03363 0.001131 0.150213 0.269849 11.30£0.53 96.90 4.48 70.49
K313-3 660 0.000081 0.05844 0.003415 0.332032 0.588120 11.15+£0.22 94.54 9.90 51.19
K313-4 680 0.000131 0.06556 0.004297 0.234811 0.472040 12.65+0.58 91.09 7.00 28.31
K313-5 709 0.000680 0.08687 0.007547 0.523773 1.059285 12.72+£0.30 82.90 15.61 36.34
K313-6 738 0.000613 0.09043 0.008178 0.613098 1.267755 13.01£0.26 86.30 18.28 39.36
K313-7 772 0.000211 0.07906 0.006250 0.419678 0.878846 13.17+£0.23 92.08 12.51 3553
K313-8 800 0.000012 0.00000 0.000000 0.017469 0.040544 14.59+4.87 108.11 0.52 50.35
K313-9 915 0.000134 0.06793 0.004615 0.291701 0.675395 14.56 £ 0.36 93.29 8.70 33.46
K313-10 1200 0.000165 0.08157 0.006654 0.512074 1.002527 12.32+0.23 93.97 15.27 39.99

Sample MB03-70_grain 2, plateau age: 13.07 + 0.8 Ma, MSWD: 13 (95% 39Ar), isochron age: 12.8 + 0.8 Ma, MSWD:3.03 (J = 0.0034645 + 0.000019)
K314-1 605 4.717000 0.17029 0.029000 0.207615 26.552000 150.80+2.48 94.69 3.06 6.42
K314-2 629 0.000000 0.11402 0.013000 0.120171 1.999000 12.36+0.34 99.22 6.07 56.39
K314-3 660 0.070000 0.10954 0.012000 0.265625 1.898000 11.61+0.21 98.09 25.71 40.95
K314-4 700 0.036000 0.10954 0.012000 0.187849 2.275000 14.01+£0.14 98.84 62.20 22.65
K314-5 800 0.356000 0.10488 0.011000 0.419018 2.229000 13.14+0.28 94.58 75.55 29.07
K314-6 920 0.076000 0.11402 0.013000 0.490478 2.107000 12.89+0.27 98.19 90.06 31.49
K314-7 1200 0.000000 0.10954 0.012000 0.335742 2.077000 12.84+0.12 99.25 100.00 28.43

Sample MB08-22_grain 1, plateau age: 11.41+0.20 Ma, MSWD: 2.5 (16% 39Ar), isochron age: 11.43 +0.53 Ma, MSWD: 0.03 (0.00411020 + 0.000041)
K604-1 451 0.000168 0.05622 0.003161 0.084549 2.864771 235.22+237 98.21 4.09 4402
K604-2 500 0.000003 0.00332 0.000011 0.004318 0.008540 14.61+2.52 111.30 0.21 6978
K604-3 550 0.000001 0.00407 0.000017 0.027404 0.039676 10.70+£0.34 98.93 1.32 12116
K604-4 600 0.000000 0.00692 0.000048 0.137418 0.212618 1144+0.16 98.10 6.64 60271
K604-5 640 0.000004 0.01008 0.000102 0.159366 0.248840 11.54+0.16 97.72 7.70 69048
K604-6 655 0.000017 0.01177 0.000139 0.124069 0.226977 13.51+0.19 96.29 6.00 23323
K604-7 680 0.000011 0.01672 0.000279 0.241774 0.537340 16.41+0.19 98.12 11.68 60508
K604-8 700 0.000024 0.01400 0.000196 0.158472 0.330444 1540+0.19 96.58 7.66 64769
K604-9 850 0.000024 0.03100 0.000961 1.131921 2.124916 13.87+£0.17 98.12 54.70 72454
Sample MB08-22_grain 1, plateau age: —, isochron age: 11.35 £ 0.37 Ma, MSWD: 0.2 (J=0.00408530 + 0.00002043)

K605-1 451 0.000137 0.03230 0.001043 0.002286 0.731362 - 94.73 0.09 245
K605-2 504 0.000008 0.00463 0.000021 0.018076 0.037465 15.21+1.46 93.06 0.70 43705
K605-3 552 0.000001 0.00539 0.000029 0.051980 0.083032 11.73+£0.44 98.65 2.00 26373
K605-4 600 0.000007 0.00591 0.000035 0.131688 0.200830 11.21+£0.27 99.05 5.07 31260
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Table 2. (continued)

36

38

39

Step No.  Laser Power (mW) Ar 37 ar Ar Ar “Opp Agex20(Ma)  “OAr)  Ar(k)(%) K/Ca

K605-5 630 0000002 001084 0000117 0208714  0.308057 10.85+0.22 98.24 8.04 89664
K605-6 655 0000010 000684 0000047  0.145006  0.213573 10.82+0.23 99.44 559 40455
K605-7 675 0000009 000826 0000068  0.199974  0.289940 10.65£0.20 98.89 7.70 224528
K605-8 692 0000001 000926 0000086  0.162849  0.249512 11.26+0.17 97.99 6.27 105589
K605-9 715 0000031 001338 0000179 0203485  0.345268 1246 £0.19 95.80 7.84 69502
K605-10 730 0000040 002029 0000412 0257283 0438085 12.51£0.19 95.73 9.91 103652
K605-11 745 0000001 001068 0000114 0099951  0.162394 11.94+0.28 97.97 3.85 48544
K605-12 1111 0000081 002811 0000790 1114115 1791581 11.81£0.14 96.92 4293 112264

@Units in the different Ar isotopes are given in volts.

about 1300°C until volatile release ceased. Hydrogen was reduced with a Zn reagent. Isotope values are reported
relative to VSMOW. The reproducibility of 6D is usually better than 3%o. Sample values were normalized to an in-
house kaolinite standard which has an accepted value of —57%o (VSMOW). Replicate analyses of this standard

were better than 2%o (20, N = 8). NBS-30, an international biotite standard was analyzed as a check and an average
value of —64 + 3%o (N =5) was obtained (accepted value dD = —65.7%o) [Coplen et al,, 1983; IAEA catalogue, 1998].

Oxygen was extracted from silicates using a CO,-laser and BrFs reagent [Sharp, 1990]. Samples were normalized
to the international quartz standard NBS-28 [Friedman and Gleason, 1973]. The in-house measured value is
5"80ysmow = 9.6 + 0.2%0 (N = 4; accepted value 5"80ysmow = 9.60%0). The garnet standard UWG-2 was run as an
in-house check standard and values of +5.7 and 5.8%o were obtained (accepted value is +5.8%o) [Valley et al.,
1995]. Biotite and chlorite (plus standards) were heated to 200°C prior to loading into the vacuum extraction
line to remove adsorbed water. Samples were then pumped out for approximately 12 h. Oxygen yields were
recorded and oxygen converted to CO, was analyzed on a Geo20-20 mass spectrometer.

3.2. *°Ar/*°Ar Dating

Vein adularia was sampled by handpicking under binocular microscope from the selected vein samples
(locations are shown on Figures 2 and 6). Samples were then irradiated in the nuclear reactor at McMaster
University (Hamilton, Canada), in position 5¢, along with Hb3gr hornblende as a neutron fluence monitor,
for which an age of 1072 Ma is adopted [Turner et al., 1971]. The total neutron flux density during irradiation
was 9.0 x 10'® neutron cm™2. The estimated error on the corresponding *°Ar*/3°Ary ratio is + 0.2% (10).
Adularias were analyzed by “°Ar/3°Ar using a laser to induce stepwise Ar release. Results are presented in
Table 2. Analyses of individual adularia grains (~0.5 mg on average) were made by step heating with a 50 W
CO, Synrad 48-5 continuous laser beam. Measurement of isotopic ratios was done with a VG3600 mass
spectrometer, equipped with a Daly detector system. Detailed procedures are given in Jourdan et al. [2004].
Typical blank values for extraction and purification of the laser system are in the range 4.2-8.75, 1.2-3.9, and
2-6 cc STP for masses 40, 39, and 36, respectively.

All measurements were undertaken at the University of Nice (Géoazur, France). The mass discrimination was
monitored by regularly analyzing air pipette volume. Decay constants are those of Steiger and Jédger [1977].
Uncertainties on apparent ages are given at the 10 level and do not include the error on the *°Ar*/3?Ar, ratio
of the monitor.

4, Results of Ar/Ar Dating of Vein Adularia

Ar spectra resulting from “°Ar/*°Ar dating performed on two samples of the Mont Blanc veins (MB08-22 and
MBO03-70) are shown in Figure 7; those of the Aar veins (AA03-11 and AA03-37) are reported in Figure 8. For
each sampled vein of the Mont Blanc Massif, two adularia crystals were dated (grain 1 and grain 2). All spectra
show a similar shape with more or less amplification, which includes (i) a first step displaying some excess Ar,
which is ascribed to degassing of a low-temperature phase or fluid inclusions; (ii) a low-temperature part
with younger ages; and (iii) increasing ages in a “staircase” shape until a maximum age is reached before
the last (fusion) step. This shape can be interpreted as core to rim zoning due to progressive growth of vein
adularia toward the core of veins (e.g., Figures 4e and 5). In general, inverse isochron correlation does not show
sufficient spread in 2°Ar/*°Ar to be reliable and is not considered in this study, while the isochron plots show
sufficient spread for comparisons with the plateau ages, also allowing comparison of samples with each other.
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Figure 7. (a-d) Adularia 4oAr/39Ar dating results in veins of the Mont Blanc Massif.
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Figure 8. (3, b) Adularia 40Ar/39Ar dating results in veins of the Aar Massif.

4.1. Mont Blanc Massif

4.1.1. Sample MB08-22

Sample MB08-22_grain 1 (Figure 7a) shows no plateau age but a two-part Ar spectrum: (i) steps 2-4 give an
age of 11.4+0.2 Ma and (ii) steps 5-8 give an age of 14.8 + 1.3 Ma. For the low-temperature part, the isochron
age is in agreement with the plateau age of steps 2-4 (11.4+0.5 Ma using steps 2-4, mean square weighted
deviation (MSWD) =0.03). Sample MB08-22_grain 2 shows a plateau age of 11.56 +0.22 Ma using all steps
except step 1(99.2% of released °Ar, MSWD = 44; Figure 7b). Again, two distinct parts can be distinguished in
the spectrum. A low-temperature age of 11.05 +0.12 Ma is preserved in steps 2-5, while an age of 12.18 £0.15 Ma
is shown by steps 6-9. The isochron age using 99.2% of released 39Ar stands between these two ages
(11.35+0.37 Ma, MSWD = 2.2), which is consistent with the global plateau age.

The two sampled adularia crystals show a main crystallization stage at 11.4-11.5 Ma, with some older
components in the two runs: older than 12 Ma and older than 14 Ma, respectively.

4.1.2. Sample MB03-70

Sample MB03-70_grain 1 shows a plateau of 12.54 + 0.34 Ma (MSWD = 11) integrating steps 2-10 (Figure 7c).
The Ar spectrum shows a slight staircase shape for steps 2-3 (11.2-11.3 Ma) and steps 8-9 (14.6 Ma), followed by
a slight descent on the last step (12.3 £ 0.5 Ma). The isochron plot yields an age of 11.3+0.7 (MSWD =2.74)

in agreement with the lower temperature part of the “OAr/*°Ar plateau.

Sample MB03-70_grain 2 shows a less well constrained plateau age of 13.07 + 0.8 Ma, with an identical shape
(Figure 7d). Steps 2-3 show a younger age of 11.6-12.4 Ma, and step 4 shows an age of 14.1 Ma, followed by a
last step (step 7) at 12.8 +0.1 Ma. The isochron plot gives an age of 12.8 + 0.8 Ma within error of the plateau age.

4.2, Aar Massif

4.2.1. Sample AA03-11

This sample provided a plateau age of 12.63 + 1.55 Ma (MSWD = 5.88), but except for the last fusion step, it
presents a spectrum with increasing ages toward higher-temperature steps (Figure 8a). At low temperature
(steps 2-3), an age of 9-10 Ma is obtained, increasing toward ages of 14-16 Ma at high temperature (steps 8-10).
The isochron age is in agreement with this upper age range (14.04 +1.18 Ma, MSWD =0.81; Table 2).
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Table 3. Isotope Compositions of Analyzed Minerals®

Calcite Calcite Calcite

Quartz Quartz e Quartz

Samples s'% s'3¢c 5'%0 Samples RO s'13¢c 5'%0 Samples s'%0 s'3c 5'%0
Mont Blanc Crystalline Rocks Western Sediments Aar Crystalline Rocks

S90 CC 18.50 —0.39 - S70 20.74 —0.28 24.10 S11 - - 10.32
PA 1 - - 7.60 S73 17.28 —3.51 19.73 S15 - - 11.00
S80b 844 —6.72 11.34 S 28b 7.83 —7.69 9.93
MB 55 - - 9.10 S29 - - 10.42
MB 57 8.05 —10.02 9.76 Eastern Sediments S35 = = 10.42
C31 8.81 —9.88 10.70 MB 153 8.80 —10.75 11.10 S36 6.89 —9.02 9.76
S83 8.72 —6.47 11.75 MB 100 21.70 —0.89 21.94 S37 - - 15.95
MB04 07 8.02 —4.09 10.50 MB 156 22.41 —1.78 23.03 S45 7.67 —8.28 10.62
MBO04 08 8.70 —4.07 - MB 105 21.77 3.90 21.82 S 46 7.98 —8.33 10.56
MBO04 10 8.61 —4.11 10.80 MB 109 23.74 0.92 2491 S48 - - 10.32
MB 149 - - 11.41 S95 17.85 —4.10 19.94 S48b - - 11.14
MB04 11 8.54 —3.81 10.70 S97¢ 18.63 —8.89 19.80 S50 - - 10.01
S141 CC 23.86 —4.53 - S97 23.04 0.80 20.22 S 59 - - 11.19
MB04 12 9.09 —4.17 11.50 S99 23.97 1.58 27.21 S91 CC 10.70 —4.46 -
MB04 13 9.01 —3.59 - S 102 21.54 —0.40 22.27 S 108 - - 11.01
MBO04 14 8.94 —2.77 - S129 - - 10.90
MBO04 16 6.19 —5.35 8.50
S140 10.61 —4.47 11.24
MBO04 22 6.07 —6.11 11.20
MBO04 24 7.89 —4.75 10.90
SC4 7.03 —4.45 11.31
MB 99 9.85 —3.09 11.51
MB 90 - - 11.00

25180 in %o VSMOW:; 6'3C in %o PDB.

4.2.2. Sample AA03-37

The laser *°Ar/*°Ar experiment provided a flat spectrum featured by a plateau age of 11.51 £0.42 Ma
(MSWD = 0.17, with 81.03% of degassed 3?Ar; Table 2). The isochron age is in agreement with the plateau
age within the error margin (12.13 £0.39 Ma, MSWD =0.99; Figure 8b). The inverse isochron (not shown)
also provided meaningful results with an age of 11.00+ 1.67 Ma (MSWD =0.22). These ages show a good

homogeneity of the sample apart from the first two steps, in which the age is younger (9-10 Ma).

5. Interpretation of Ar/Ar Dating of Vein Adularia
5.1. Mont Blanc Massif

Considering the Mont Blanc samples, “°Ar/*°Ar spectra mostly show plateaus with quality criteria MSWD > 10
if plateau ages are computed with a majority of steps, which indicates that most steps in the *°Ar/*°Ar spectra
are not in agreement with a unique age. The whole data set agrees with an average crystallization age of
12.65 + 1.48 Ma for a majority of signal (comprising 10 out of 34 steps) giving individual ages comprised
between 11 and 12 Ma. Therefore, it seems that several ages have been preserved in the adularias, the
principal crystallization stage being at 11-12 Ma. This is corroborated by the petrological features of
adularias, which show a strong optical zoning in agreement with a multistage crystallization in the veins.
Grains dated from the same veins have slightly different Ar/Ar ages, and distinct Ar isotopic ratios, in
agreement with several stages of crystallization. Further, individual mineral Ar/Ar spectra yield complex
shapes, which are not in agreement with a single stage of crystallization. If Ar/Ar spectra supposedly
reflect contribution of the mineral rim at low temperature and increased contribution of the core at high
temperature, the lower age steps reflect crystallization ages of 11-11.5 Ma, while core ages range from
12 to 16 Ma (i.e., steps 7-9 of sample MB08-22). As the dated phengites from neighboring shear zones,
spatially associated with veins, gave *°Ar/>°Ar ages of 15.8-16+0.2 Ma [Rolland et al., 2007, 2008], the
most likely hypothesis to explain veins formation could be (1) veins opening as joints between shear
zones and adularia crystallization onset starting at 16 Ma, followed by (2) acceleration of adularia growth
at 12 Ma, and (3) end of adularia crystallization at 11 Ma. Subsequently, the veins would have remained

opened to fluid flow for about 5 Ma.
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Table 4. Isotope Compositions of Vein Chlorites

5'80 Equilibrium Fluid® D Equilibrium Fluid®
s'%0 5D? D Chlorites 20 350°C 450°C 350°C 450°C
Mont Blanc
580b 261 ~566 ~582 ~550 = 23 329 432 ~231 ~255
MB 55 571 —672 —652 —69.1 . 27 6.39 743 ~336 ~36.1
MB 57 435 ~68.3 —64.0 —-710 —700 38 5.03 6.07 —348 -373
€30 365 —65.1 —643 —66.0 - 1.2 433 537 ~316 —341
C31 275 —63.1 —652 610 . 30 343 447 —296 ~-320
83 365 —6238 —645 ~61.0 - 25 433 537 292 317
MB-04-07 450 580 ~580 - - - 518 6.22 —245 ~269
MB-04-08 450 ~570 ~57.0 = = = 5.18 6.22 —235 ~259
MB-04-10 430 ~56.0 ~560 - - - 498 6.02 225 249
MB 148 5.80 625 620 ~63.0 - 0.7 6.48 752 ~290 314
MB 149 490 —744 ~730 ~759 . 20 558 6.61 —409 —433
MB-04-11 450 ~61.0 ~61.0 - - - 5.18 6.22 275 ~299
MB-04-12 520 590 590 = = = 5.88 6.92 ~255 279
MB-04-14 480 —63.0 —63.0 = . = 548 6.52 —295 319
MB-04-22 490 ~62.0 ~62.0 = = = 558 6.62 —285 —309
MB-04-24 440 ~60.0 ~60.0 = = = 508 6.12 ~265 ~289
MB 94 459 ~733 ~730 ~736 = 04 527 631 ~397 422
MB 96 0.60 —647 —60.0 —66.0 —68.0 42 1.28 232 —31.1 ~336
MB 90 283 ~70.1 —68.1 ~720 = 27 351 454 ~365 ~390
Aar

515 333 ~562 ~565 ~56.0 - 03 401 5.04 227 ~252
S 28b 251 —559 ~537 —580 . 30 3.19 423 -223 248
529 261 _567 _565 570 - 0.4 329 432 232 _257
S35 230 567 _555 ~580 - 18 298 401 ~232 ~257
S 46 350 ~60.1 ~592 610 . 13 418 522 ~266 ~290
548 552 —63.0 —64.0 —62.0 = 14 6.20 7.23 ~295 ~319
548b 3.19 —51.1 521 ~500 = 15 387 491 175 ~200
S50 3.64 —625 —629 620 = 0.7 432 535 —289 314
S 108 273 —514 ~509 ~520 - 08 341 444 179 204

@Average value of the different chlorites analyzed.
Calculated using fractionation factors of Graham et al. [1984].
“Calculated using fractionation factors from Wenner and Taylor [1971].

5.2. Aar Massif

Despite the fact that both Aar adularia *°Ar/>*°Ar ages provide better constrained ages and MSWD values than
the Mont Blanc samples, the results of sample AA03-11 are still not in agreement with a single age. The results
are in agreement with crystallization of adularias between 14 and 11.5 Ma, with most single-step ages again
ranging within 11-12 Ma. Given that the related shear zone phengites, spatially associated with these veins,
have yielded ages of 12.2-13.8 +0.2 Ma [Rolland et al., 2009], the age coincidence of vein adularia and shear
zone phengite is clearly shown here. As for the MBM it is thus suggested that veins formed as joints to the main
shear zones. Though, a tendency to have younger ages is shown in sample AA03-37, which suggests some
delay between shear zone deformation and vein closure. Further, the staircase shape of sample AA03-11 could
also indicate a progressive growth of this mineral between 14 and 9-10 Ma. This 9-10 Ma age is found in
both samples for low-temperature steps and is interpreted as the last stage of mineral growth. In the Aar Massif,
the data suggest fluid circulation in the opened veins for duration of about 4 to 5 Ma.

In both the Mont Blanc and the Aar Massifs, the main stage of fluid flow associated to vein formation is
bracketed between 11 and 12 Ma. This time span is slightly younger than that estimated by Mullis [1996] from
fluid inclusion in vein quartz (20-13 Ma) but is consistent with the formation of the youngest shear zones
[Challandes et al., 2008; Rolland et al., 2009], thus dating the ductile-brittle transition.

6. Results of Stable Isotope Analysis

Stable isotope compositions of vein minerals are provided in Tables 3 and 4. Values of 5'20 and 6'3C of quartz, chlorite,
and calcite are plotted in Figure 9 along a NW-SE transect through the MBM and its metasedimentary cover (Figure 2).
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© 64l o % ! sediments at the contact with the
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0 1 2 3 4 5 6 7 8 9 101 1213 14 15 16 Carbon isotope composition of vein

NW-SE Distance (km) calcite shows a large scatter, with

Fi 9. Stable isot "  vein mineral red al values ranging from +3.90 down to
igure 9. Stable isotope compositions of vein minerals reported alonga o . -
NW-SE transect through the Mont Blanc Massif and its sedimentary cover. 10.75%o .(Table 3and 1F3|gure 9). With
The horizontal axis represents the distance from the contact between the the exception of S97¢ (6 “C = —8.89%)
crystalline rocks and the sediments lying on the west side of the massif. and MB 153 (513C =—10.75%o), all

(a) Values of 520 of quartz, chlorite, and calcite. (b) Values of 8'3C of cal- samples hosted in the Helvetic

cite. Empty symbols represent A-type veins; grey symbols represent B-type
veins; and black symbols represent C-type veins. The vein types are defined
according to their (513Cca|cite compositions (see text).

metasediments have carbon

isotope compositions ranging
between —4.10%o0 and +3.90%o0
(n=11; Figure 9). In the Mont Blanc
crystalline basement, most samples have 6"3C values ranging within —2.77%o and —6.72%o (n=17), but two
samples have very low 6"3C compositions: C31 (§"3C = —9.88%o) and MB 57 (5'3C = —10.02%o). Except sample
$91 CC (6'3C = —4.46%o), all calcite samples from the Aar Alpine veins have low §'3C signature, ranging
from —7.69%o to —9.02%o. Low ¢'3C compositions, which occur in the Mont Blanc and the Aar crystalline
rocks and in the Helvetic metasediments as well, thus characterizes a third group of data.

In the MBM and in its metasedimentary cover, systematic variations in carbon and oxygen isotope compositions
of vein calcite thus allow identification of three end-members (Figure 10): (1) A-type veins, with high ¢80 values
ranging from +17.28 to +23.97%o and —4.10%o < 8"3C < +3.90%o, (Helvetic and Valaisan metasediments,
n=9+1); (2) B-type veins, with low 5'80 ranging from +6.07 to +10.61%o values and intermediate composition
between A and C types: —6.72 < 5'3C < —2.77%o (Mont Blanc crystalline rocks; n=17); and (3) C-type veins,
with 580 values similar to those of calcite occurring in the same host rocks and —8.89 < 6'>C < —10.75%o
(n=4). These veins occur in association with deep-seated features: (i) the Mg-rich metasomatic zone from the
central part of the MBM (C31), (ii) the Mg-rich metasomatic zone located along the Penninic Front (S97 CC),
(iii) at the contact between the granite and the metasediments (MB153), and (iv) along a major shear zone in the
gneissic basement (MB57).

Even though a few exceptions exist (e.g., sample S141 CQ), there is an almost continuous distribution in
the carbon isotope compositions of vein minerals between these three end-members (Figure 9). In the Aar
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Figure 10. Plot of the 5"3C versus 5'20 values of vein calcite. Circles repre-
sent samples from the Mont Blanc sedimentary cover; squares represent .
samples from the Mont Blanc granite; and triangles represent samples from 7. Interpretatlon of Stable
the Aar granodiorite. Empty symbols represent A-type veins; grey symbols ~ Isotope Data
represent B-type veins; and black symbols represent C-type veins. Stable
isotope data from the Helvetic nappes and the Mont Blanc sedimentary T . ; )
cover reported from Dietrich et al. [1983], Crespo-Blanc et al. [1995], and precipitation of minerals in veins and
Kirschner et al. [1999] are shown as fields. alteration of the surrounding wall

rocks to create alteration haloes

[Rossi et al., 2005]. Comparison of the
stable isotope values measured with those of potential fluid sources might allow determination of the origin

of the reactive fluid for the different identified vein types.

Reactive fluid was responsible for

7.1. Comparison With Data From the Helvetic Alps

In veins hosted in the Helvetic metasediments (A-type veins), the oxygen isotope composition of quartz is
similar to that measured by Crespo-Blanc et al. [1995] on the eastern side of the MBM. With the exception of a
few samples, most oxygen isotope compositions of calcite plot in the field defined by the Helvetic nappes
(6"®0¢acite = +16%o0 to +28%o, Figure 10) [Dietrich et al,, 1983; Crespo-Blanc et al., 1995; Kirschner et al., 1999].
However, 6'3C values of A-type calcite follow a trend from the average isotopic composition of the Helvetic
nappes toward lower carbon isotope compositions of C-type end-member (Figure 10). This trend is rather well
correlated with the field defined in the Diablerets nappe in the vicinity of its basal thrust [Crespo-Blanc et al., 1995].
Possible explanations for this trend are discussed in section 8.2.

In veins hosted in crystalline rocks, quartz, chlorite, and calcite have rather homogeneous 5'80 compositions.
Except for PAT (3"®Oquart; = +7.6%0) and MB04-16 (6'%0 guart, = +8.5%o), the oxygen isotope composition of
vein quartz (from +9.1%o to +11.7%o) is consistent with values of vein quartz hosted in the Mont Blanc
basement and in other external crystalline massifs of the Alps (5180qua,t2: +9.0%o0 to +15.3%0) [Hoernes and
Friedrichsen, 1980; Fourcade et al., 1989; Marshall et al., 1997, 1998]. These values are also similar to those of
crystalline quartz from the Aiguilles Rouges gneisses (5180quanz =+410.9%o0 to +12.4%o) [Marquer et al.,, 1994]
and of magmatic quartz in plutonic granites and granodiorites (8180qua,t2=+9.0%o to +12.5%o) [Taylor, 1968].
The 680 values of chlorite are close to those measured in other external crystalline massifs [Hoernes and
Friedrichsen, 1980]. Finally, oxygen isotope compositions of vein calcite are close to those measured within
the metamorphic basement and related tectonic veins: 3'80cacite = +8.70%o to +9.20%o in the basement
marbles, while 580 ¢icite = +7.97%o to +8.20%o within associated veins [Marshall et al., 1997, 1998].

Hydrogen isotope compositions of vein chlorites range between the field defined by the compositions of
micas from the Helvetic schists and the meteoric water line (Figure 11b). In the Aar Massif, 6D values of vein
chlorites are similar to those of granitic biotites [Hoernes and Friedrichsen, 1980] suggesting that hydrogen is being
buffered by the host rock. The H,O-rich fluid could thus either derive from biotite dissolution in the vein’s
alteration halo or derive from devolatilization of the Helvetic schists. In this later case, the fluid/rock ratio must be
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Figure 11. (a) Hydrogen versus oxygen isotopic compositions of vein chlor-
ites (B-type veins) from the Mont Blanc (squares) and the Aar (triangles)
crystalline rocks. Different chlorite analyses from the same samples are
connected by a vertical bar to show the spread of the D compositions in the
samples. Standard deviations (20) are 2%o for 6D values and 0.2%o for 5'%
values. (b) Comparison of data from this study (field 1) with the fields of
ocean water, meteoric water, metamorphic fluids, organic fluids, and sedi-
mentanéy rocks [after Sheppard, 1986]. Field 2 represents the range of 6D
and "0 values of the fluid in equilibrium with chlorites at 350-450°C
(fractionation curves of Graham et al. [1984] and Zheng [1999]) and field 3 the
range of 6D and 580 values of micas from the Helvetic schists [Hunziker et al.,
1986; Burkhard et al.,, 1992; Crespo-Blanc et al., 1995].

low so that hydrogen became buffered
by the veins’ host rocks. As the fluid in
equilibrium with the Alpine chlorites
plots between the fields defined by
metamorphic waters and the meteoric
water line, it is likely that vein chlorites
precipitated from a metamorphic
locally derived fluid, involving some
mixing with or late circulation of a
meteoric fluid. In the Mont Blanc Massif,
Rossi et al. [2005] identified two sets of
vein chlorites (green vermicular
chlorites and oxidized chlorites), thus
confirming that late alteration from
meteoric waters occurred.

C-type veins have low 6'3C values,
which have not been reported in

vein calcite hosted in the Helvetic
schists so far. The origin of the fluid
responsible for such low ¢'3C values is
discussed in section 8.3.

7.2. Isotopic Equilibrium Versus
Disequilibrium Among
Vein Minerals

Minerals in isotopic equilibrium may
either have crystallized from a

single fluid or have crystallized from
different fluids and later been
equilibrated. In such a case, the use of
isotopic geothermometers should
provide realistic fluid temperatures.
On the other hand, minerals in
isotopic disequilibrium may either
have crystallized initially from different
fluids or have precipitated originally
from the same fluid with the different
minerals having reequilibrated

at various postcrystallization
temperatures. It is also possible that
some of the minerals exchanged

with a later fluid, resulting in
nonequilibrium isotopic compositions.
In such cases, the use of isotopic
geothermometers should provide
unrealistic or meaningless

fluid temperatures.

In veins hosted in the Mont Blanc and
the Aar crystalline rocks, the quartz-

calcite geothermometer of Zheng [1999] gives fluid temperature estimates lower than 200°C (Figure 12b).
Such very low fluid temperatures are clearly underestimated as temperatures calculated from fluid inclusions
trapped in vein quartz range from 350°C to 420°C [Poty, 1969; Poty et al., 1974; Fabre et al., 2002]. Vein quartz
and vein calcite are thus not in isotopic equilibrium, which is consistent with field observations.
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Figure 12. (a) Plot of 6180qua,tz versus 5180ca|cite for veins hosted in the Mont Blanc sedimentary cover. Isotherms were
calculated using the geothermometer of Zheng [1999]. (b) Plot of (5180quanz versus 5180C3|Cite of veins hosted in the Mont
Blanc and the Aar crystalline rocks. Note that sample MB 153, which was sampled within the sedimentary cover close to
the contact with the granite, shows isotopic compositions similar to those of veins hosted in the Mont Blanc granite. (c) Plot
of 5180quanz versus o' SOchk,me of samples hosted in the Mont Blanc and the Aar crystalline rocks. Isotherms were calculated
using the geothermometer of Wenner and Taylor [1971]. (d) Plot of 5180ca|dte versus (5180ch|ome of samples hosted in the
Mont Blanc and the Aar crystalline rocks. Isotherms were calculated by coupling the geothermometers of Wenner and Taylor
[1971] and of Zheng [1999].

With the exception of a few samples, most fluid’s temperatures estimated in veins hosted in the Mont Blanc
sedimentary cover using the quartz-calcite geothermometer of Zheng [1999] are either overestimated or
underestimated, yielding temperatures with no geological meaning (Figure 12a). As for veins hosted in the
crystalline rocks, quartz, and calcite thus appear not to be in isotopic disequilibrium.

In most veins hosted in the Mont Blanc and the Aar crystalline rocks, fluid temperatures estimated using
the quartz-chlorite geothermometer of Wenner and Taylor [1971] range between 280°C and 440°C.
However, in the MBM, two distinct crystallization stages may be distinguished (Figure 12c). The first
crystallization stage occurred at temperatures ranging between 400 and 440°C, which are consistent with
temperatures estimated during peak metamorphism in the shear zones [Rolland et al., 2003; Rossi et al.,
2005; Challandes et al., 2008] and with temperatures calculated in Alpine veins from fluid inclusion studies
[Poty, 1969; Poty et al., 1974]. The second crystallization stage occurred at temperatures of 280-350°C,
which is also consistent with temperatures calculated in Alpine veins from fluid inclusion studies or
using the thermodynamic properties of vein minerals [Fabre et al., 2002; Rossi et al., 2005]. Vein quartz
and vein chlorite may thus have reached isotopic equilibrium; their relationships in veins suggesting
contemporaneous crystallization (Figure 5). These isotopic data confirm the multistage filling of the
Alpine veins, as already suggested by Rossi et al. [2005] using the chlorite solid-solution model and
thermodynamic data from Vidal et al. [2001] as well as the thermometers of Cathelineau and Nieva [1985]
and Hillier and Velde [1992]. Unlike the MBM, in the Aar Massif, the continuous trend in Figure 12c suggests
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Table 5. Calculated Isotope Composition of H,O and CO, in Equilibrium With Vein Quartz and Vein Calcite
6"3Ccoz (%o PDB) 758092 (%0 VSMOW) 6"80420(%0 VSMOW)
(Calcite) (Calcite) (Calcite) (Quartz)
Chacko et al. [1991] Chacko et al. [1991] Zheng [1999] Zheng [1993]
300°C 300°C 300°C 300°C 350°C 400°C 450°C
Mont Blanc Massif
Type A Veins
S70 2.62 29.30 14.95 17.07 18.50 19.59 2042
S73 —0.61 25.84 11.49 12.70 14.14 15.22 16.05
MB 100 2.01 30.26 15.91 14.91 16.35 1743 18.26
MB 156 1.12 30.97 16.62 16.00 17.43 18.51 19.34
MB 105 6.80 30.33 15.97 14.79 16.22 17.31 18.14
MB 109 3.82 32.30 17.95 17.88 19.32 20.40 21.23
S95 —-1.20 2641 12.06 1291 14.34 15.43 16.26
S 97 3.70 31.60 17.24 13.19 14.62 15.71 16.54
S99 448 32.53 18.18 20.18 21.61 22.70 23.53
S 102 2.50 30.10 15.75 15.24 16.68 17.76 18.59
Type B Veins
S90 CC 2.51 27.06 12.71 - - - -
PA 1 - - - 0.57 2.00 3.08 391
S80b —3.82 17.00 2.64 4.31 5.74 6.83 7.66
MB 55 - - - 2.07 3.51 4.59 542
S83 —3.57 17.28 292 472 6.15 7.24 8.07
MB-04-07 -1.19 16.58 2.23 347 4.90 5.99 6.82
MB-04-08 -1.17 17.26 291 - - - -
MB-04-10 —1.21 1717 2.82 3.77 5.20 6.29 7.12
MB 149 - - - 438 5.81 6.90 7.73
S141 CC —1.63 3242 18.06 - - - -
MB-04-11 —0.91 17.10 2.75 3.67 5.10 6.19 7.02
MB-04-12 —1.27 17.65 3.30 447 5.90 6.99 7.82
MB-04-13 —0.69 17.57 3.22 - - - -
MB-04-14 0.13 17.50 3.15 - - - -
MB-04-16 —245 14.75 0.40 1.47 2.90 3.99 4.82
S140 —-1.57 19.17 4.82 4.21 5.64 6.72 7.55
MB-04-22 —3.21 14.63 0.28 417 5.60 6.69 7.52
MB-04-24 —1.85 16.45 2.10 3.87 5.30 6.39 7.22
SC4 —1.55 15.59 1.24 4.28 5.71 6.79 7.62
MB 99 —0.19 18.41 4.06 448 5.92 7.00 7.83
MB 90 - - 3.97 5.40 6.48 7.31
Type C Veins
MB 57 —7.12 16.61 2.26 273 416 5.25 6.08
C31 —6.98 17.37 3.02 3.67 5.10 6.19 7.02
MB 153 —7.85 17.36 3.01 4.07 5.50 6.59 742
S97¢ —-5.99 27.19 12.84 12.77 14.20 15.29 16.12
Aar Massif
S11 - - - 3.29 472 5.80 6.63
S15 - - - 3.97 541 6.49 7.32
S 28b —4.79 16.39 2.04 2.90 433 541 6.24
S29 - - - 3.39 4.82 5.91 6.74
S35 - - - 3.39 4.82 591 6.74
S 36 —6.12 15.45 1.10 273 416 5.25 6.08
S37 - - - 8.92 10.35 11.43 12.26
S45 —5.38 16.23 1.88 3.59 5.03 6.11 6.94
S 46 —543 16.54 2.19 353 4.97 6.05 6.88
S48 - - - 3.29 472 5.80 6.63
S48b - - - 4.11 5.54 6.62 745
S50 - - - 2.98 441 5.50 6.33
S 59 - - - 4.16 5.59 6.68 7.51
S91 CC —1.56 19.26 491 - - - -
S 108 - - - 3.98 5.42 6.50 7.33
S129 - - - 3.87 5.30 6.39 7.22
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a more continuous crystallization of vein minerals (quartz and chlorite) under decreasing temperatures
from 400°C to 300°C.

7.3. Calculated Fluid'’s Isotopic Composition

The oxygen isotope composition of H,0 in equilibrium with vein quartz was calculated using the
temperature-dependent quartz-H,O fractionations of Zheng [1993] for the temperature range 300-450°C.
As calcite crystallizes in a later stage, after the two stages of quartz and chlorite filling, we can assume that
calcite crystallizes at a temperature lower than 300°C. Therefore, the isotopic composition of the fluid in
equilibrium with vein calcite was calculated at a temperature of 300°C, in order to give insights of its
maximum values. The oxygen isotope composition of the H,O-rich fluid in equilibrium with vein calcite was
calculated using the temperature-dependent calcite-H,O fractionations of Zheng [1999], and the carbon
isotope composition of CO, was calculated using the temperature-dependant calcite-CO, fractionations of
Chacko et al. [1991]. All data are presented in Table 5.

With the exception of sample MB153, all vein quartz hosted in the Mont Blanc metasedimentary cover have
high 680 values. These quartz crystals crystallized from a H,O-rich fluid with 5"80u20 values ranging from
+12.70%o0 to +17.88%o0 at 300°C to +16.05%o0 to +21.23%o at 450°C (sample S99 crystallized from a fluid with
slightly higher §'80,420 values). Such high values suggest infiltration of H,O-rich fluid in equilibrium with
sedimentary rocks. With the exception of sample S37 (Aar Massif), all vein quartz hosted in the Mont Blanc
and the Aar crystalline rocks have low 6'0 values. The 880 values of the H,O-rich fluid in equilibrium with
these vein quartz range between +0.57%o to +4.72%o at 300°C and +3.91%o to +8.07%o at 450°C. Such
isotopic compositions are consistent with those of H,O-rich fluid in equilibrium with crystalline rocks. The
oxygen isotope composition of the fluid from which vein quartz crystallized is thus apparently buffered by
the vein’s host rock (see section 8.1 for discussion). Assuming calcite precipitated at a maximum temperature
of 300°C, the calculation of the fluid 6800 values range between +11.49%o and +18.18%o for veins
hosted in the Mont Blanc metasedimentary cover, and between +0.28%o and +4.91%o for veins hosted in the
Mont Blanc and the Aar crystalline rocks. As for vein quartz, the oxygen isotope composition of the H,O-rich
fluid from which calcite crystallized seems to be buffered by the vein’s host rock.

As the crystalline rocks do not contain any significant carbon, calcite occurrence in veins hosted in crystalline rocks
necessarily involves infiltration of an external H,O-COy-rich fluid. In the Mont Blanc metasedimentary cover, vein
calcite (A-type) equilibrated at 300°C with a fluid which ¢'>Cco, values range between —1.20%o and +6.80%o,
and 6'80c¢o, values range between +25.84%o and +32.53%o. Such high carbon isotope signatures are
consistent with a H,0-CO,-rich fluid derived from sedimentary rocks. In B-type veins hosted in the Mont
Blanc Massif, the §'3Cco, and 5'80¢o, values of the H,0-CO,-rich fluid in equilibrium with vein calcite
at 300°C range respectively between —3.82%o and +0.13%o and between +14.63%o0 and +19.17%o. Calcites
from C-type veins have the lowest carbon isotope composition. They equilibrated at 300°C with a H,0-CO,-rich
fluid, which 5"3Cco, values range between —7.85%o and —5.99%o. As for §'80y150, the 6'80¢o; values of C-type
veins were buffered by the vein’s host rock. Vein calcites from the Aar Massif show intermediate values
(between B-type and C-type veins). They crystallized in equilibrium at 300°C with a H,0O-CO,-rich fluid which
5'3Cco, values range between —5.84%o0 and —1.28%o, and the 6"80¢o; values range between +15.45%o0
and +19.26%o. Vein calcites hosted in the Mont Blanc and the Aar crystalline rocks therefore suggest
infiltration of a H,O-CO,-rich fluid with a more or less '*C-depleted signature.

8. Discussion

Stable isotopes were analyzed in Alpine vein minerals associated with shear zones and faults in the Mont
Blanc and Aar Massifs and in their sedimentary cover in order (1) to examine the structural controls on fluid
redistribution between fluid reservoirs during the Alpine deformation, (2) to place constraints on the
composition and distribution of the fluid reservoirs, and (3) to determine the scales of fluid redistribution that
drove fluid-rock interactions and mass transfer within the continental crust during Alpine deformation.

8.1. Fluid Reservoirs: Fluid-Buffered Versus Host Rock-Buffered Fluid

In order to identify the possible fluid reservoirs and the scale of fluid flow during the development of Alpine
shear zones and associated veins, isotopic, chemical, and geological data are used to discuss the roles of local
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host rock buffering versus external fluid sourcing in vein formation in the ECM and in their metasedimentary
cover. Two fluid sources may explain that vein minerals precipitated from a fluid with 5180 values in
equilibrium with the vein’s host rock: (i) a locally derived fluid or (ii) an external fluid with low fluid/rock ratio,
so that the fluid’s oxygen isotope composition was buffered by the vein’s host rock during fluid flow.

8.1.1. Helvetic Schists Veins

In the Helvetic schists, the oxygen and carbon isotope compositions of vein calcite and vein quartz evolve
from typical Helvetic carbonates values toward lower values (Figure 10). As A-type vein minerals crystallized
from a H,0-CO,-rich fluid in isotopic equilibrium with sedimentary rock, this trend suggests that calcite
crystallized from a locally derived fluid for which carbon and oxygen isotope compositions were slightly
depleted. The Helvetic metasediments (Jurassic shales, marls, and limestones) of the Mont Blanc sedimentary
cover and the Morcles nappe thus constitute a possible reservoir for this H,O-CO,-rich fluid.

8.1.2. Mont Blanc Veins

In the MBM, vein quartz and vein chlorite crystallized from a H,O-rich fluid in isotopic equilibrium with
crystalline rocks. This mineralizing fluid is either locally derived (i.e., derived from the vein’s host rock) or
represents an external H,O-rich fluid with a low fluid-rock ratio that underwent later oxygen isotope
exchange and reequilibration with the crystalline host rock. Evidences of vein formation involving a locally
derived H,O-rich metamorphic fluid in a relatively closed system are provided (1) by the composition of fluid
inclusions trapped in vein quartz, which are H,O-rich with generally less than 2% CO, [e.g., Poty, 1969;
Poty et al., 1974; Fabre et al., 2002], and (2) by mass balance calculation, which indicates that the amount of
quartz and chlorite that precipitate in Alpine veins is balanced by the amount of quartz and biotite that was
dissolved in the alteration haloes around the veins [Rossi, 2005]. The crystallization of vein minerals in a
nearly closed system has already been invoked by several authors in the crystalline and sedimentary rocks of
the Western Alps [Fourcade et al., 1989; Marquer and Burkhard, 1992; Henry et al., 1996].

As calcite is the last mineral to crystallize in the MBM veins and as it appears not to be in isotopic equilibrium
with the other vein minerals (Figure 12), filling of alpine veins with a quartz + chlorite * calcite assemblage
thus implies at least two episodes of fluid-rock interactions: (1) precipitation of quartz + chlorite + adularia
from a H,O-rich fluid and (2) a later infiltration of a H,O-CO,-rich fluid that crystallizes calcite. Since the
granite is carbon free, the presence of calcite in some veins implies infiltration of an external H,0-CO,-rich
fluid, in which oxygen isotope composition is buffered by the granite and carbon isotope composition is
buffered by the fluid. Therefore, the 6'3C values of calcite in B- and C-type veins give insights on this external
H,0-CO,-rich fluid's composition, which origin will be discussed in section 8.3.

8.1.3. Aar Veins

Alpine veins from the Aar Massif have oxygen isotope compositions buffered by crystalline host rock and
carbon isotope compositions ranging between those of the Mont Blanc B-type and C-type veins, suggesting
the infiltration of a 13C-depleted CO,-rich fluid (6"*Cco; from —5.84%o to —1.28%o). Two fluid-rock interaction
episodes may be invoked for the veins formation, like for the MBM B-type and C-type veins.

8.2. Origin of the C-O Decrease in Veins Hosted in the Helvetic Metasediments

Three mechanisms may explain the trend observed in A-type veins ranging from high 6'3C-6'0 values typical of
the Helvetic nappes toward lower 5'3C-9'80 values measured in calcite from the metasomatic zone observed in
the Helvetic schists (C-type calcite): (1) calcite decarbonation and devolatilization [e.g., McCrea, 1950; Nabelek
et al,, 1984], (2) variable degrees of rock buffering and fluid-rock interaction [e.g., Taylor, 1977; Nabelek, 1987;
Dipple and Ferry, 1992], and (3) mixing of two different fluids: a fluid with high-6'3C-6'80 compositions released
during compaction of the sedimentary sequence and an externally derived fluid with low 6'3C values.

Decarbonation reactions occurred during metamorphism of the Helvetic schists (see Livi et al. [2000] for a
review of the metamorphic reactions in the Liassic black shales and marls) producing '3*C-rich CO, relative to
the remaining carbonate, thus leading to a significant lowering of the 6'3C values of calcite [Lattanzi et al,,
1980; Valley, 1986; Nabelek et al., 1984; de Oliveira and Santos, 2003]. Assuming vein calcite is at equilibrium
with the Helvetic schists [Dietrich et al., 1983], decarbonation reactions could explain part of the variability
of the carbon isotope composition observed in the A-type veins. However, it fails to explain the low ¢ 13C values
observed in some B-type veins (MB 156, S95) and in the C-type vein (597c). Calcite decarbonation alone thus
fails to explain the shift and the variability observed in the C-O isotope compositions of A-type veins.
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Similar decrease of 6'3C values is documented by Crespo-Blanc et al. [1995] and Burkhard et al. [1992] from
the foreland toward the hinterland part of the Helvetic nappes in both Diablerets and Glarus thrusts. This
lowering has been interpreted as a progressive alteration effect of the locally derived fluid isotopic composition
by interaction with carbonates along the fluid’s pathway or as the effect of dispersion of a 13C-depleted

fluid from the main thrust contact [Baumgartner and Rumble, 1988; Crespo-Blanc et al., 1995]. Similarly, we
propose that the decreasing trend of C-O isotope compositions evidenced in A-type veins (Figure 10) indicates
variable degrees of fluid-rock interactions and mixing between a locally derived fluid and an externally derived
fluid, which has a low-0"3C composition and must be related to C-type veins. The apparent scatter observed
in 6"3C and 6'80 values in Figures 9 and 10 thus probably reflects various degrees of buffering by both A-type
and C-type end-members.

8.3. Fluid Mixing and the Origin of Carbon in the Mont Blanc and the Aar Massifs

In the MBM, 6'>C values of B-type veins range from the high ¢'>Ca_ype values found in the Helvetic schists to
the low 513CC_type values found in the center of the MBM (Figures 9b and 10), thus defining a continuous trend
of lowering 6'3C values from the Helvetic schists to the center of the MBM. From discussion in section 8.2, it
appears very unlikely that calcite from the external crystalline massif precipitated from a H,O-CO,-rich fluid
derived from the sedimentary cover only. One possibility would imply low-temperature (<185°C) fractional
precipitation of calcite from the ECM contact, which would drive the fluid’s composition to a lower value of 6'3C.
Even though Figure 9 could illustrate such a process, it is most likely not a dominant process. Vein quartz and
vein chlorite precipitate at temperatures of 300°C to 450°C (Figure 12). If calcite formed closely after the other
vein minerals, it would precipitate at a rather high temperature (200-300°C), and carbon fractionation factor
1000 Inccc.co» Would be negative [Chacko et al., 1991]. In such a case, the 5'3C signature of calcite hosted
in crystalline rocks should increase from the contact, which is not consistent with the data. For calcite to
precipitate at temperatures below 185°C, the veins must thus be closed for some time and reopen in a later
stage. However, the location of C-type veins requires another explanation as (i) these veins occur in the
central part of the massif as well as at the contact with the Helvetic cover and (ii) they are closely related to
deep-seated geological structures:

1. S97c vein was sampled along the Mg-rich metasomatic zone that underlines the Penninic Front
putting into contact the (high pressure metamorphic) Valais zone with the slightly metamorphosed Mont
Blanc metasedimentary cover.

2. MB153 vein was sampled along the Mont Blanc back thrust (at the contact between the Mont Blanc granite
and its sedimentary cover).

3. MB57 vein was sampled in the vicinity of a main thrust within the Mont Blanc metamorphic basement,
and C31 was sampled in a vein associated with the Mg-rich metasomatic high-strain zone identified by
Rossi et al. [2005] in the center of the Mont Blanc granite.

A more likely explanation of 613C5_type values implies variable rock buffering and mixing of a high- §'>C fluid
buffered by the Helvetic schists (A-type veins), with a low-6">C external fluid (C-type veins). Such mixing
suggests fluid infiltration from the sedimentary cover to the MBM, as well as fluid flow at a larger scale as
evidenced by the infiltration of an externally buffered fluid. Two explanations have been proposed to explain
the very low 6'3C compositions in C-type carbonates (i.e., '>C-depleted fluid): (1) interaction with a CH,-rich
fluid derived from organic-rich carboniferous sediments (6'3Cco, < —25%o, for example) [Hoefs, 1987;
Rollinson, 1993; Kotarba and Clayton, 2003] and (2) interaction with a deep-seated CO,-rich fluid derived from
or modified by interaction with upper mantle or lower crust rocks (6"3Ccop=—5 to —8%o) [Javoy et al., 1986;
Kyser, 1986; Cartigny et al., 2001].

1. In the Helvetic metasedimentary cover, organic carbon is documented in fluid inclusions [Frey et al., 1980;
Mullis et al., 1994] and in organic matter [Kirschner et al., 1999]. In the Mont Blanc area, organic carbon
is only documented in two samples from the Helvetic cover of the MBM (513(1(,“36,“C =—14.7%o0 and
—15.9%o) [Kirschner et al., 1999]. According to fractionation factors of Horita [2001], at 350-450°C, the fluid
in isotopic equilibrium with this organic carbon would have +0.02%o0 < §'>Ccg, < +5.54%o. In the Mont
Blanc crystalline rocks, no hydrocarbons were described in the fluid inclusions trapped in Alpine veins
[Poty, 1969; Poty et al., 1974; Fabre et al., 2002]. However, Marshall et al. [1997] described graphite in marble
lenses hosted in the Variscan gneissic basement of the northern Mont Blanc Massif (513Cg,aphite =-10.77
to —7.33%o0). Using the fractionation factors of Chacko et al. [1991] at 350°C and 450°C, the fluid in
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Figure 13. Interpreted crustal-scale fluid pathways (grey arrows) in the crystalline basement of NW Alps (from the
example of the Mont Blanc) at about 14-11 Ma. The fluid pathways and associated chemical mass transfer are
deduced from the stable isotope studies of vein minerals. Geological cross section from ECORS-CROP seismic data,
modified after Roure et al. [1996].

equilibrium with this graphite composition would have +2.43%o < 6'3Cco, < +8.99%o0 at 350-450°C. Such
values of 5"3Cco> are much higher than the composition of the fluid in equilibrium with C-type veins
(6"3Ccoa from —7.85%o to —5.99%o) but are similar to the composition of the fluid in equilibrium with
A-type veins (Table 5). Furthermore, if the '*C-depleted fluid which formed the C-type veins derived
from interaction with organic matter hosted in the Helvetic sediments, one would expect to find
widespread C-type veins within the metasediments, and not only along deep-seated geological
structures. It is thus very unlikely that C-type veins result from the infiltration of a '*C-depleted fluid that
interacted with graphite or organic matter hosted in the Helvetic sediments.

2. Deep-seated CO, has rather homogeneous 5'C compositions ranging mainly from —5%o to —8%o in
carbonatites, diamonds, MORB, deep crust, and subduction zones [Javoy et al., 1986; Kyser, 1986; Cartigny
et al., 2001; Deines, 2002]. Such values are very similar to those estimated for the fluid in isotopic equilibrium
with C-type calcite at 300°C (—7.85%o0 < 513(1502 < —5.99%0) [Chacko et al., 1991]. Furthermore, the
crustal scale Alpine structure is favorable to the channelization of such a deep-seated fluid flowing
upward along deep-seated structures such as the Penninic Front or the Mont Blanc back thrust, where
C-type veins were sampled (Figure 13). Composition of C-type veins thus likely results from the infiltration
of a deep-seated '*C-depleted fluid. Moreover, two C-type samples (C31 and $97c) were associated
with Mg metasomatism, which is consistent with the hypothesis of a deeply seated fluid buffered by
mantle-derived rocks [Ferrando, 2012, and references therein].

B-type calcites from the Mont Blanc and the Aar Massifs likely result from the mixing of a shallow "*C-enriched
fluid derived from the Helvetic sediments and an external deep-seated '*C-depleted fluid. Despite any
evidence, this deep-seated fluid could partially mix with a metamorphic fluid derived from decarbonation of
the metamorphic Variscan basement.

8.4. Tectonic Implications and Scale of Fluid Circulations

From the preceding discussion, the formation of Alpine veins in the Aar Massif, the MBM and its metasedimentary
cover, is attributed to fluid-rock interactions with three different fluids: (1) an upper crust HO-CO,-rich fluid
with carbon and oxygen isotopes compositions buffered by the Helvetic metasediments, (2) a H,O-rich fluid
buffered by the Mont Blanc and the Aar crystalline rocks, and (3) a deep-seated fluid with carbon isotope
composition buffered by mantle- or lower crust-derived rocks and oxygen isotope composition buffered by
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the vein's immediate host rock. As these reservoirs are located at various depths in the continental lithosphere,
the formation of Alpine veins in the MBM involved fluid redistribution at various scales.

Combining the *°Ar/>°Ar dates with the stable isotope data in vein minerals, the following fluid flow and
tectonic model is proposed:

1. Ductile deformation, related to shear zones development starting at 23-25 Ma in both the Aar and
the Mont Blanc crystalline massifs. Ductile recrystallization of phengite in the shear zones goes on until
12 Ma [Challandes et al., 2008; Rolland et al., 2007, 2008, 2009].

2. Opening of the alpine veins at 16 Ma and mineral precipitation from 16 Ma to about 11 Ma, at 300-450°C.
Quartz and chlorite precipitate in veins hosted in crystalline rocks, from a locally derived H,O-rich fluid
that possibly leached the vein’s walls (quartz and biotite dissolution) [Rossi et al., 2005]. Veins hosted in the
Helvetic schists probably opened at the same time as the ECM hosted veins and precipitate calcite £+ quartz
from a locally derived H,0-CO,-rich fluid. This first stage of vein filling thus occurred in a closed system.
Stable isotope data suggest two stages of vein mineral precipitation (400-450°C and 300-350°C), which is
consistent with “°Ar/3*°Ar dating of vein minerals and shear zones. Ductile shear zones were still active
during alpine vein opening, so that the 16-11 Ma period represents the ductile-brittle transition.

3. The presence of calcite within veins hosted in magmatic rocks suggests later opening of the system and
infiltration of an external CO,-rich fluid. From the above discussion, the intermediate 5'3C values of B-type
calcite indicate mixing of a deep-seated fluid with a shallower fluid derived from the Helvetic schists.
Infiltration of a fluid originated from the adjacent Helvetic sediments indicate a connectivity of the Mont
Blanc shear zones with the sediments, and therefore fluid flow at a several kilometer scale. In the Aar
crystalline rocks, brittle faults and cataclasites are dated at 9 Ma to 3 Ma [Kralik et al., 1992]. Calcite
precipitation in Alpine veins might thus be associated with this brittle deformation that would allow
fluid flow through various crustal levels (>kilometer scale).

The isotopic composition of the fluid originating from the deep source occurred in association with major
deep-seated geological features. Based on the ECORS-CROP seismic transect across the Mont Blanc area
[Tardy et al., 1990; Roure et al., 1996], the MBM major shear zone can be related to steeply dipping crustal-scale
shear zones and thrusts (Figure 13) that are located at the back of a crustal-scale ramp [Leloup et al., 2005,
and references therein]. Low ¢'>C values thus occur along crustal-scale structures that are interpreted as a
transpressive pop-up system at the extremity of the Rhone dextral strike-slip system [Marquer and Gapais,
1985; Marquer, 1990; Hubbard and Mancktelow, 1992; Rolland et al., 2012]. This pop-up structure allows fluid
redistribution from deep levels (mantle- or lower crust-derived fluid) in the Alpine thrust pile via active,
crustal scale, and hydrologically connected shear zone networks. The fluid pathway suggested by the
Alps crustal-scale geometry (Figure 13) connects down into the Penninic Front shear zone, rooting down
at the base of the Internal Alps accretionary prism, which includes contrasted metamorphic ophiolitic
units bounded by serpentinite-rich shear zones [e.g., Rolland et al., 2000]. It is thus likely that the upward
fluid flow percolated through the serpentinite-rich domains. From the present example, it is thus
suggested that the major shear zones provide crustal-scale fluid pathways connecting upper crust fluids
to a deep-seated ascending fluid.

9. Conclusions

Using stable isotopes and *°Ar/>°Ar dating, we discuss the time of fluid flow and the nature of the involved
fluid reservoirs in the Alpine collisional orogeny:

1. Vein opening operated as a joint system between major shear zones that formed between 16 to 12 Ma in
the Mont Blanc and the Aar Massifs. In the two massifs, adularia is shown to have grown progressively
from 14-16 Ma to 9-10 Ma and mainly at 11-12 Ma. Therefore, the vein system remained open to fluid
circulation during 4 to 5 Ma.

2. The 6'80 composition of vein minerals is generally buffered by the vein’s host rock. However, the
oxygen isotope composition of vein minerals allowed identification of two episodes of vein fillings:
a first episode with two crystallization stages of quartz + chlorite, followed by a later episode with
calcite crystallization.

3. The ¢'®0-6"3C values of calcite allow identification of three end-members that can be related to
different fluid chemical compositions: 3'>Ca type = —4.10 to +3.90%o, 3" >Cg.type = —6.72 to —2.77%o,
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and 513Cc-type =—10.75 to —8.82%o. These compositions define a trend from the Helvetic metasedimentary
schists (A-type end-member) to the core of the MBM (C-type end-member), reflecting fluid mixing through
the shear zone network.

4. Veins hosted in the Mont Blanc sedimentary cover (A type) formed in an almost closed system, by inter-
action with a H,0-CO,-rich fluid derived from the Helvetic schists. A few samples show evidences of fluid
mixing between this locally derived fluid and a '*C-depleted fluid (C type).

5. In contrast, in the Mont Blanc crystalline massif, vein quartz and vein chlorite are not in isotopic
equilibrium with calcite. Quartz and chlorite crystallized in equilibrium with a locally derived H,O-rich
fluid, whereas calcite crystallized from the infiltration of an external H,O-CO,-rich fluid. The 5'3C values
of B-type veins suggest mixing of the CO,-rich fluid derived from the Helvetic schists (A type) with a
deep-seated '*C-depleted fluid (C type). This deep fluid has flowed upward through vertical shear zones
likely connected to the Penninic Front.

6. As for the Mont Blanc, vein calcite hosted in the Aar crystalline rocks crystallized from a fluid with a low
carbon isotope composition that likely results from more efficient mixing of a H,O-CO,-rich fluid derived
from the Helvetic schists with a deep-seated or basement-derived '*C-depleted H,O-CO,-rich fluid.

Consequently, it is shown that prolonged episodic multiscale fluid flow occurred in the ECMs and their
sedimentary cover during the Alpine orogeny: (i) fluid-rock interactions in closed systems are shown
by locally derived H,O-rich fluid and mass-balance calculations comparing veins and their host rocks
within the ECMs and in the Helvetic schists, (ii) infiltration of a H,O-CO,-rich fluid from the Helvetic
sediments in the ECMs highlights fluid migration at some several kilometer scale, and (iii) fluid-rock
interaction occurred in an open system at crustal scale as shown by the infiltration of a deep-seated
13C-depleted H,0-CO,-rich fluid along crustal-scale shear zones and thrusts in the ECMs and in their
sedimentary cover.
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