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Abstract: This paper highlights the use of synkinematic white mica, biotite and phlogopite
for the dating of deformation in ductile shear zones within crystalline rocks under low-grade
metamorphic conditions. The Mont Blanc shear zones range from 1 mm to 50 m in width and
have localized intense fluid flow, resulting in substantial differences in mineralogy and whole-
rock geochemistry. On the basis of their synkinematic alteration assemblages and geographic
distribution within the Mont Blanc Massif, three main metamorphic zones are distinguished
within the network of shear zones. These are: (i) epidote + white mica-bearing assemblages;
(ii) chlorite—phlogopite-bearing assemblages; and (iii) white mica + biotite + calcite +
actinolite + epidote-bearing assemblages. 40Ar/”Ar age spectra of biotite and phlogopite are
complex, and reflect significant variations in chemical composition. In biotite, this is partly due
to inheritance from precursor Variscan magmatic biotite. In contrast, new white mica grew at
the expense of feldspar during Alpine deformation and its Ar spectra do not show any excess
“OAr. On the SE side of Mont Blanc, ages of shear zone phengites have a narrow range of
15.8-16.0 + 0.2 Ma, which is in the same age range as *’Ar/*’Ar ages of minerals from
kinematically related veins. The top-to-SE sense of shear is consistent with initiation of a Mont
Blanc flower-structure within a dextral transpressional system by 16 Ma. On the NW side,
mini-plateaux ages of 14.5 + 0.3 and 23.4 + 0.4 Ma are preserved in the same sample, suggesting
the possibility of two phases of deformation. This is also supported by partly preserved ages of
18-36.6 Ma in biotites and phlogopites. Ages between 36 and 18 Ma might reflect ongoing
top-to-NW thrusting, following Penninic Front activation, in a context of nappe stacking and
crustal thickening. NW-directed thrusting on the NW side of Mont Blanc continued after 18
Ma, synchronous with SE-directed thrusting on the SE side of the massif. These divergent move-
ments produced the overall pop-up geometry of the Mont Blanc Massif, which may correspond to
a positive flower structure developed within a zone of regional dextral transpression extending SW
from the Rhone valley into the Mont Blanc area.

Mid-crustal shear zones which breach crustal fluid
reservoirs can be zones of intense fluid flow
during orogenesis, due to deformation-induced per-
meability enhancement at high pore fluid pressures
(e.g., Beach & Fyfe 1972; Beach 1980; Kerrich
1986; Cox et al. 1987; O’Hara 1988; Mc Caig
et al. 1990; Cox 2005). Major redistribution of
crustal fluids via transiently permeable shear zone
networks may result in significant mass and heat

transport. This in turn can control the stability of
mineral assemblages which impact on the rheology
of rocks through fluid-present softening reactions,
and via effects of fluid pressures on effective
normal stresses and frictional shear strength (e.g.,
Ferry & Gerdes 1998; Guermani & Pennacchioni
1998; Wibberley & McCaig 2000; Cox 2005).

A method for constraining the time of defor-
mation and mineral growth/recrystallization in
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shear zones is required to establish the pressure
(P)—temperature (7)—time (¢) histories during
crustal deformation, and to obtain a more complete
understanding of how coupling between fluid—rock
reaction processes and deformation processes may
influence crustal deformation (Ferry & Gerdes
1998; Streit & Cox 1998). The *°Ar/*’Ar dating
method is the most frequently used technique for
dating low-grade (7 < 450 °C) synkinematic min-
erals (Kligfield ez al. 1986; Wijbrans & McDougall
1986; Kelley 1988; Goodwin & Renne 1991; West
& Lux 1993; Kirschner er al. 1996; Reddy et al.
1996), because U—Pb systems close at higher temp-
eratures and the Rb—Sr is prone to resetting by post-
deformation fluid circulation (e.g., Wickman et al.
1983). In theory, synkinematic minerals formed
below their closure temperature retain their crystal-
lization age (e.g., Dodson 1973) and it is generally
accepted that direct dating of deformation by
4°Ar/39Ar can be achieved if dynamic crystalliza-
tion has occurred at or below the closure tempera-
ture of a given mineral (West & Lux 1993).
However, the interpretation of 40Ar/39Ar ages
obtained for low temperature (LT) shear zone
minerals is still a matter of debate. *°Ar/**Ar ages
of synkinematic minerals might date (1) a cooling
age corresponding to a specific closure temperature
depending on cooling rate and mineral chemistry
(T,; e.g., Dodson 1973), or (2) a crystallization
age, which can approximate the deformation age
if crystallization is syntectonic (e.g., Reddy &
Potts 1999), or (3) the age of isotopic resetting
due to fluid interaction, which can occur both
above or below the usually accepted 7. (Villa
et al. 1997; Villa 1998). Interpretations (1) and (2)
are strictly different because the cooling age
corresponds to the age at which the rock was
cooled below the cooling temperature of the
mineral analysed, for example 350-400 °C for
white mica, whereas the crystallization age is
not a function of the temperature.

In reality, 4OAr/ 3 Ar ages might be even more
complex, as minerals formed at high temperature
(HT) and deformed below 7. might have their
Ar-chronometer partly reset due to Ar loss
(Hames & Hodges 1993; Hames & Cheney 1997),
as suggested by analytical (Kramar et al. 2001)
and experimental (Dunlap 1997; Dunlap &
Kronenberg 2001) work. These studies have
emphasized that Ar loss due to diffusion depends
on the mineral size and structure, as well as strain
intensity and deformation mechanisms. Micas are
strongly anisotropic during deformation; they
typically deform by dislocation glide parallel to
[001] and kinking (Hames & Bowring 1994), as
well as by dissolution—precipitation processes. In
addition, grain boundary sliding may operate at
HT, especially in shear zones (Gibson 1990).

Reddy & Potts (1999) have found that deformation
ages can be obtained in cases where deformation has
led to a significant change in grain size as the result of
dynamic recrystallization. However, *°Ar/*’Ar
dating of deformation in low-grade metamorphic
systems has been most successfully achieved in
cases where micas have grown during deformation,
for example in pressure fringes (Sherlock et al.
2003). In this case, it may be possible to obtain
ages for a specific shearing event and even derive
estimates for slip rates in a given shear zone,
following the approach of Miiller et al. (2000).

In this paper, we present the results of *°Ar / ¥Ar
dating of phyllosilicates (white mica, biotite and
phlogopite) formed during the development of a
low-grade shear zone network in the Mont
Blanc Massif (western Alps). This field example
allows comparisons to be made between several
“OAr/*Ar chronometers formed in the same
moderate- to low-T system. The shear zones con-
sidered in this study of the Mont Blanc Massif
were developed in a suite of relatively homogeneous
granite protoliths which differ only in their grainsize
(Rolland et al. 2003; Rossi et al. 2005). Various
synkinematic, hydrothermal alteration assemblages
have developed within the network of granite-hosted
shear zones. The nature of the alteration assem-
blages and changes in rock chemistry during shear
zone evolution depend largely on the fluid—rock
ratios and chemistry of fluids that migrated
through the shear zones under relatively similar PT
conditions. The “°Ar/*’Ar dates are discussed in
relation to a model for the tectonic—metamorphic—
fluid evolution of the Mont Blanc Massif, which is
the subject of a larger study (see Rolland et al.
2003, 2007; Rossi et al. 2005).

Geological setting

Protolith

The Mont Blanc Massif is one of several Variscan
‘External Crystalline massifs’ within the western
Alps (Fig. 1) and is composed of paragneisses,
orthogneisses, migmatites and granites (Baggio
1958; Ayrton et al. 1987; Bussy 1990; Bonin
et al. 1993). The gneisses have yielded ages of
453+3 Ma, obtained by U-Pb on zircon (Bussy
& von Raumer 1994). The Hercynian granite
forms a 35 x 10 km calc-alkaline batholith dated
at 300 + 20 Ma by the Rb—Sr method (Baggio
et al. 1967; Bussy et al. 1989) and at 300 + 3 Ma
by U-Pb on zircon (Bussy & von Raumer 1994).
Several magmatic facies have been recognized,
mainly based on grain size. The granite facies is
porphyritic in the centre of the batholith and
becomes very fine-grained near its NW and SE
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Fig. 1. (a) Geological map of the western Alps. 1, Pre-Alpine nappes; 2, Dauphinois/Helvetic zones; 3, External
Crystalline massifs; 4, exotic flysch; 5, Brianconnais zone; 6, Internal Crystalline massifs; 7, Schistes Lustrés
complex; 8, Austro-Alpine units of the western Alps. External Crystalline massifs: A, Argentera; AR, Aiguilles
Rouges; B, Belledonne; G., Gotthard; Mt-B., Mont Blanc; P., Pelvoux. Internal Crystalline massifs: Am., Ambin; DB.,
Dent Blanche; GP, Gran Paradiso; MR, Monte Rosa; PF, Penninic Front. (b) Simplified geological map of the Mont
Blanc Massif, modified after Ayrton et al. (1987). The dashed line frames the location of Figure 2.
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Ms, white mica; Phl, phlogopite; Qtz, quartz; Ttn, titanite; modified after Rossi et al. (2005). (¢) Sketch of the structural
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intrusive contacts with the country rock (Baggio
1958; Marro 1988; Bussy 1990).

Alpine structures

The studied shear zone network in the Mont Blanc
Massif has two main components on a regional
scale. One trends N40-N60°E with a partly
oblique dextral strike—slip sense of shear and the
other trends north—south with a partly oblique sinis-
tral strike—slip sense of shear (Fig. 2). The intrusive
contacts of the granite were tectonically reactivated
during the Cenozoic Alpine orogeny. The massif is

bounded by a NW-vergent thrust on its NW side
(e.g., Butler 1985; Belliere 1988) and by a
SE-vergent thrust on its SE margin (Antoine et al.
1975), and lies within a zone where late
(Neogene) regional dextral strike—slip shearing
approximately parallel to the SW-NE elongation
of the Mont Blanc Massif has also been reported
(e.g., Gourlay & Ricou 1983; Hubbard &
Mancktelow 1992; Bistacchi et al. 2000). The
Mont Blanc Massif has been interpreted as: (1)
the fold core of the recumbent Morles nappe (e.g.,
Ramsay 1981; Ramsay et al. 1983); (2) an actively
extruding pop-up structure as suggested by the
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fan-like distribution of faults within the granite
(Bertini ef al. 1985); (3) a back-steepened imbricate
slice, with the current SE-directed thrust geometry
on the internal side interpreted as an overturned
normal fault originally ‘accommodating extension
on the dorsal culmination wall’ (Butler 1985); (4)
an uplifted block within a dextral transpressive
zone, i.e., a positive flower structure (Gourlay &
Ricou 1983; Hubbard & Mancktelow 1992); (5) a
horst exhumed within the footwall of a late to
recent normal fault on the SE side of the massif
(Seward & Mancktelow 1994); and (6) a
NW-verging thrust ramp structure with minor back-
thrusting to the SE (Leloup et al. 2005). On the SE
margin of the Mont Blanc, deformation has been
shown to evolve with time from a brittle to a
ductile style in individual shear zones, due to phyllo-
silicate recrystallization at the expense of feldspars
during fluid-assisted deformation (see Guermani &
Pennacchioni 1998). Fluid flow was localized
predominantly in shear zones, as well as in kinema-
tically related vein networks (Poty 1969; Marquer
1989; Rolland e al. 2003; Rossi et al. 2005).

Age of Alpine deformation

The age of shear zone development in the Mont
Blanc Massif is poorly constrained. Dating
of shear zone minerals has been attempted only for
K-feldspar (Leloup et al. 2005), which was found
to be only partly reset during Alpine (10—-20 Ma?)
deformation. Ar spectra of K-feldspar were shown
to be discordant with step ages ranging between
very young (4—20 Ma) and old (300 Ma), interpreted
as partial resetting of K-feldspar during the Alpine
event. Significant excess *’Ar is interpreted by
Leloup er al. (2005) to be due to “°Ar inherited
from the Variscan magmatic feldspar, which crystal-
lized at c. 300 Ma (Bussy & von Raumer 1994).
The Alpine white mica—chlorite—epidote—quartz—
albite greenschist facies assemblage of the shear
zones is interpreted to have been formed between
18 and 36 Ma on the basis of Rb—Sr whole-rock
ages (Baggio er al. 1967). However, “°Ar/**Ar
dating of biotite from undeformed granites, as well
as foliation-defining biotite from weakly deformed
granites, provided plateau ages from 22.8 + 0.6 to
63.7 + 1.9 Ma. This age range exceeds the range
of realistic 40Ar/ ¥Ar ages for Alpine tectonic
events (Leloup er al. 2005). The onset of defor-
mation in the External Crystalline Massifs of the
Alps should post-date the onset of shearing on
the Penninic Front at ¢. 35 Ma (Ceriani et al. 2001
and references therein). The Mont Blanc Massif is
the basement to the Helvetic sedimentary sequence
in the Morcles nappe. The youngest part of this
sequence is the Taveyannaz sandstone, which con-
tains andesitic blocks of Periadriatic magmatic age,

i.e., ¢. 32 Ma (Steck 1984; Fischer & Villa 1990).
Accordingly, deformation of the Mont Blanc
Massif has to be younger than mid-Oligocene, and
has usually been assumed to be late Oligocene or
early Miocene (Gourlay 1986; Marro 1988). There-
fore, excess or inherited 40Ar components are
suspected to be present in these >40 Ma samples,
and result in apparent ages that are too old. K—Ar
dating on minerals from Alpine veins that are kine-
matically related to shear zones yields ages in the
range 15.2-18.3 Ma for adularia (hydrothermal
K-feldspar), and in the range 13.4-15.2 Ma for
muscovite (Leutwein er al. 1970). These ages are
close to *°Ar/*Ar white mica ages of 14.6—18.5 Ma
obtained within a thrust affecting the Mont Blanc
sedimentary cover in the Morcles Nappe (Crespo-
Blanc et al. 1995; Kirschner et al. 1996, 2003).

P—T estimates of ductile shear zone
development

Fluid inclusion studies on granite-hosted vein quartz
indicate formation temperatures of 350-400 °C
(Poty 1969; Poty et al. 1974; Marshall et al. 1998).
Shear zones were formed under mid-crustal
greenschist facies conditions, as shown by estimates
of pressure and temperature conditions for shear
zone deformation around 0.5 + 0.05 GPa and
400 + 25 °C, determined on the basis of indepen-
dent mineral equilibria (Rolland ez al. 2003).

Structural and mineralogical setting
of studied shear zones

A more detailed analysis of structural, minera-
logical and geochemical relationships between
the shear zones and the undeformed granite is
presented in Rolland er al. (2003), Rossi (2005)
and Rossi er al. (2005). The main features are
summarized below.

Shear zone mineralogy

Three main hydrothermal alteration assemblages
are recognized, with each main assemblage being
developed in distinct geographic domains in the
Mont Blanc Massif (Fig. 2b). These assemblages
are: (1) white mica + actinolite + epidote +
calcite assemblages in the SE part of the massif;
(2) chlorite + phlogopite-bearing assemblages in
the central part of the massif; and (3) epidote-bearing
assemblages in the NW part of the massif (Rolland
et al. 2003; Rossi et al. 2005). The development of
the different assemblages from a protolith of near-
uniform composition is interpreted to relate to
different intensities of fluid—rock interaction
within the shear zones, as well as variations in the
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chemistry of fluids migrating through different parts
of the shear zone network. Each of the mineral
assemblages can be found in cataclasites, mylonites
and ultramylonites. Accordingly, variations in syn-
kinematic mineral assemblages do not reflect the
style or amount of deformation. In these shear
zones, synkinematic phyllosilicates were sampled
in strain-shadows and in adjacent foliation-defining
mica-rich layers for 40Ar/ * Ar dating (e.g., Fig. 3).

In white mica-bearing shear zones, from the SE
domain of the massif, there is a progressive evol-
ution in both space and time from cataclasites to
mylonites. The transition from brittle to ductile
behaviour occurs due to reaction weakening as feld-
spar is replaced by white mica. White mica forms
during fluid—rock reaction during shearing at the
expense of both plagioclase and, to a lesser extent,
K-feldspar (e.g., MB71 in Fig. 4). Sense-of-shear
in this domain is consistently top-to-SE (Fig. 3).
White mica occurs at the rim or along fractures
within both feldspars, which suggests that the fol-
lowing reactions were active (e.g., Wibberley &
McCaig 2000 and references therein):

3NaAlSi;Og + K+ +2H™

= KAl5Si30;9(OH), + 6SiO, +3 Na™

albite 4- K-bearing acidic fluid

= white mica + quartz + Na-bearing fluid (1)

3KAISi;Og +2H"

=KAI3Si30,(OH), + 6Si0, 4+ 2K™*
orthoclase + acidic fluid

= white mica + silica + K-bearing fluid. (2)

The reactions suggest that the fluid is initially
acidic. Reaction (1) would lead to increasing Na™
contents in the fluid and reaction (2) to increasing
K contents. These reactions resultin SiO, depletion
in the shear zone unless it is precipitated in situ (e.g.,
Wibberley & McCaig 1999), but do not require any
large input of elements from outside the system. In
the case of the Mont Blanc most shear zones are
depleted in silica (Rolland er al. 2003), which
shows that the system was relatively open, but not
much matter precipitated from the fluid.

In the central domain of the massif, the defor-
mation is mylonitic and no cataclasites are observed.
The transition from undeformed granite to shear
zones occurs over distances on the order of tens of
metres and is more progressive than in the SE
domain of the Mont Blanc Massif. Feldspars tend to
deform in a brittle manner within a ductile quartz—
phyllonite rich matrix. Chlorite forms mainly from
the breakdown of biotite, and is also associated with
the destabilization of plagioclase and K-feldspar
(i.e., C33 and C46, Fig. 4). In individual large
shear zones, phlogopite-rich and Mg-chlorite-rich

Fig. 3. Microphotograph of a phengite-bearing shear zone. Phengite aggregates in the pressure shadow formed at the
expense of feldspar porphyroclasts. Note the C—S relationships in agreement with top-to-SE sense of shear.
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Fig. 4. Photomicrographs of representative mineral assemblages found in the Mont Blanc granite shear zones.
Mineral abbreviations, as for Figure 2 and additionally: Ab, albite; Aln, Allanite; Cal, calcite; Gr, graphite; Hem,
hematite; Kfs, K-feldspar; Mt, magnetite; Pl, plagioclase. LN, plane polarized light; LP, crossed polars.
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domains can be distinguished. These domains are
separated by a sharp, but extremely irregular altera-
tion front (Rossi et al. 2005). On the basis of S—C
fabrics, both top-to-NW and top-to-SE senses of
shear are recognized. Accordingly, the bulk defor-
mation pattern is interpreted to be approximately
pure shear. The crystallization of chlorite and phlogo-
pite requires substantial Mg-metasomatism during
high flux fluid migration within these shear zones.
In biotite-rich shear zones, relicts of brown Ti-rich,
originally igneous biotite are locally preserved and
partially recrystallized into metamorphic green
low-Ti biotite by the following reaction:

KzFC:;MgZTiO‘zSiigAlezo(OH)4

+0.48i0, +0.2Ca*" + 0.20H~
= K, Fe3;Mg, TipSigAl,O2(OH),
+0.2CaTiOSiO4 + 0.2H "
Ti-biotite + quartz + basic Ca-bearing fluid
= Ti-free biotite + titanite 4+ acidic fluid.  (3)
In most phlogopite-rich samples, phlogopite
porphyroblasts have inclusions of relict chlorite,

which suggests the following prograde reaction
(e.g., sample PK4406, Fig. 4):

2FeMggAlsSigO,(OH),4 + 14Si0,
+0.5Fe304 + 3Fe”™ + 10K™ 4 9Mg>*

+ SO4_ + 1OH20 = SKzFeMgSSiG
AlyOy(OH), + 0.5FeS, + 32H*

chlorite + magnetite = phlogopite

+ pyrite + acidic fluid. “)

Y. ROLLAND ET AL.

Samples for 4OAr/ 3 Ar dating from phlogopite-rich
shear zones in the central and central-east part of the
massif were selected from the Mont Blanc tunnel
sample collections of the Torino Museum of
Natural Sciences (samples PK4406 and GEO317;
Fig. 4).

In the NW domain of the Mont Blanc Massif,
cataclasites are more common than mylonites.
Cataclastic zones are epidote-bearing and there is
little neo-crystallization of phyllosilicates and
associated transition to ductile shear zones.
Epidote forms at the expense of plagioclase,
K-feldspar and biotite (e.g., C7, Fig. 4). Biotite
crystals were sampled from top-to-NW shear zones
(sample C6; Fig. 2) close to the main thrust that
forms the NW border of the Mont Blanc Massif.
“OAr / 3 Ar dating of shear zone biotite complements
biotite 40Ar/39Ar ages from undeformed granite
already published by Leloup et al. (2005).

At the French-Swiss border a fine-grained
white mica-bearing mylonite (samples S68—69;
Figs 2a & 5) was collected within the same
top-to-NW thrust zone bounding the Mont Blanc
Massif. The fine-grained granite protolith is com-
positionally similar to the Mont Blanc granite.
Deformation within this shear zone has already
been described in detail by FitzGerald & Stiinitz
(1993). In this zone the main top-to-the NW
thrust which bounds the Mont Blanc Massif has
only one mesoscopically apparent mineral linea-
tion and foliation. However, in thin-section, two
foliations are present at a low angle to each
other (S1 and S2, Fig. 5). One foliation overprints
the other, with each foliation being associated
with lattice and shape preferred orientations in
phengite aggregates. As these two foliations
clearly are not an S—C fabric, they are interpreted

Fig. 5. Photomicrographs of the sample S68 collected At the French—Swiss border (Fig. 2a), within top-to-NW thrust
zone bounding the Mont Blanc Massif. S1 and S2 refer to the two generations of phengite evidenced in thin section by
rotating the thin section in plane polarized light. Mineral abbreviations: Kfs, K-feldspar; Phe, Phengite. LN, plane

polarized light; LP, crossed polars.
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as resulting from two separate shearing events.
Unfortunately, the two fabrics occur together on
such a fine scale that it is not possible to separate
grains related to a specific foliation.

Shear zone mineral chemistry

Within individual shear zones, phyllosilicates
(chlorite, white mica, biotite—phlogopite) have
similar Xy, (Mg/Mg+Fe) ratios, indicating
good equilibrium between minerals of the synki-
nematic metamorphic assemblage. On a regional
scale, variations in Xy of the phyllosilicates
reflect the observed zoning in metamorphic
mineral assemblages present in the shear zones.
An inverse bell-shape profile of Xy, values in
phyllosilicates is found across the massif, with
compositions of Xy, = 0.3-0.1 at the rim to
Xmg = 0.9-0.6 in the core (Fig. 6). The high
Xwme domain coincides with a progressive increase
in abundance of mafic minerals toward the central
domain of the Mont Blanc Massif. The regional
trend is not due to variation in the original com-
position of the Mont Blanc granite (Rolland
et al. 2003). Instead, it is interpreted to reflect
differences in fluid composition and fluid/rock
ratio growth of the phyllosilicates in actively
deforming shear zones.

Biotite Xy;, compositions in shear zones
greatly exceed the range of values exhibited by
primary igneous biotites in relatively undeformed
granite (Fig. 6). Biotite Xy, ratios in shear zones
range between 0.9 and 0.1, whereas in the

undeformed granite Xy, values are approximately
0.4 £0.05 (20). Phlogopite with Xy, =0.9
occurs only in shear zones in the central domain
of the massif. White mica compositions have
homogeneous Si contents of 3.37 + 0.08 (20)
per formula unit, based on 84 measurements
from samples throughout the massif. Chlorite
has Xy, values of 0.3 + 0.1 near the rim of the
massif, whereas high Xy, (0.6 £ 0.1) chlorites
are present in the central domain of the massif
(Fig. 6 & Table 1).

The three types of alteration assemblages
developed in the shear zone network are inter-
preted in part as a response to varying fluid
fluxes across the massif, but they must also
reflect the effects of varying fluid chemistry
within different parts of the shear network.
Chlorite and phlogopite assemblages are deve-
loped only in the central domain as a result of
high fluid-rock ratios and Mg metasomatism.
White mica developed at the expense of feldspars
in the SE domain at moderate fluid—rock ratios.
Epidote—biotite + phengite bearing assemblages
in the NW domain suggest limited fluid—rock
interaction. This regional variation of alteration
assemblages in shear zones ]grovides an opportu-
nity to compare the 40Ar/‘gAr systematics in
various micas (phengite, phlogopite and biotite)
formed at similar depths but differing fluid—
rock interaction environments. It also provides
an opportunity to constrain the ages of formation
of the various components of the shear network in
the Mont Blanc Massif.

| XFe Chlorite
0.91 Vv XFe Biotite
M @ XFe Muscovite
0.8
0.7
|_°|3 0.6
o
s ; 0.5
= 0.4
0.3
0.2
0.1 v
0 NW SE
0 2 4 6 8 10 12

Horizontal distance (km)

Fig. 6. Mineralogical variation of Xy, (Mg/Mg + Fe) values across the Mont Blanc Massif shear zones. Values
represent Xy, in each mineral type v. distance. Modified after Rossi et al. (2005).
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Table 1. Representative analyses of some minerals from the Helbronner area

Major oxides (wt%)

Mineral samples

Biotites Chlorites White micas
MB140 MBO02.55D MB140 MBO02.55D MB140

SiO, 37.33 34.88 26.26 24.53 48.14

TiO, 0.87 1.01 0.09 0.04 0.09

Al,O3 15.29 16.63 19.81 19.19 26.98

FeO 17.35 23.75 23.09 32.84 3.98
MnO 0.49 0.50 1.21 1.13 —

MgO 11.84 8.06 16.82 10.89 2.83

CaO 0.55 0.00 — 0.07 0.29
Na,O — 0.06 — 0.02 —

K>0 8.24 9.42 0.15 0.01 10.73

Total 91.96 94.30 87.43 88.72 93.04

X-Fe 0.45 0.62 0.41 0.63 0.44

Yovac 3.67 2.50 %Al 2595 34.14 %Si 3.22

%Si 86.69 73.41 %Si 67.39 62.23 %Al 61.77

%Al 9.64 24.08 %diO 6.67 3.63 9%Cel 35.01

Biotites: %vac, proportion of di-octaerdic biotites; %Si, proportion of the silica-rich biotites (phlogopite — annite); %Al, proportion of
aluminium-rich biotites (siderophyllites and eastonite). Chlorites: %Al, proportion of aluminium-rich chlorites; %Si, proportion of
silica-rich chlorites; %diO, proportion di-octaerdic chlorites. White micas: %Si, proportion of silica-rich muscovite; %Al, proportion of
aluminium-rich muscovite; %Cel, proportion of celadonite. MB140, mylonite; MB 147, ultramylonite; MB02.55Aa, episyenite;

MBO02.55D, fresh granite.

40Ar/*Ar dating

This section presents new geochronological data
obtained on the various sets of shear zones across
the Mont Blanc Massif, described in the previous
section 8. Results of the laser *’Ar/*Ar dating
are given in Figures 7 & 8 and Table 2, and pro-
cedures are described in the Appendix.

Phengite dating

“OAr / % Ar plateau and mini-plateau ages from shear
zones on the SE side of the massif range from 15.8
to 16.0 + 0.2 Ma (Fig. 7a—c). In all samples, the
analysed white mica corresponds toa pure mineral,
as shown by the corresponding - 7ArCa/ Arg ratio
data, except for the highest temperature steps in
which the Ca component may result from small
mineral inclusions such as epidote (Table 2). Dupli-
cate analyses on samples MB140 and MB94 were
undertaken to check data reproducibility and the
ages were identical within error (Fig. 7a & b). All
three spectra have a staircase shape for lower temp-
erature steps corresponding to 25—50% of cumulat-
ive *°Ar, with lower *°Ar/*°Ar ages at lower
temperature. Inverse isochron plots for MB30 and
MB94 are not well constrained because of very
low *°Ar/*°Ar, close to detection limits, and a lack
of spread in *’Ar/*Ar ratios. However, one
inverse isochron diagram was obtained for MB140.

It is relatively well constrained and yields a
similar age to the plateau age (Fig. 8a).

Near the NW border of the Mont Blanc Massif,
the 40Ar/ 3 Ar spectra are more complex. Sample
S69 does not show a plateau age, whereas S68
shows two mini-plateau ages at 14.3 + 0.2 Ma
(1o) and 229 + 0.9 Ma (20). In Figure 8d, the
inverse isochron age of S68 calculated with the
first three steps gives a similar age (within error)
to the plateau age of 14.5 + 0.3 Ma. The inverse
isochron age obtained with the HT steps (6—38) is
23.4 + 0.4 Ma, again similar within error to the
plateau age for the same HT steps. Both isochron
correlations provide (40Ar/36Ar)0 ratios close to
the atmospheric value of 295.5, which validates
the use of this value in the model calculation of
the apparent age steps. As shown on Figure S8f,
Ca/K values are between 0.002 and 0.01 for the
LT steps, which is within the range of values
obtained by microprobe analysis. In HT steps,
Ca/K ratios increase to values above those obtained
by microprobe analysis, which suggests that other
Ca-rich phase(s) may be present as contaminants.

Biotite and phlogopite dating

“OAr/*°Ar spectra from biotite and phlogopite
(Fig. 7t-h) are more irregular. Dating of biotite
from the NW part of the massif (sample C6) gives
relatively flat Ar spectra with apparent ages
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Fig. 7. 40Ar/ % Ar age spectra obtained on mineral separates from shear zone samples of the Mont Blanc Massif (for
locations see Fig. 2). Uncertainties on miniplateau and plateau ages are given at the 2o-level.

between 19.8 and 24 Ma, but no plateau-age can be
calculated. The inverse isochron diagram (Fig. 8b)
gives an age of 21.8+3 Ma. The ‘U’ shape of the
spectra can be interpreted as an indication of
40 :
excess Ar, as is also suggested by an
(40Ar/ 36Ar), ratio slightly above the atmospheric
value. The lower-age step (19.8 Ma) in the central

part of the spectra age could therefore be considered
a maximum age for sample C6.

40Ar/ FAr spectra of phlogopite from the
central-eastern part of the Mont Blanc Massif
(sample GEO317, Fig. 7g) are irregular, with
step ages between 16 and 20 Ma and a mini-plateau
of 18.0 + 0.2 Ma (10) for the LT steps. The inverse
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Fig. 8. (a—e) Inverse isochron diagrams of Mont Blanc shear zone samples. (f ) Ca/K v. age diagram of phengite from

sample S68. MSWD, mean square weighted deviation.

isochron (Fig. 8c) obtained with the same LT
steps 1—6 gives the same age, 18.0 + 0.3 Ma (20),
with an (**Ar/*°Ar), ratio similar to the atmospheric
value. Anisochron age of 15.9 + 0.3 Ma (20) is cal-
culated for the rest of the spectra. This age is in
agreement with the youngest step ages obtained on
the 40Ar/39Ar spectra, as well as with the age of
15.8 Ma obtained in a neighbouring phengite-
bearing shear zone (sample MB140). The older ages
(>18 Ma) obtained on the HT part of the spectra
might be explained by excess *’Ar, as suggested
by elevated (40Ar/3°Ar)o ratios for the 15.9 Ma
correlation isochron plot.

Sample PK4406 from the centre of the massif
yielded a staircase spectra (Fig. 7h), except for

a mini-plateau obtained in the LT steps at
36.8 + 02Ma (20). A similar age of
36.7 + 0.8 Ma is obtained from the inverse iso-
chron plot, using the same steps (3, 4, 6), and has
an atmospheric (40Ar/36Ar)0 ratio value. The
staircase shape of the spectra at HT is consistent
with the presence of excess “CAr, as shown
(Fig. 8e) by increasingly lower ratios between
the *°Ar/*°Ar and *°Ar/*’Ar values from step 6
to 12 on the inverse isochron plot.

In summary, for phlogopite-bearing shear
zones, older “°Ar/*’Ar ages are found in
LT steps (18 Ma for GEO317, 36.6Ma
for PK4406) and excess “°Ar is found in the
HT steps.



Table 2. Phengite, biotite and phlogopite “°Ar/*°Ar dating results, from the Mont Blanc shear zones

Step Laser power (mW) Furnace temp (°C) Atmospheric cont (%) PAr (%) 37ArCa/ 3()ArK A0Ap# / 3 9ArK Age Ma +10)
Sample MB94 (1)

1 413 20.417 9.37 0.022 0.438 12.464 + 0.437
2 441 21.694 4.2 0.033 0.367 10.438 + 1.317
3 450 22.243 5.47 0.031 0.366 10417 £ 0.514
4 465 2.088 5.29 0.017 0.484 13.76 + 0.765
5 481 4.262 5.43 0.016 0.487 13.854 + 0.793
6 520 2.481 16.52 0.019 0.53 15.051 + 0.326
7 545 1.901 19.6 0.015 0.558 15.849 + 0.25
8 576 1.422 30.66 0.026 0.566 16.087 + 0.182
9 800 6.42 3.46 0.184 0.56 15.9 + 1.268
Sample MB94 (2)

1 370 18.53 6.86 0.032 0.42 11.90 + 0.48
2 388 2.70 9.31 0.031 0.46 13.13 + 0.40
3 402 1.02 8.77 0.025 0.50 14.03 + 0.41
4 422 0.00 9.64 0.033 0.53 14.95 + 0.34
5 432 1.99 13.15 0.036 0.54 15.16 + 0.25
6 439 0.47 12.15 0.030 0.56 15.83 + 0.28
7 450 0.08 20.50 0.054 0.57 16.15 + 0.16
8 455 8.98 8.10 0.069 0.51 14.55 + 0.54
9 460 3.14 1.79 0.080 0.54 15.25 + 2.18
10 473 16.63 0.90 0.114 0.44 12.50 + 4.77
11 501 18.93 0.69 0.200 0.41 11.58 + 5.67
12 800 0.85 8.13 0.239 0.56 15.93 + 0.50
Sample MB140 (1)

1 388 32.35 3.24 0.000 0.49 13.85 + 3.15
2 410 8.12 2.34 0.010 0.48 13.56 + 3.91
3 435 7.10 5.58 0.008 0.47 13.47 + 1.66
4 450 1.67 5.78 0.000 0.51 1441 + 1.12
5 475 0.00 14.20 0.006 0.52 14.86 + 0.49
6 506 1.28 46.92 0.004 0.55 15.70 £ 0.14
7 523 2.26 17.25 0.006 0.56 15.82 + 0.48
8 700 0.00 4.70 0.015 0.59 16.61 + 1.19
Sample MB140 (2)

1 369 23.75 3.74 0.007 0.43 12.16 + 0.56
2 388 4.74 2.84 0.004 0.49 13.78 + 0.60
3 408 1.93 6.10 0.006 0.50 14.33 + 0.31
4 425 1.76 6.65 0.004 0.51 14.44 + 0.23

(Continued)

NOILVZITYDOT ENOZ ¥VEHS d0 ONILVA 1V ,./1V,,

So¢



Table 2. Continued

90¢

Step Laser power (mW) Furnace temp (°C) Atmospheric cont (%) Ar (%) 37ArCa/ ¥ Arg 407y / 3 Arg Age (Ma +10)
5 439 45.13 16.21 0.003 0.52 14.69 + 0.19
6 443 1.86 11.50 0.002 0.54 15.27 + 0.14
7 449 1.33 12.53 0.002 0.55 15.70 + 0.16
8 455 1.38 26.81 0.004 0.56 15.89 + 0.09
9 469 1.93 5.42 0.007 0.56 15.89 + 0.26
10 469 0.00 0.75 0.009 0.57 16.15 + 1.55
11 1111 3.24 7.44 0.027 0.55 15.75 £ 0.24
Sample S69

1 379 9.92 19.86 0.000 2.57 17.52 + 0.19
2 455 2.88 32.94 0.001 241 16.47 + 0.10
3 500 1.71 32.87 0.000 2.69 18.35 + 0.11
4 525 1.81 3.77 0.007 3.47 23.59 + 0.76
5 580 — 2.11 0.028 2.99 20.37 + 1.12
6 680 0.67 1.69 0.003 2.82 19.21 + 1.48
7 1111 1.09 6.77 0.005 2.79 18.99 + 0.40
Sample MB30

1 415 16.51 0.28 0.000 3.89 26.45 + 8.33
2 435 40.57 0.49 0.002 1.73 11.83 + 2.66
3 503 25.22 1.54 0.000 1.83 12.52 + 0.90
4 532 14.98 1.69 0.000 1.99 13.62 + 0.65
5 555 9.60 3.28 0.000 2.11 14.38 + 0.35
6 575 2.79 1.94 0.000 2.26 15.43 + 0.60
7 605 3.61 8.56 0.000 2.25 15.32 £ 0.15
8 627 1.99 8.97 0.000 2.31 15.76 + 0.11
9 649 1.37 14.89 0.000 2.37 16.19 + 0.06
10 800 1.80 58.36 0.000 2.39 16.34 + 0.04
Sample PK 4406

1 565 17.903 5.15 0.000 4.522 30.733 £+ 0.186
2 575 6.368 11.12 0.000 5.305 36 + 0.1

3 581 5.208 7.85 0.000 5.399 36.63 + 0.124
4 590 4.604 5.8 0.000 5.425 36.802 + 0.169
5 605 3.886 6.95 0.000 5.469 37.099 + 0.156
6 626 4.311 5.99 0.000 5.401 36.644 + 0.143
7 649 3914 7.71 0.000 5.641 38.254 + 0.149
8 672 4.167 7.49 0.000 5.849 39.649 + 0.138
9 692 4.289 10.69 0.000 5.969 40.454 + 0.112
10 709 4.082 11.09 0.000 6.112 41.415 + 0.102
11 726 3.874 8.79 0.000 6.263 42.423 + 0.109
12 748 3.781 11.37 0.000 6.365 43.108 + 0.106
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378
423
444
460
471
491
525
555
581
604
624
678
900

750
850
950
1050
1150
1250
1400

650
750
850
950
1000
1050
1100
1150
1300
1450

61.554
24.658
18.744
8.324
11.413
10.56
13.186
7.504
5.676
6.262
9.321
12.352
13.956

357.657
167.573
179.897
315.524
844.847
2492.416
1246.793

78.935
44.566
13.509
9.763
5.307
5.464
7214
28.362
27.273
47.642

1.34
6.66
6.39
10.01
3.52
3.08
8.28
10.82
12.54
13.39
6.66
6.68
10.62

3.19
22.95
17.27
27.26
19.98

6.21

3.13

0.33

6.67
22.06
22.4
15.36
13.5
10.31

3.13

2.64

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.009
0.001
0.002
0.001
0.001
0.005
0.009

0.000
0.006
0.002
0.004
0.010
0.020
0.030
0.071
0.066
0.275

2.615
2.602
2.545
2.658
2.643
2.65

2.462
2.346
2377
2.445
2.531
2.669
2.888

3.493
3.342
3.175
2916
333

3.257
2977

3.761
2.044
2.115
2.686
3.337
3.546
3.504
3.348
3.646
3.741

17.834 £+ 0.621
17.749 £+ 0.133
17.359 £+ 0.089
18.125 + 0.069
18.025 £+ 0.224
18.073 £+ 0.203
16.794 £+ 0.102
16.008 £+ 0.074

16.22 £+ 0.074

16.68 + 0.081
17.262 + 0.128
18.205 + 0.118
19.689 + 0.091

23.631 + 1.372
22.612 + 0.442
21.49 + 0.288
19.749 £+ 0.212
22.535 + 0.277
22.045 + 0.46
20.156 + 0.888

25.72 + 14.638
14.026 + 0.756

14.51 £ 0.242

18.408 + 0.2
22.836 + 0.301
24.259 + 0.345
23.974 £+ 0.537
22912 + 1.216
24937 £ 1.512
25.586 + 1.615
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Discussion

In the literature, 40Ar/ 3Ar ages on phyllosilicates
are most often interpreted as cooling ages
(Dodson 1973), with a closure temperature (7,) of
¢. 350 °C for white mica and c. 300 °C for biotite.
However, for low-grade shear zones, this need not
necessarily be the case. In this context, minerals
are either (i) newly crystallized at the expense of
feldspars, or (ii) strained and partly recrystallized
during fluid-present shearing. If recrystallization is
incomplete, a number of studies have shown that
the K—Ar isotopic system is not totally reset (e.g.,
Kramar et al. 2001 and references therein). This is
true even if the rocks were buried for a long time
at temperatures above the assumed closure tempera-
ture for the K—Ar system, and even if the defor-
mation was strongly mylonitic (Kramar et al.
2001). As a result, “°Ar/3?Ar ages from phyllosili-
cates in shear zones could represent (1) the time
of syntectonic crystallization, (2) the time of cessa-
tion of fluid circulation, (3) the time of cooling
through the closure temperature (7.), (4) a geologi-
cally meaningless age reflecting excess or inherited
“OAr, or (5) some indeterminate combination of
any of these. In the Mont Blanc Massif, application
of the *°Ar/**Ar chronometer to several different
minerals (white mica, biotite and phlogopite)
formed during shear zone development by differing
amounts of fluid—rock interaction under similar
low-T metamorphic conditions provides a chance
to critically assess the geological significance of
the ages obtained.

Significance of biotite and phlogopite
Ar/®Ar ages

Leloup et al. (2005) published five biotite plateau
ages from undeformed or slightly deformed
Mont Blanc granite, ranging between 22.8 + 0.6
and 63.7 + 1.9 Ma. They interpreted these
results as cooling ages, except for the older
ages, which they considered to have no tectonic
significance. In biotite and phlogopite, it is
unclear if the old plateau ages are due to (1) signifi-
cant tectonic events (e.g., cooling through 7. or
mineral nucleation at 7 > 350 °C), (2) excess
“OAr due to *°Ar incorporation during deformation,
or (3) excess “’Ar due to Ar inheritance from
magmatic minerals. These three points are now
discussed separately.

(1) The fact that biotite shows a range of ages
suggests that they do not reflect simple
cooling through T, following Alpine greens-
chist facies metamorphism. The older Alpine
ages reported in the external NW Alps are
Upper Eocene—Oligocene (35-30 Ma), and
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coincide with the activation of the
Penninic Front (Ceriani et al. 2001). The
external part of the Alps was first involved
in Alpine orogenesis at around 35-32 Ma
and metamorphic peak conditions could not
have been attained before this time. All ages
obtained in the current study are close to or
younger than this age and therefore could be
geologically meaningful. For instance, the
LT part of the staircase *°Ar/*°Ar spectra
and the corresponding inverse isochron plots
yield similar ages, without any evidence for
excess “’Ar, of ¢. 18 Ma in sample GEO317
and c. 37 Ma in sample PK4406. The 37 Ma
age is close to published ages for early NW
thrusting along the Penninic Front (Ceriani
et al. 2001; Dumont et al. 2004), while the
18 Ma age is in the range of other phengite
ages obtained in the Mont Blanc Massif and
the neighbouring external Alps (see below).
It is known that excess ‘Ar preferentially
partitions into biotite rather than muscovite
(Kelley 2002 and references therein). Thus,
biotite and phlogopite might be a ‘sink’ for
excess “’Ar during fluid—rock interaction.
40Ar/39Ar biotite age spectra obtained in
this study and in Leloup ez al. (2005) gener-
ally show slight U shapes, which could
indicate the presence of excess *’Ar (e.g.,
Arnaud et al. 1995; Scaillet 1996). Phlogopite
spectra obtained in this study are quite irregu-
lar, with old age components (>36.6 Ma
for sample PK4406; and >18.0 Ma for
sample GEO317). The inverse isochron plots
for both biotite and phlogopite indicate
slight (C6, GEO317) to significant excess
“OAr (PK4406). The presence of excess Ar
could be related to the growth of phlogopite
at the expense of chlorite [reaction (4)],
which involves intense Mg-metasomatism
with high fluid—rock ratios.

As shown by Rossi et al. (2005), the Alpine
deformation affects the granite protolith
heterogeneously. With increasing deformation
in shear zones, pre-existing magmatic min-
erals are progressively recrystallized under
greenschist  facies conditions (0.5 GPa
and 400 °C; Rolland et al. 2003). Under
such P-T conditions with incomplete recry-
stallization of biotite, inherited “OAr could
be partially preserved during Alpine
deformation. The “°Ar/*°Ar biotite age must
therefore be considered to be a maximum
age. The spread of biotite plateau ages from
228+ 0.6 to 63.7 + 1.9 Ma obtained in
undeformed granite by Leloup et al. (2005)
could well be due to such partial *°Ar
inheritance. In the shear zones, (low-Ti)
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metamorphic biotite recrystallizes at the
expense of (high-Ti) magmatic biotite [reac-
tion (3)]. Unexpelled 4OAr inherited from mag-
matic biotites is the most likely source of
excess Ar, as indicated by older ages obtained
in the undeformed granite. Biotites from
mylonites, with more intense fluid—rock reac-
tion, yield ages of ¢. 22 Ma, which are within
the age range of older phengite ages (sample
S68, from the NW part of the massif).
If excess *°Ar was introduced by fluids perco-
lating along shear zones, the most deformed
rocks should appear older than undeformed
rocks (>c. 300 Ma, Bussy & von Raumer
1994). As this is not the case, it is probable
that the excess *’Ar is inherited from the
magmatic biotite.

Significance of white mica 40Ar/39Ar ages

In contrast to biotite and phlogopite, the Ar spectra
obtained for white micas show no evidence of
excess “Ar. Similar ages are obtained on geo-
graphically distinct shear zones and on duplicate
analyses from the same shear zone.

Explanation for the LT staircase shape of Ar
spectra In the SE part of the massif, white mica
from samples MB30, 94 and 140 show systematic
staircase shapes in the lower-temperature part of
Ar spectra. These patterns could be explained by
several processes, two of which are considered in
detail here.

(1)  The patterns could reflect mixtures and inter-
growths between different generations of
white mica (Villa et al. 1997) or between
white mica and other phyllosilicates present
as intergrowths, such as paragonite (Boundy
et al. 1997), illite (DeJong et al. 2001) or
chlorite (Lo & Onstott 1989). However,
different hand-picked white mica separates
from the same samples and different
samples from separate shear zones have
given similar age estimates. Furthermore,
electron-microprobe traverses within phen-
gite aggregates have not shown any compo-
sitional zoning or the presence of any other
K-rich mineral within the aggregates. It is
therefore unlikely that the younger ages
obtained for the lower temperature steps of
the Ar spectra could be due to the presence
of mineral inclusions, or to a low-
temperature, younger phengite generation in
the samples from the SE part of the massif
(Fig. 7a—c).

(2) The patterns could be due to Ar loss, inter-
preted to result from partial re-opening of
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the K-Ar system after crystallization
(Berger 1975; Hames & Cheney 1997;
McDougal & Harrison 1999). For example,
this could be due to post-crystallization defor-
mation of micas (Kramar et al. 2001; Mulch
et al. 2002) or to the effect of late fluids
(e.g., Kirschner et al. 1996; Villa 1998).
Examples of partial Ar resetting due to defor-
mation typically involve large porphyroclasts
bordered by microshears (Kramar et al. 2001;
Mulch et al. 2002). This is not the case in SE
Mont Blanc massif shear zones, where
pressure shadow mica aggregates show no
microstructural evidence for subsequent
deformation. However, analysis of microtex-
tures in samples MB94 and MB140 from the
SE Mont Blanc Massif area and geochemical
changes associated with deformation in shear
zones from this area indicate that large
volumes of fluid have circulated within
these shear zones (Rolland et al. 2003; Rossi
et al. 2005). Fluid flow occurred even
during the later brittle evolution, as shown
by more discrete calcite-bearing, quartz-free
veins and quartz-rich cataclasites. Further-
more, present-day high rates of groundwater
flow on the order of several cubic metres per
second per unit length of fault were measured
in the continuation of the MB140 and MB94
shear zones in the underlying Mont Blanc
tunnel as it was excavated (Maréchal &
Perrochet, 2001). It follows that, in the
SE Mont Blanc Massif, the Ar loss observed
in the lower temperature steps could be inter-
preted as being due to post-kinematic fluid
circulation (e.g., Kirschner er al. 1996).

4OAr/ BAr spectra with LT and HT mini-plateaux In
the NW part of the massif, sample S68 shows an
irregular Ar spectra, with two miniplateaux at LT
(14.3 £ 0.2 Ma) and HT (22.9 £+ 0.9 Ma). Unlike
phengites from the SE part of the massif, the stair-
case shape is interpreted as reflecting two disctinct
events, with the “°Ar loss ascribed to a superposed
crystallization event and not to post-kinematic
fluid circulation. Textural observations from
sample S68 show that two foliations are present,
in agreement with a two-phase evolution and the
development of two phengite generations at (1)
c. 23 Ma and (2) c. 14 Ma, respectively. In similar
Alpine settings, such spectra were interpreted by
Kirschner et al. (1996) and Markley er al. (1998)
to reflect superposed shearing events within the
same zone. This possibility is also supported by
the presence of U-shaped Ca/K ratios, interpreted
by Wijbrans & McDougall (1986) and Delong
(2003) as being due to the presence of chemically
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inhomogeneous mica that was incompletely recrys-
tallized during a younger deformation event.

Cooling or nucleation age? In large crystals
(c. 500 pm), the closure temperature 7. for the
K—Ar white mica system (c. 350-450 °C) is
slightly above that of phlogopite (c. 300—-350 °C,
e.g., Villa 1998; West & Lux 1993). For a cooling
rate of 25°CMa ' deduced from the age of
16 Ma obtained by phengite Ar—Ar dating and the
temperature of 400 °C obtained by thermobaro-
metry, we recalculate 7, for the size of mica
grains in the analysed shear zone aggregates
(c. 50 wm) with the diffusion parameters of
Hames & Bowring (1994). This yields an estimate
of T, =338 °C for white mica and T, = 278 °C
for biotite and phlogopite. If we assume that
40Ar/”Ar ages are cooling ages, white mica
should be older than biotite and phlogopite. In the
case of the Mont Blanc Massif, white mica ages
are much younger than biotite and phlogopite
ages. For a cooling rate of 25 °C Ma ™', a difference
in T, of 50 °C would lead to an age difference of
2 Ma, far above the error span of +0.2 Ma. In con-
trast, biotite and phlogopite ages are systematically
older than phengite by more than 2 Ma. Thus, the
consistent ages obtained between different phengite
samples more likely represent the age of synkine-
matic crystallization during a short-lived shearing
event, rather than cooling ages. However, if the
ages obtained for phengite were cooling ages,
then the phengite could still only have grown at a
temperature slightly above 7., because the
maximum temperature reached in the Mont Blanc
Massif during Alpine deformation was around
400 °C. In this case, “°Ar/*°Ar dating of phengite
provides a minimum age of deformation, but,
because of the fast cooling rate of ¢. 25 °C Ma '
the cooling age should be only c¢. 2 Ma younger
than the crystallization age.

Age of deformation in the Mont
Blanc massif

As discussed above, phengite develops by feldspar
breakdown [reactions (1) and (2)] and crystallizes
in strain shadows and foliation domains around
feldspar porphyroclasts, parallel to the stretching
lineation (on average pitching W70° on a
N45°E-70N foliation plane, see also Guermani &
Pennacchioni 1998). The asymmetric development
of these strain shadows (Fig. 3) is consistent
with the overall kinematic indicators indicating
top-to-SE sense of shear on the SE side and
top-to-NW on the NW side of the Mont Blanc
Massif, with a smaller dextral component (lineations
plunge 60—90°; Rossi et al. 2005). The age of the
three analysed shear zones from the SE area
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(i.e., MB94, MB140 and MB30) varies by less
than 0.2 Ma, i.e., it is effectively the same within
error. Top-to-SE motion therefore initiated at or
before c¢. 16 Ma on the SE side of the Mont Blanc
Massif (if the 18 Ma phengite age is interpreted as
a cooling age, with rapid cooling of c. 25°C
Ma ', see above). This result is in agreement with
previous K—Ar ages from horizontal vein minerals
which are kinematically related to the shear zones,
yielding 15.2-18.3Ma on adularia and 13.4—
15.2 Ma on muscovite (Leutwein et al. 1970).
Deformation in the central-western part of the
Mont Blanc Massif is less well constrained, but
two ages of 22.9 + 0.9 and 14.3 + 0.2 Ma were
obtained on sample S68. As discussed above,
these two ages may represent two deformation
phases in the same shear zone. As only top-to-NW
sense of shear has been observed in this shear
zone, it is likely that both deformation events are
due to thrusting towards the NW. The LT minipla-
teau age of 14.3 Ma is relatively close to the age of
15.8 Ma obtained from shear zones on the SE side
of Mont Blanc Massif and to the K-Ar ages
obtained by Leutwein et al. (1970) on kinematically
related veins. The age of 22.9 Ma for the higher-

temperature mini-plateau from this phengite
sample is close to younger biotite ages
(22.8 + 0.6 Ma) obtained in the ‘undeformed

granite’ by Leloup er al. (2005), and also close to
that for biotite sampled from a shear zone close to
the thrust on the NW border of the Mont Blanc
Massif (21.8+3 Ma). The 40Ar/z'gAr ages of
samples S68 and S69 therefore suggest that this
NW-directed thrusting was first active at around
22-23 Ma, but was probably later reactivated,
with movement continuing down to c¢. 14 Ma.
Near-simultaneous deformation on both sides of
the massif at 14—16 Ma is in agreement with the
interpretation of the Mont Blanc Massif as a
pop-up structure, as proposed earlier by Von
Raumer (1974) and Bertini et al. (1985).
However, as noted above, there is also evidence
for an overall dextral component to deformation on
both sides of the Mont Blanc Massif (Gourlay &
Ricou 1983; Hubbard & Mancktelow 1992;
Bistacchi et al. 2000; Rossi et al. 2005), which
would suggest that this pop-up is more of a positive
flower structure within a dextral transpressive zone,
although the dextral component need not be large
(Rossi et al. 2005). Based on the P—T—t data, the
massif has been exhumed at a continuous rate of c.
1 mm/year since 16 Ma, which is the rate obtained
using both “°Ar/*’Ar data and FT data (Seward &
Mancktelow 1994; Leloup et al. 2005). Based on
these new data and the lack of any jump in FT ages
across the Mont Blanc Massif, we propose that the
tectonic context of the Mont Blanc Massif has not
changed significantly since 16 Ma.
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Significance of Mont Blanc deformation ages
in the framework of the western Alps

The ages older than 16 Ma can be related to defor-
mation during nappe transport (cf. age data on the
Morcles Nappe from Kirschner et al. 1996).
Nappe transport in the external Alps probably
began with activation of the Penninic Front and
related thrusts (Ceriani et al. 2001), subsequent to
deposition of the Taveyannaz sandstone around
32 Ma (Fischer & Villa 1990). In the Mont Blanc
Massif, an apparent age of 36.6 Ma is obtained in
sample PK4406 phlogopites, but this age is prob-
ably not geologically meaningful, due to some
excess “’Ar component. Most 40Ar/39Ar ages,
such as the S68 phengite age of 22.9 + 0.9 Ma,
the younger biotite ages from Leloup et al. (2005)
and our biotite—phlogopite data (sample C6
biotite, GEO 317 phlogopite), indicate an early
phase of top-to-NW thrusting starting at 23-24
Ma and continuing to around 16-18 Ma. This
phase of thrusting is correlated with the emplace-
ment of the Morcles/Doldenhorn nappe (Crespo-
Blanc et al. 1995; Kirschner er al. 1999, 2003).
The younger ages around 16 Ma are interpreted as
representing the transition to a phase of backfolding
and backthrusting in the Alps, as already proposed
by Hunziker er al. (1992) and Kirschner et al.
(2003). This later period is also also associated
with truncation of nappes in the Rhone Valley
by the dextral transcurrent Rhone—Simplon
fault (Steck 1984; Mancktelow 1992; Burkhard
1990; Steck & Hunziker 1994). The transpressive
pop-up structure of the Mont Blanc developed
within the westward continuation of this Rhone—
Simplon dextral fault system (Hubbard &
Mancktelow 1992), which has been active since
c. 18 Ma (Grasemann & Mancktelow 1993).

Conclusions

Constraining the age of ductile deformation events
in the middle to upper crust (e.g., in the Mont
Blanc massif) necessitates dating minerals that
crystallized during deformation at or below their
closure temperature 7.. The P-T-t data for key
deformation events can be obtained by combining
thermobarometry with 40Ar/ Ar dating on newly
grown minerals that have crystallized synkinemati-
cally and actually provide the kinematic indicators
to determine the sense-of-shear (e.g., asymmetric
pressure shadows or S—C structures). In this
study, direct dating of shear zone deformation was
undertakern for a set of synkinematic minerals
(white mica, biotite and phlogopite) formed at
0.5 + 0.05GPa and 400 + 25°C in the Mont
Blanc Massif shear zone network, which is

interpreted to represent a dextral transpressive
pop-up system.

Biotite and phlogopite crystals preserve signifi-
cant amounts of inherited and possibly excess
“OAr, but some geologically significant ages have
been obtained in the LT part of Ar spectra,
ranging between 36.6 and 18.0 Ma. In the NW
part of the massif, 40Ar/3gAr biotite ages are
locally similar to phengite ages, ranging between
21.8 and 22.9 Ma. In contrast, in the SE part of
the massif, white mica (phengite) provides undis-
turbed younger ages, with no evidence for excess
4OAr. The absence of any excess “’Ar in phengite
is ascribed to the nucleation of phengite at
the expense of feldspars during low to moderate
fluid/rock ratio deformation. In contrast, biotite
nucleates on and replaces pre-existing magmatic
biotite. Phlogopite may have incorporated some
excess Ar during high fluid—rock ratio defor-
mation. In the case of multiple shearing events
within a single shear zone, the 4OAr/ *Ar phengite
age provides either (1) disrupted age spectra, with
step ages ranging between the maximum age of
the second tectonic event and the minimum age of
the first event (sample S69), or (2) miniplateaux,
which could possibly represent the age of each
event (sample S68). In the case of single events,
well-defined single plateau ages are obtained, such
as in the SE part of the Mont Blanc Massif. In
this area, ages are all within 15.8—16.0 Ma, in
agreement with ages previously determined on
vein mineral assemblages whose formation was
associated with shear zone development. Partial
4OAr loss could be associated with late fluid circula-
tion, but does not significantly affect the estimated
plateau ages. In conclusion, phengite can be a
good tool for estimating deformation ages in struc-
turally well-defined low-grade shear zones, if
carefully constrained by a combination of field
observation, microstructural analysis, geochemistry
and geothermobarometry.
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G. Féraud for his help with 4OAr/ *Ar laser dating, the
Torino Museum of Natural Sciences for providing
samples from the Mont Blanc tunnel, and K. DeJong and
S. Sherlock for their careful and stimulating reviews.

Appendix: analytical techniques

Locations of the samples dated by 4OAr/ 3 Ar are provided
in Table 3. Mineral compositions were determined by
electron probe microanalysis (EPMA). The analyses
were carried out at 15 kV and 1 nA using a Jeol 6400 scan-
ning electron microscope (SEM) equipped with an Oxford
Instrument light EDS detector and Link ISIS SEMquant
software, at the ANU Electron Microscopy Unit. Natural
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Table 3. GPS coordinates (UTM-WGS84) and
tunnel location of samples dated by *’Ar/>°Ar

Sample GPS (N) GPS (E)
C6 5084725 335411
MB30 5076035 336641
MB9%4 5077445 339523
MB 140 5079122 339420
S68 & S69 5101734 341103
PK4406 4.406 km in Mont Blanc
tunnel (from entrance on the
French side)
GEO317 6.334 km in Mont Blanc

tunnel (from entrance on the
French side)

samples were used as standards. Representative mineral
analyses are presented Table 1. The textural relationships
between the minerals in each assemblage suggest a series
of reactions occurring during deformation. Reactions
(1)—(4) are written assuming Al mobility, as supported
by mass-balance calculations in Rossi er al. (2005).
The mineral formulae used are approximated following
representative EPMA analyses (Table 1).

Geochronology of synkinematic micas was undertaken
by laser 4OAr/ %Ar dating. Results are presented in
Table 2. White mica was analysed by EPMA to check that
mineral compositions are homogeneous from core to rim.
Grain aggregates less than 1 mm were separated by hand-
picking under a binocular microscope, to avoid altered
grains. The samples were then irradiated in the nuclear
reactor at McMaster University in Hamilton (Canada), in
position 5S¢, along with Hb3gr hornblende 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'® neuton/cm?. The estimated error bar on the
corresponding 40Ar”‘/”ArK ratio is +0.2% (1o) in the
volume where the samples were set.

Analyses of small amounts of mica aggregates
(1 aggregate of c¢. 500pum and 2—4 mg: samples MB30,
MB94, MB140, GEO317 and PK4406) were undertaken
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). The typical blank values for extrac-
tion and purification of the laser system are in the ranges
4.2-8.75, 1.2-3.9 and 2—6 cc STP for masses 40, 39
and 36, respectively. Analyses of larger mica populations
(10 aggregates of c¢. 500 pm and c. 20—-40 mg: samples
S68 and C8) were undertaken with a furnace step-heating
technique using a double-vacuum high-frequency furnace
and a mass spectrometer composed of a 120° MASEE
tube, a Baur—Signer GS98 source and a Blazers electron
multiplier. Heating lasted 20 min for each temperature
step, followed by 5 min for clean-up of the released

gas, before introducing the gas into the spectrometer.
Ar isotopes were of the order 100—2000, 100—1000 and
2-200 times the blank for masses 40, 39 and 36, respect-
ively. All measurements were undetaken at the University
of Nice (Géosciences Azur). For both Ar-dating tech-
niques, the mass-discrimination was monitored by regu-
larly analysing air pipette volume. Decay constants are
those of Steiger & Jédger (1977). Uncertainties on apparent
ages are given at the 20 level and do not include the error
on the “°Ar*/**Ar, ratio of the monitor.

The criteria generally used in the laboratory for
defining a ‘plateau’ age are the following: (1) it should
contain at least 70% of total *°Ar released; (2) there should
be at least three successive step-heating fractions in the
plateau; (3) the integrated age of the plateau (weighted
average of apparent ages of individual fractions comprising
the plateau) should agree with each apparent age of the
plateau with a 20 error. In this study, we also consider
plateaux smaller than 70% of total 39Ar, because the lower
temperature age spectra are generally lowered by a *Ar
loss effect.
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