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ABSTRACT Alpine deformation in the Grimsel granodiorite (Aar massif, Central Alps) at greenschist facies
conditions (6.5 ± 1 kbar for 450�C ± 25�C) is characterized by the development of a network of
centimetre to decametre localized shear zones that surround lenses of undeformed granodiorite.
Localization of deformation is assumed to be the result of a first stage of extreme localization on brittle
precursors (nucleation stage) followed by a transition to ductile deformation and lateral propagation
into the weakly deformed granodiorite (widening stage). A paradox of this model is that the
development of the ductile shear zone is accompanied by the crystallization of large amounts of
phyllosilicates (white mica and chlorite) that maintains a weak rheology in the localized shear zone
relative to the host rock so that deformation is localized and prevents shear zone widening. We suggest
that chemical processes, and more particularly, the metamorphic reactions and metasomatism occurring
during re-equilibration of the metastable magmatic assemblage induced shear zone widening at these
P–T–X conditions. These processes (reactions and mass transfer) were driven by the chemical potential
gradients that developed between the thermodynamically metastable magmatic assemblage at the edge
of the shear zone and the stable white mica and chlorite rich ultramylonite formed during the first stage
of shear zone due to localized fluid infiltration metasomatism. P–T and chemical potential projections
and sections show that the process of equilibration of the wall rocks (l–l path) occurs via the reactions:
kf + cz + ab + bio + MgO + H2O = mu + q + CaO + Na2O and cz + ab + bio + MgO + H2O
= chl + mu + q + CaO + Na2O. Computed phase diagram and mass balance calculations predict
that these reactions induce relative losses of CaO and Na2O of �100% and �40% respectively, coupled
with hydration and a gain of �140% for MgO. Intermediate rocks within the strain gradient
(ultramylonite, mylonite and orthogneiss) reflect various degrees of re-equilibration and metasomatism.
The softening reaction involved may have reduced the strength at the edge of the shear zone and
therefore promoted shear zone widening. Chemical potential phase diagram sections also indicate that
the re-equilibration process has a strong influence on equilibrium mineral compositions. For instance,
the decrease in Si-content of phengite from 3.29 to 3.14 p.f.u, when white mica is in equilibrium with the
chlorite-bearing assemblage, may be misinterpreted as the result of decompression during shear zone
development while it is due only to syn-deformation metasomatism at the peak metamorphic condition.
The results of this study suggest that it is critical to consider chemical processes in the formation of shear
zones particularly when deformation affects metastable assemblages and mass transfer are involved.
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INTRODUCTION

The formation of shear zones in a homogeneous plu-
tonic host rock may be subdivided into two distinct
stages: nucleation and development (e.g. Mancktelow
& Pennacchioni, 2005). Although the early evidence of
the nucleation stage is usually overprinted with the
accumulation of deformation, it has been shown that
shear zones may nucleate on pre-existing brittle
structures (joints, veins and faults) either at the mac-
roscopic or microscopic scale (Simpson, 1985; Segall &
Simpson, 1986; Guermani & Pennacchioni, 1998;
Montési & Zuber, 2002; Mancktelow & Pennacchioni,

2005; Pennacchioni, 2005; Pennacchioni & Manckte-
low, 2007). The second stage corresponds to develop-
ment of the ductile shear zone, which requires the
maintenance of a weak rheology in a narrow domain
relative to the host rock, so that deformation is local-
ized rather than homogeneously spread throughout the
rock (Rutter, 1999; Burlini & Bruhn, 2005; Holyoke &
Tullis, 2006). This weakness is likely due to textural
changes, such as grain-size reduction and formation of
fined-grained polyphased aggregates that can deform
by grain boundary sliding, development of a grain
preferred orientation and ⁄ or interconnection of an
initially dispersed weak phase, like mica (Poirier, 1980;
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Stunitz & Tullis, 2001; Oliot et al., 2010). Fluid influx
will also have a favourable softening effect by pro-
moting a switch from dislocation creep to fluid-assisted
grain-boundary diffusion creep and grain-boundary
sliding (e.g. Tullis et al., 1996). The maintenance of the
weak rheology can also be promoted by dramatic
mineral transformations due to syn-kinematic meta-
morphic reactions governed by changes in P–T con-
ditions and fluid-rock interactions (Mitra, 1978; White
& Knipe, 1978; McCaig, 1984; Gapais, 1989; Wintsch
et al., 1995, 2005; Wibberley, 1999; Yonkee et al.,
2003; Barnes et al., 2004; Sassier et al., 2006). These
softening reactions can either produce weak phyllosi-
licates at the expense of framework silicates, like the
feldspar to muscovite reaction (e.g. Gueydan et al.,
2003) or fine-grained assemblages, like albite-oligo-
clase aggregates, developed at the expense of magmatic
plagioclase porphyroclasts under upper greenschist to
amphibolite facies conditions (Oliot et al., 2010).

In a single crystalline massif, shear zones with widths
varying from millimetres to decametres are commonly
described (Choukroune & Gapais, 1983; Fourcade
et al., 1989; Guermani & Pennacchioni, 1998). This
variety in width of shear zones cannot be explained
only by the maintenance of a weak rheology because
the interplay of mechanical and chemical processes
cited above should favour the accumulation of more
strain in the narrow high strain zones and therefore
prevent the lateral widening of the shear zones. Al-
though some conceptual models involve a stage of
shear zone widening (e.g. Ingles et al., 1999), little is
known about the processes involved. Two opposing
models for shear zone broadening are proposed: (i)
shear zone hardening and (ii) softening of the adjacent
host-rock.
1. Hardening is the most popular model used to ex-
plain the thickening of the shear zone via the migration
of the initially localized shear zone into adjacent host
rock (Means, 1995; Vitale & Mazzoli, 2008). Increase
in strength in the centre of the shear zone can be due to
reaction-hardening, by the growth of porphyroblastic
minerals like garnet or andalusite (Groome et al.,
2006), or due to strain-hardening, during the devel-
opment of a deformation fabric or the change in
deformation mechanism (as from dissolution–precipi-
tation mechanisms to dislocation creep) (Johnson
et al., 2011).
2. Shear zone widening is expected if the strength of the
adjacent host-rock decreases during deformation.
Gueydan et al. (2003) suggested that shear zone wid-
ening in homogeneous granitoids is induced by the
progressive transformation of strong K-feldspar of the
host rock into white mica. These softening reactions
affecting the adjacent host-rock are initiated by micro-
fracturing of the coarse �strong� grains and promoted
by progressive fluid infiltration through these fractures
(Ingles et al., 1999; Gueydan et al., 2003).

The chemical transformations, involved in all the
stages of formation of a shear zone, are associated

with transport of dissolved species either by diffusion
through stationary pore fluids (diffusion metasoma-
tism) or with fluids percolating through the pores of
the rock (infiltration metasomatism) (Korzhinskii,
1970). Metasomatism has been reported and quanti-
fied in many shear zones when mass transfer occurred
on a large scale (commonly greater than decimetre
scale) (Marquer et al., 1985; Marquer & Burkhard,
1992; Fitz Gerald & Stünitz, 1993; Wibberley, 1999;
Yonkee et al., 2003). Metasomatic reactions can sig-
nificantly alter the bulk rock composition and produce
mineral assemblages significantly different from those
expected under closed-system conditions. Therefore,
modelling the effects of mass transfer on phase rela-
tions (i.e. open system modelling) is critical to better
understand how they can influence the formation of
shear zones.
The fundamental question addressed in this contri-

bution is: how a shear zone can widen a pre-existing
fracture or a weak localized shear zone? We will
emphasize the role of chemical processes (metamorphic
reactions and mass transfer) on the widening stage and
more particularly the major role of re-equilibration of
metastable magmatic assemblages at the P–T–X con-
ditions of deformation.
In this contribution, a synthesis is presented of the

mineralogical and chemical changes observed along a
strain gradient, located in the Grimsel granodiorite
(Aar massif, Central Alps), from the undeformed and
unaltered protolith to the most deformed rock (chlo-
rite-bearing ultramylonite). After determining the P–T
conditions of shear zone nucleation and widening, l–l
phase diagram projections and sections are used to
determine the reaction path of equilibration, to quan-
tify the amount of mass transfer, and to assess the
mineralogical evolution (composition and modes)
during shear zone widening. Particular attention is
paid to white mica, because of its critical impact on
shear zone rheology and also because of its thermo-
barometric applications. We conclude with a concep-
tual model of shear zone formation where fluid-rock
interactions and the resulting equilibration of the
metastable magmatic assemblage is the main driving
force of shear zone widening.

GEOLOGICAL SETTING AND SELECTED SAMPLES

The Aar massif belongs to the External Crystalline
Massifs of the Central Alps, which have been thrust
towards the northwest under greenschist facies meta-
morphic conditions during late Alpine tectonics (Steck,
1968, 1984; Choukroune & Gapais, 1983; Marquer
et al., 1985; Marquer, 1987). The Aar massif consists
of pre-Variscan gneisses, and Palaeozoic migmatites
and amphibolites that were intruded by numerous
granitoids during the late Variscan orogeny (Labhart,
1977; Abrecht, 1994; Schaltegger, 1994). The Grimsel
granodiorite and Aar granite are one of these Variscan
intrusions exposed in the southern and central part of
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the Aar massif, a few kilometres north of the Grimsel
pass (Fig. 1a).

Alpine deformation in the Grimsel granodiorite is
heterogeneous and characterized by a network of
anastomosing shear zones wrapping around lens-
shaped domains of weakly deformed rocks at different
scales (Choukroune & Gapais, 1983; Marquer et al.,
1985; Gapais et al., 1987) (Fig. 1b). The metamorphic
conditions of the Alpine ductile deformation in the
Grimsel granodiorite have been estimated at
450 ± 30 �C and 6 ± 1 kbar, according to d18O
analyses of biotite and quartz (Fourcade et al., 1989)
and the Si-content in phengite (3.2 & 3.3 p.f.u.) from
various shear zones (Challandes et al., 2008). The
ductile deformation has been dated at 21–17 Ma by
39Ar–40Ar on recrystallized biotite and phengite from
two shear zones (Challandes et al., 2008).

The modelling of metasomatic phase relations in this
paper is applied to a well-characterized decametre-
sized Alpine shear zone developed in the Variscan
Grimsel granodiorite (Central Alps, Switzerland) lo-
cated between the Räterichsbodensee and Grimselsee

lakes (Fig. 1a). This shear zone has been selected be-
cause (i) the protolith is mineralogically and chemically
homogeneous at the outcrop scale, (ii) there is no pre-
alpine deformation that could have induced mineral
changes and mass transfer and (iii) the chemical and
mineralogical evolution is the same whatever the width
of the strain gradient (Fourcade et al., 1989; Marquer,
1989). Therefore, changes in mineralogy and bulk
chemistry across the strain gradient only reflect varia-
tions of parameters related to the alpine deformation
(P, T and mass transfer).

MINERALOGICAL EVOLUTION AND CHEMICAL
MASS-TRANSFER

Sixteen samples have been taken along a 100 m wide
strain gradient from the weakly deformed granodiorite
to the ultramylonitic zone to characterize the simul-
taneous mineralogical and geochemical evolution.
These samples have been subdivided into five groups of
compositions: (i) the protolith composition consists of
an average of 10 weakly deformed granodiorites, (ii)
one orthogneiss (sample A15), (iii) an average of four
mylonites (samples AD25, AD22, AD16, A18), and
(iv) one ultramylonite (sample AD23a). The fifth
sample (v) is a chlorite-bearing ultramylonite, which is
in the highest-strain zones of an ultramylonite (0608e).
In previous studies (Marquer et al., 1985; Fourcade
et al., 1989), chlorite-bearing rocks and assemblages
were avoided because they were interpreted as retro-
grade features. In contrast, in this contribution, chlo-
rite-bearing shear bands are considered as the highest
strain zone and most altered rock by metasomatism.
Because of its small size, bulk composition was esti-
mated by combining image analysis with in-situ min-
eral compositions. Consequently, mass transfer has not
been quantified in this sample due to the large uncer-
tainty of its composition; therefore, only qualitative
results are discussed. Sample names and chemical
composition used are presented in Table 1.

Mineralogical evolution

The weakly deformed Grimsel granodiorite, which is
considered as the protolith, is characterized by a
metastable magmatic assemblage of oligoclase
(�An21, 50 vol%), quartz (21 vol%), K-feldspar (14
vol%) and biotite (14 vol%) (Figs 1b & 2a). Magmatic
biotite is partially recrystallized into metamorphic
biotite (Fig. 2a). With increasing strain intensity, the
Grimsel granodiorite progressively evolved into a fine
grain albitic mylonite rich in sheet silicates (Fig. 2). In
the orthogneiss, magmatic oligoclase is replaced by
albite (An02, >45 vol%) with numerous minute
inclusions of epidote and white mica (Fig. 2b). Sam-
ples qualified as mylonites show minor mineralogical
changes with respect to the orthogneiss, except for a
general reduction in grain size and a moderate increase
in white mica content (Fig. 2c). Albite occurs as �clean�

(a)

(b)

Fig. 1. (a) Simplified geological map of the External Crystalline
Massifs (Aar and Gotthard) of the Central Alps (Switzerland)
showing the location and extent of Variscan intrusives in the
basement. (b) Outcrop showing the typical alpine heterogeneous
deformation in the Grimsel granodiorite. Shear zones wrap
around lens)shaped domains of weakly deformed granodiorite
at different scales.
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porphyroblasts free of inclusions (Fig. 2c). Epidote
and white mica crystallized preferentially in shear
bands around the albite porphyroblasts (Fig. 2c). Due
to their heterogeneous nucleation, the amount of white
mica and epidote is difficult to estimate but it remains
<10 to 15 vol%. Magmatic K-feldspar is recrystallized
and partially albitized. In the orthogneiss and mylo-
nite, shear bands are characterized by a higher amount
of white mica. In the ultramylonite (AD20), magmatic
phases have been completely recrystallized and the
metamorphic albite volume decreases to 30 vol%
whereas phengite constitutes up to 30 vol% of the
whole rock (Fig. 2d). The ultramylonite is also char-
acterized by an almost complete lack of epidote.

The highest strain zones of the ultramylonite
(0608e), are characterized by the local occurrence of a
Ca-free assemblage that consists of chlorite in equi-
librium with biotite, albite and white mica (Fig. 2e,f).
From the undeformed granodiorite to the ultramylo-
nite, the volume of quartz and biotite remains constant
but these phases are totally recrystallized into meta-
morphic phases.

In terms of mineral composition variation along the
strain gradient, particular attention is paid to mica
because its chemical composition appears to be very
sensitive to changes in bulk composition plus white
mica is a widely used phase for barometry. Marquer

(1987) and Challandes et al. (2008) have shown that in
this strain gradient, the Si-content in white mica ranges
between 3.25 and 3.31 p.f.u. in the orthogneiss, mylo-
nite and ultramylonite. Si-content of phengite from the
chlorite-bearing ultramylonite ranges continuously
from 3.26 to 3.15 p.f.u with a few analysis c. 3.30 p.f.u.
(Fig. 3). Biotite shows an increase in XMg with
increasing strain, from 0.45 in magmatic biotite in
weakly deformed rocks to 0.55 in metamorphic biotite
in the ultramylonite (Marquer, 1987). Biotite from the
chlorite-bearing ultramylonite shows the same consis-
tent XMg value (0.54–0.55).

Chemical mass transfer

Mass balance calculations have been performed to
quantify mass transfer and its effect on phase relations.
Ten chemical whole-rock analyses of the Grimsel
granodiorite, sampled in a radius of 500 m around the
shear zone, have been used to characterize the proto-
lith composition. One sigma standard deviations on
each chemical component define the range of the initial
composition, interpreted to be magmatic. Bulk com-
positions are presented in Table 1.
Mass balance results calculated from the statistical

approach of Baumgartner & Olsen (1995) are shown in
Fig. 4 and in Table 2. Uncertainties on each chemical
element in the profile have been calculated with respect
to protolith standard deviations. Measured densities
are presented in Table 1 and increase by a factor of
1.06 ± 0.05 across the shear zone.
Chemical mass transfers become significant in the

mylonite with an enrichment in MgO (+42%, per-
centage of mass change of a component with respect to
the protolith) (Fig. 4a). The ultramylonite shows
enrichments in MgO (+132%) and K2O (+51%)
coupled with hydration (H2O +120%) and losses of
CaO, Na2O, MnO and FeO ()76%, )39%, )33% and
)9% respectively) (Fig. 4a). Other elements vary
within the range of the initial magmatic heterogeneities
and are considered as immobile during the shear zone
formation.
The strong relative enrichment in MgO (+132%) in

the ultramylonite is commonly used to classify such
alteration as a Mg-metasomatism; however, this clas-
sification tends to overemphasize the role of MgO in
the process of alteration. Calculated absolute mass
changes rather suggest that the losses of CaO and
Na2O ()2.28 and )1.98 g 100 g)1, respectively) are
larger in magnitude than the gain in MgO (+1.49 g
100 g)1) (Fig. 4b). Deformation and mass transfers
occurred at almost constant mass ()1.17 ± 2.33 g)
with a small decrease in volume of )6.9 ± 2.2%. A
simplified mass-balance equation can be written as:

100g Grimsel granodioriteþ 1:49g MgOþ 1:58g K2O

þ 0:93g L.O.I.! 98:83g Ultramyloniteþ 0:44g Fe2O3

þ 0:03g MnOþ 2:28g CaOþ 1:98g Na2O:

Table 1. Bulk composition of four sets of samples representative
of the chemical evolution along the strain gradient in the Grimsel
granodiorite. The raws given in mol and mol% are the compo-
sitions used for modelling.

Protolith

(n = 10)

Orthogneiss

A15

Mylonite

AD25 AD22

AD16 A18

Ultramylonite

AD23a

Chl-bearing

Ultramylonite

0608e

Density 2.62 2.66 2.72 2.78 –

wt% 1r st. dev. 1r st. dev.

SiO2 64.98 1.31 64.30 64.46 1.83 65.45 62.43

TiO2 0.64 0.04 0.61 0.65 0.07 0.65 –

Al2O3 16.39 0.62 16.92 16.46 0.15 16.68 16.26

FeO 3.74 0.23 3.67 4.00 0.26 3.39 5.38

MnO 0.09 0.01 0.08 0.09 0.01 0.06 –

MgO 1.12 0.10 0.98 1.58 0.50 2.60 4.08

CaO 2.96 0.24 3.15 2.90 0.30 0.70 0.00

Na2O 5.06 0.46 5.34 4.95 0.27 3.10 3.33

K2O 3.20 0.18 2.90 2.94 0.16 4.84 3.59

P2O5 0.19 0.02 0.17 0.18 0.02 0.17 –

LOI 0.79 0.17 0.80 1.01 0.25 1.74 4.94

total 99.14 98.92 99.20 99.38

mol pseudosection

SiO2 1.0815 1.0702 1.0728 1.0893 1.0930

Al2O3 0.1607 0.1659 0.1614 0.1636 0.1678

FeO 0.0521 0.0511 0.0556 0.0472 0.0787

MgO 0.0277 0.0243 0.0393 0.0645 0.1065

CaO 0.0528 0.0562 0.0518 0.0125 0.0000

Na2O 0.0816 0.0862 0.0799 0.0500 0.0565

K2O 0.0339 0.0308 0.0312 0.0514 0.0400

mol% pseudosection

SiO2 72.57 72.08 71.91 73.68 70.86

Al2O3 10.78 11.18 10.82 11.06 10.88

FeO 3.49 3.44 3.73 3.19 5.10

MgO 1.86 1.64 2.63 4.36 6.90

CaO 3.54 3.78 3.47 0.84 0.00

Na2O 5.47 5.80 5.36 3.38 3.66

K2O 2.28 2.07 2.09 3.48 2.60
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(a) (b)

(c) (d)

(e) (f)

Fig. 2. Representative textures and assemblages observed along the strain gradient. (a) Protolith showing the magmatic texture and
mineralogy. Magmatic oligoclase is already replaced here by albite + epidote and phengite. (b) Orthogneiss showing rare relicts of
K-feldspar with large amounts of metamorphic albite. White mica occurs as small, unoriented inclusions associated with epidote in the
albite porphyroblast. Epidote can be observed throughout the orthogneiss as small porphyroblasts (<200 lm). (c) Mylonite showing
the complete recrystallization of magmatic phases into metamorphic minerals. Albite occurs as porphyroblasts free of inclusions.
Epidote is concentrated in shear bands with white mica. (d) Ultramylonite showing the development of large amounts of white mica in
equilibrium with albite. Magmatic K-feldspar is no more present while metamorphic epidote is rare. (e) Ultramylonite showing the
local development of chlorite-bearing assemblages in equilibrium with albite, biotite and phengite. (f) Backscattered images of the
texture and assemblages in the chlorite-bearing ultramylonite. See location in Fig. 2e. This BSE image has been used to estimate the
bulk composition of the chlorite-bearing domains.
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The bulk composition for the chlorite-bearing do-
mains in the highest-strain rock is based on the fol-
lowing mineralogical compositions inferred from
image analysis: 28% albite, 21% phengite, 18%
biotite, 11% chlorite and 22% quartz. Chlorite do-
mains are obviously characterized by a complete loss
of CaO as indicated by the lack of Ca-bearing phases.
Qualitative mass changes are consistent with the trend
observed in the ultramylonite including a strong
enrichment in MgO (>250%) and a loss of Na2O
(�40%). With our estimated bulk composition K2O
would be immobile with respect to the protolith.

Although metasomatism may depend upon the
composition and amount of infiltrating fluid, compo-
sition of the protolith and P–T conditions, it appears
that gain of MgO coupled with losses of CaO and
Na2O are common features for metasomatized quar-
tzo-feldspathic rocks in ductile shear zones (Table 3).
The compilation of Table 3 raises several questions
related to metasomatism in shear zones: what controls
the nature of mass transfer in shear zones? Is fluid
composition the most critical variable? Do metamor-
phic reactions play a significant role in the nature and
quantity of mass transfer? Why are CaO ⁄Na2O losses
commonly coupled with MgO gain?

THERMODYNAMIC MODELLING OF OPEN
SYSTEMS

A series of computed phase diagram projections and
sections are used to constrain the P–T of deformation
and mass transfer and to investigate the influence of
mass transfer on phase relations. For this purpose the
model system Na2O–CaO–K2O–FeO–MgO–Al2O3–
SiO2–H2O was chosen to calculate phase relationships
using Perple_X�07 software (Connolly, 2005) with the
thermodynamic database of Holland & Powell (1998,

as revised in 2002). Solution models and end-member
phases considered in the modelling are listed in
Table 4. Bulk compositions used in these models have
been obtained by whole rock XRF analyses given in
Table 1, except for the chlorite-bearing ultramylonite,
which is an estimated bulk rock composition.

P–T diagrams

P–T sections have been calculated for the weakly de-
formed granodiorite, mylonite, ultramylonite and
chlorite-bearing ultramylonite compositions to refine
the P–T conditions of the deformation and evaluate
the influence of mass transfer on the phase diagram
topology (Fig. 5). In applying P–T sections, we make
the implicit assumption of local equilibrium at the
scale of the rock analysed by XRF (i.e. tens of cm3).
Although chemical potential gradients may exist along
the 100 m wide strain gradient between the metastable
host-rock and the equilibrated highest strain zone, it is
assumed that these gradients can be neglected on the
scale of the sample. All the diagrams have been cal-
culated using water saturated conditions.
The P–T section calculated for the granodiorite

composition (Fig. 5a) shows that the magmatic
assemblage is stable in a large multivariant field on the
low pressure and high temperature side of the diagram
that consists of pl, q, kf, bio with minor garnet (the
predicted amount is <2 vol%). The metamorphic
assemblage mu-bio-ep-ab-q-kf is stable in a relatively
large P–T field below 9 kbar and 510�C. Comparison
of measured Tschermak substitution in phengite (Si =
3.25–3.31 p.f.u.) with calculated isopleths suggests that
the pressure conditions of deformation range between
5.1 and 7.4 kbar assuming temperatures of 425–475�C
(average of 6.2 ± 1 kbar for 450�C ± 25�C; the
temperature of 450�C is taken from Challandes et al.
(2008)). The section calculated with the orthogneiss
composition is not presented but gives similar results.
In the mylonite, a gain of 50% of MgO does not

alter significantly the topology of the P–T section
(Fig. 5b). P–T conditions for this rock have been
estimated at 6.3 ± 1 kbar for 450�C ± 25�C.
The P–T section calculated with the ultramylonite

composition shows some significant differences
(Fig. 5c): (i) white mica is stable in the entire P–T
range while it is restricted to the HP-LT side of the
protolith and mylonite diagram, (ii) the stability field
of K-feldspar is reduced, (iii) the stability field of
epidote-bearing assemblages is expanded to HP–LT
conditions and (iv) chlorite-bearing assemblages
become stable on the LT-side of the diagram. The
metamorphic assemblage mu-bio-ep-ab-q observed in
the ultramylonite is stable from 310–370 �C at 4 kbar
to 430–530 �C at 10 kbar. Phengite compositions
measured in the ultramylonite (Si = 3.25–3.30 p.f.u.)
suggest P–T conditions of deformation of 5–7.1 kbar
and 425–475�C (average of 6.5 ± 0.5 kbar for
450�C ± 25�C).

Fig. 3. Composition of white mica measured in a chlorite-
bearing ultramylonite (black diamonds) showing a continuous
range in Si content per formula unit (p.f.u) between 3.33 and
3.15. White circles correspond to phengite in the orthogneiss,
mylonite and ultramylonite (see Marquer, 1987 and Challandes
et al., 2008).
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Because intense metasomatism (complete loss of
CaO and gain of MgO) the section calculated with the
chlorite-bearing ultramylonite has a completely dif-
ferent topology (Fig. 5d). Almost the entire range of
the P–T conditions is characterized by the stability of
chl-bio-mu-ab-q. The Si-content of phengite measured
in the chlorite-bearing assemblage varies continuously
from 3.30 to 3.15. Based on the P–T conditions esti-
mated along the strain gradient (6.5 kbar, 450�C) we
suggest that only phengite with a low Tschermak

component (�3.15–3.20) is in equilibrium with chl-bio-
ab-q.

P–T conditions of the five samples are consistent
suggesting that the deformation was isobaric and iso-
thermal. For the following discussion, our preferred
P–T conditions for deformation and mass transfer are
450�C and 6.5 kbar which are in good agreement with
those suggested by Challandes et al. (2008).

The effect of mass transfer at the P–T conditions
of interest can also be shown in Fig. 6 and Table 5

Fig. 4. (a) Relative mass transfer along the
strain gradient. (b) Absolute mass change
given in g 100g)1.
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where the modal abundance evolution is reported as
a function of strain and therefore mass transfer.
Modes were calculated for the five samples at 450�C
and 6.5 kbar. Equilibration of the metastable mag-
matic assemblage at metamorphic conditions induces
the complete breakdown of magmatic plagioclase into
albite + epidote and the appearance of white mica
coupled with the minor breakdown of K-feldspar.

The observation of relicts of K-feldspar porphyro-
clasts and magmatic biotite suggests that the equili-
bration remains partial. Stable assemblages predicted
in the orthogneiss are not significantly different than
the equilibrated protolith because the strain observed
in the orthogneiss occurred under closed system
conditions (the minor changes visible in Fig. 6 are
interpreted as magmatic heterogeneities rather than

Table 2. Predicted mineralogical composition of five samples from the strain gradient. Measured modes and strain intensity (�s) are
from Marquer (1987): protolith – AD26, orthogneiss – average of AD13 and AD3; mylonite – AD19; ultramylonite – AD23. The
predicted mineralogical composition are derived from P–T sections calculated with the compositions of Table 2 (see section modelling
for more details).

Absolute mass change Relative mass change

(g 100g)1) (%)

Orthogneiss Mylonite Ultramylonite Orthogneiss Mylonite Ultramylonite

1r 1r 1r 1r 1r 1r

SiO2 0.23 2.33 )0.18 2.32 0.46 2.40 0.4 3.6 )0.3 3.6 0.7 3.7

TiO2 )0.02 0.06 0.01 0.06 0.01 0.06 )3.3 9.1 2.1 9.1 1.5 9.1

Al2O3 0.78 0.96 0.16 0.95 0.29 0.96 4.7 5.8 1.0 5.8 1.7 5.8

FeO )0.02 0.34 0.28 0.34 )0.35 0.34 )0.5 9.0 7.5 9.0 )9.4 8.9

MnO )0.01 0.01 0.00 0.01 )0.03 0.01 )9.9 15.9 0.5 15.9 )33.4 15.8

MgO )0.13 0.15 0.47 0.15 1.49 0.15 )11.3 12.9 41.8 13.0 132.1 13.7

CaO 0.24 0.35 )0.04 0.35 )2.28 0.34 7.9 11.8 )1.5 11.7 )76.4 11.5

Na2O 0.36 0.67 )0.08 0.67 )1.98 0.66 7.0 13.1 )1.7 13.1 )38.8 12.9

K2O )0.26 0.27 )0.25 0.26 1.65 0.28 )8.1 8.2 )7.6 8.2 51.2 8.7

P2O5 )0.02 0.03 )0.01 0.03 )0.02 0.03 )9.3 15.1 )4.8 15.1 )10.6 15.0

L.O.I. 0.02 0.24 0.23 0.24 0.96 0.25 2.7 30.7 28.5 30.6 120.2 30.8

Table 3. Compilation of previous studies of chemical mass transfer in shear zones affecting metagranites.

Reference Locality Protolith Metamorphic facies

Chemical mass transfer

Gain Loss

Rossi et al. (2005) Mont-Blanc (France) Granite Greenschist Fe, Ca K

Si Ca, Na, K

Mg Si, Ca, Na, K

Yonkee et al. (2003) Sevier orogenic belt (Utah) Granitic gneiss Greenschist Mg Na, Ca, K

Bialek (1999) Lusatian Massif, Poland Granodiorite Greenschist Ca, Mn Na

Hippert (1998) Sao Francisco craton (Brazil) Granitic gneiss Greenschist Mg, Fe Ca, Na

Glodny & Grauert (2009) Schwarzwald (Germany) Quartzdioritic gneiss Lower greenschist K Ca, Na

Sassier et al. (2006) Ile d�Yeu (France) Granitic gneiss Amphibolite Mg, K Ca, Na

Selverstone et al. (1991) Tauern Window (E Alps) Granodiorite Eclogite ⁄ amphibolite Al, Mg, Fe Si, Ca, Na

Keller et al. (2004) Monte Rosa nappe (W Alps) Granite Eclogite Si Al, K

Demény et al. (1997) Sopron-Fertöràkos (E Alps, Hungary) Granite Eclogite Mg Na, Ca, Fe

Si, Mg Na, Ca, K, Fe

Challandes (2001) Suretta Nappe (Central Alps) Rhyolite Blueschist Mg Na, Ca

Table 4. Solid solutions model and phases used in the sections.

Phases

Solid solution label

used in PerpleX

Solid solution

label used in the text Independent end-members References

Biotite Bio(HP) bio Annite–phlogopite–eastonite Holland & Powell (1998)

Chlorite Chl(HP) chl Clinochlore–daphnite–amesite–Al-free chlorite Holland & Powell (1998)

Garnet Gt(WPH) Gt Almandine–pyrope–grossular White et al. (2007)

K-feldspar San Kf Sanidine–albite (high order) Waldbaum & Thompson (1969)

Plagioclase Pl(h) Pl Anorthite–albite Newton & Haselton (1981)

White mica Mica(CH1) mu Muscovite–celadonite–paragonite–margarite–Fe-celadonite Coggon & Holland (2002)

Clinozoisite cz Cz

Quartz q Q

Sillimanite sil Sil

Kyanite ky Ky
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the result of metasomatism). Under open system
conditions in the mylonite, ultramylonite and chlo-
rite-bearing ultramylonite, the white mica content
increase is correlated with the breakdown of K-

feldspar, albite and epidote (Fig. 6). Crystallization
of chlorite in the highest strained sample is associ-
ated with the breakdown of biotite, white mica and
minor epidote.

Fig. 5. P–T sections calculated for (a) the protolith composition and (b) the mylonite, (c) the ultramylonite and (d) the chlorite-bearing
ultramylonite composition in the NaCaFMASH system under water saturated conditions. Si content per formula unit in white mica is
contoured on all diagrams. The preferred P–T conditions of deformation correspond to the coloured domain. P–T conditions are given
by the stable assemblage observed and the Si-content in phengite assuming a temperature of 450 ± 25�C (Challandes et al., 2008).
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Modelling of open-system: quantitative chemical potential
diagrams

The reactions involved in the shear zone development
and quantification of mass transfer has been thermo-
dynamically modelled using isobaric-isothermal phase
diagram projections and sections as a function of the
chemical potentials (l) of the mobile components
(MgO, CaO & Na2O). The choice of the determinative
variables is dictated by our conceptual model of shear
zone widening described below.

The first stage of shear zone formation (Fig. 7)
corresponds to its nucleation on a pre-existing or newly
formed crack, which is assumed to be the locus of in-
tense fluid infiltration and metasomatism with the
formation of the chlorite-bearing assemblage. The
second stage corresponds to shear zone widening and
formation of the orthogneiss, mylonite and ultramyl-
onite that compose the metre-scale strain gradient. At
the end of the nucleation stage, we suggest that the
shear zone is a system in disequilibrium that can be
divided in two end-member sub-systems where local
equilibrium is applicable (Fig. 7). The first sub-system
(A) corresponds to the metastable unaltered and

weakly deformed granodiorite. During the widening
stage, sub-system (A) is assumed to be water saturated
with a nearly static pore fluid where dissolved species
are transported by diffusion orthogonal to the shear
zone. Sub-system (B) is the metasomatized chlorite-
bearing assemblage that was formed as a consequence
of intense infiltration dominated metasomatism.
Within each sub-system, equilibrium implies that the
chemical potential of each component is equalized and
determined by the P–T conditions and bulk rock
composition. However at a larger scale, the chlorite-
bearing ultramylonite (B) and the metastable
magmatic granodiorite (A) are in disequilibrium with

Table 5. Calculated modes (vol%) and CaO, MgO content
(wt%) calculated with the chemical potential section of Fig. 10

Magmatic Metamorphic

650�C – 3kbar 450�C – 6.5 kbar

Protolith Orthogneiss Mylonite Ultramylonite Chl-ultramylonite

�s 0 1.4 2.1 3.4 –

bio 11 10 13 12 11

pl 52 0 0 0 0

ab 0 48 45 28 29

kf 17 9 6 0 0

mu 0 4 6 30 22

ep 0 11 10 2 0

chl 0 0 0 0 11

q 19 18 21 28 27

gt 2 0 0 0 0

Fig. 7. Conceptual model of the shear zone. It consists of two
sub-systems A and B that correspond to the unaltered host
granite and the altered chlorite-bearing ultramylonite, respec-
tively. We assume that both systems are in local equilibrium. The
contact is characterized by chemical potential gradients that
equalized by metamorphic ⁄metasomatic reactions and diffusion
of component down chemical potential gradient in a static fluid
between the chlorite-bearing ultramylonite (B) and the meta-
stable wall-rock (A). Orthogneiss, mylonite and ultramylonite
are formed during this process of equilibration.

Fig. 6. Predicted mineralogical evolution
estimated at 6.5 kbar and 450�C using the
four bulk composition presented in Table 2.
For more details, see the modelling section.
The magmatic assemblage has been esti-
mated using the protolith composition at 3
kbar, 650�C, which may correspond to the
Variscan P–T conditions of emplacement
and crystallization of the granodioritic
magma.
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each other and the interface between these two systems
is characterized by chemical potential gradients. To
reach equilibrium, the chemical potential gradients
must be eliminated by metamorphic ⁄metasomatic
reactions and diffusion of components through the
pore fluid. We suggest that intermediate rocks (or-
thogneiss, mylonite and ultramylonite) are formed
during the process of equilibration of the metastable
magmatic assemblage towards the chlorite-bearing
ultramylonite via diffusion metasomatism, and repre-
sent various degree of re-equilibration.

Chemical potential phase diagrams are the most
appropriate diagrams to model the formation of these
intermediate rocks. The effect of K2O mobility on
phase relations is not discussed. For consistency, all of
the calculated l-l diagrams use gained components on
the x-axis (MgO) and lost components on the y-axis
(CaO or Na2O).

Phase relations are introduced with lMgO–lCaO
and lMgO–lNa2O projections in simplified chemical
systems, K2O–Al2O3–MgO–CaO and K2O–Al2O3–
MgO–Na2O respectively, with quartz and H2O in
excess. Only pure end-members are considered
(K-feldspar, muscovite, phlogopite, clinochlore, kaol-
inite with zoisite, grossular or albite). Modelling has
also been performed in a more realistic chemical sys-
tems (CaO–Na2O–K2O–FeO–MgO–Al2O3–SiO2 with
saturated H2O) that take into account the effect of
solid solutions (Table 4). In addition, phase diagram
sections were computed with the amount of immobile

components (K2O–FeO–Al2O3–SiO2) fixed. Because
only two mobile components can be considered in a
2D phase diagram, first Na2O and then CaO are fixed
in the lMgO–lCaO and lMgO–lNa2O sections
respectively.

P–T sections for the five samples (Fig. 5) are used to
compute the chemical potential of all components,
including the mobile components that are assumed to
diffuse during the equilibration process. Knowing
these values, it is possible to determine gradients in
chemical potential and therefore determine the prob-
able direction of diffusion mass transfer that will be
compared with observations.

Chemical potential projections

The lMgO–lCaO and lMgO–lNa2O projections
presented in Fig. 8, are calculated at 450�C and 6.5
kbar. These diagrams show that the assemblages
K-feldspar + clinozoisite and K-feldspar + albite are
restricted to the high values of lCaO and lNa2O
respectively and low values of lMgO (Fig. 8). A de-
crease in CaO or Na2O chemical potential (at constant
lMgO) induces the stabilization of muscovite via the
reactions:

2=3czþ 1kfþ 2=3H2O ¼ 1mu þ 2qþ 4=3CaO ð1Þ

2abþ 1kfþ 1H2O ¼ 1mu þ 6qþ 1Na2O ð2Þ

Fig. 8. Quantitative lCaO–lMgO and lNa2O–lMgO projections calculated at 450�C and 6.5 kbar at water-saturated conditions. Solid
lines correspond to univariant reactions in the K2O–Al2O3–MgO–CaO ⁄Na2O system, whereas dashed lines are univariant reactions
belonging to the sub-system Al2O3–MgO–CaO ⁄Na2O. Circled numbers correspond to the reaction label used in the text. Phase relations
in these simplified systems show that the breakdown of kf-zo and kf-ab (i.e. the metamorphic assemblage observed in the orthogneiss)
into a mu-clin assemblage (i.e. ultramylonitique) requires an increase of lMgO coupled with a decrease in lCaO and mNa2O.
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These reactions result in a K-feldspar + muscovite
or clinozoisite ⁄ albite + muscovite assemblage
depending on the bulk rock composition. The stability
of clinozoisite and albite is limited to the high lMgO
by two univariant reactions producing clinochlore:

1czþ 3=2qþ 11=2H2Oþ 15=2MgO

¼ 3=2clinþ 2CaO
ð3Þ

1abþ 2H2Oþ 5=2MgO ¼ 1=2clin

þ 3=2qþ 1=2Na2O
ð4Þ

The stable assemblage just below reactions (3) and
(4) can be either K-feldspar + muscovite or clinoch-
lore + muscovite. With increasing lMgO, K-feldspar
and muscovite are breakdown into phlogopite and
clinochlore + phlogopite, respectively.

These phase diagram projections suggest that the
sequence of mineralogical changes can be interpreted
as the consequence of a decrease in lCaO and lNa2O
followed by an increase in lMgO in the shear zone
(Fig. 8). This variation in chemical potential also in-
duces a loss of CaO and Na2O with a gain in MgO and
H2O in good agreement with the mass balance calcu-
lation.

Chemical potential sections

Sections lMgO–lCaO and lMgO–lNa2O (Fig. 9)
have been calculated at the same P–T conditions
(450�C and 6.5 kbar) with the �partial� unaltered
granodiorite composition (Table 2) with a more re-
stricted range of chemical potentials than the projec-
tions. The sections in Fig. 9 are characterized by the
occurrence of three univariant equilibria, almost
independent of lMgO, that separate divariant fields:
biotite + k-feldspar + garnet + albite + quartz,
biotite + muscovite + clinozoisite + albite + quartz,
and biotite + muscovite + chlorite + clinozo-
ite ⁄ albite + quartz. The breakdown of the K-feldspar
+ clinozoite + albite assemblage into muscovite oc-
curred via the univariant reactions:

kfþ czþbioþH2OþMgO¼muþqþ abþCaO ð5Þ

kfþabþbioþczþH2OþMgO¼muþqþNa2O ð6Þ

These reactions imply a decrease in lCaO and
lNa2O with or without increase in lMgO. The sta-
bility of chlorite-bearing assemblages is at the lowest
lCaO and lNa2O and is limited by the univariant
equilibria:

czþbioþabþH2OþMgO¼ chlþmuþqþCaO ð7Þ

abþ bioþ czþH2OþMgO

¼ chlþmuþ qþNa2O
ð8Þ

Fig. 9. Quantitative lCaO–lMgO and lNa2O–lMgO section
calculated at 450�C and 6.5 kbar for the unaltered granodiorite
composition at water-saturated conditions. The white-filled star
correspond to the chemical potential value of CaO, Na2O, MgO
calculated at 6.5 kbar and 450�C of the tri-variant assemblage kf-
cz-mu-bio-ab-q for the unaltered granodiorite composition un-
der a closed-system conditions. Black stars are the chemical
potential values for the orthogneiss (o), mylonite (m), ultra-
mylonite (um) and chlorite-bearing ultramylonite (chl-um).
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Chemical potentials of CaO, Na2O and MgO at 6.5
kbar and 450�C for the five samples have been ex-
tracted from the corresponding sections (Fig. 5). Val-
ues are reported in Table 6 and in the chemical
potential sections (see stars in Fig. 9). The stable
assemblage predicted at 6.5 kbar and 450�C for the
protolith, orthogneiss, and mylonite is biotite + K-
feldspar + muscovite + epidote + albite + quartz.
This assemblage is trivariant in a chemically closed
system, but in a system with two mobile components
(MgO and CaO or MgO and Na2O) it is univariant
and corresponds to equilibria (5) and (6) (Fig. 9). The
ultramylonite, characterized by the absence of
K-feldspar, is located in the divariant field biotite +
muscovite + epidote + albite + quartz at higher
lMgO and lower lCaO than for the less deformed
samples. The chlorite-bearing ultramylonite (sub-sys-
tem B) is stable at lower chemical potentials for CaO
and Na2O (Fig. 9). With fluid rock interactions, the
divariant assemblage biotite + muscovite + chlorite
+ albite + quartz became Ca-free in the chlorite-
bearing ultramylonite. CaO is thus viewed as a per-
fectly mobile component (as defined by Korzhinskii,
1970) with its chemical potential controlled by the
externally-derived fluid. Other mobile components
(MgO and Na2O) have their chemical potential con-
trolled by fluid-rock interactions and more precisely by
rock-dominated diffusion.

In the sections in Fig. 9, orthogneiss, mylonite and
ultramylonite are interpreted as intermediate stages
formed during the process of equilibration of the two
sub-systems A (protolith) and B (chlorite-bearing ult-
ramylonite). Therefore, mass transfer and reactions
involved during the equilibration of the protolith to-
ward the conditions of the chlorite-bearing ultramyl-
onite is expected to lie on a path between the
conditions of these sub-systems (black arrow in
Fig. 10). To estimate the amount of CaO, Na2O and
MgO transported in and out the system along the
chemical potential path, the l-l sections are contoured
for the amounts of the mobile components, which are
also converted into relative gain or loss with respect to
the unaltered granodiorite composition (only the
lMgO–lCaO example is shown in Fig. 10a,b). Before
equilibration, the granodiorite is composed of 3.39,
1.17 and 0.77 wt% for CaO, MgO and H2O respec-

tively (calculated values from Fig. 6a, H2O is taken
into account in the normalization). The modal com-
position of the unaltered and equilibrated granodiorite
is albite (45%), quartz (20%), biotite (11%), K-feld-
spar (11%), epidote (10%) and white mica (3%).

The first stage of the equilibration path corresponds
to the evolution of the chemical potential of CaO and
MgO along the univariant equilibria (5) towards high
lMgO values until K-feldspar is entirely consumed
(Fig. 10a,b). This first stage of equilibration induces
the crystallization of 12 vol% white mica at the ex-
pense of K-feldspar and half of the initial epidote
content. The computed phase equilibria indicate that
this reaction induces a relative gain in MgO of 144%
and H2O of 80% coupled with a loss in CaO of 48%,
assuming no changes in volume and density (Fig. 10-
a,b). The modified bulk composition after the complete
breakdown of K-feldspar is MgO = 2.86 wt%,
CaO = 1.77 wt% and H2O = 1.39 wt%, which is
consistent with observations.

Once K-feldspar has been entirely consumed, the
system evolves across the divariant field biotite +
muscovite + epidote + albite + quartz towards the
chlorite-bearing ultramylonite conditions until it
intersects the univariant reaction (7) and (8) where
chlorite is produced. During this second stage, epidote
reacts with albite, quartz and minor biotite to produce
an additional gain of 1.5 vol% of white mica. The
reaction along the l-l path requires a loss of 66% of
the initial CaO content and also minor loss of MgO
with respect to the end of the first stage of equilibration
(133% v. 144% total gain respectively). To keep the
system water-saturated, an extra gain of 1.5 wt% of
water is required at the end of stage 2.

The last stage of equilibration corresponds to the
formation of chlorite. When the chemical potential
path intersects the univariant reaction (7), the
remaining epidote (3 vol%) reacts with biotite and
minor albite to produce 3 vol% of chlorite with an
extra gain of 4 vol% of white mica. The rock is at that
stage composed of albite (44%), quartz (23%) white
mica (17%), biotite (12%) and chlorite (3%). When all
the epidote is consumed, the system becomes CaO-free
and the rock is slightly enriched in MgO with respect
to the end of stage 2 (+139% of the initial content).
The chemical potential of the CaO and Na2O will

Table 6. Chemical potential values calculated for each component.

P–T conditions

Chemical potential (kJ mol)1)

3 kbar, 650�C 6.5 kbar, 450�C

Protolith Protolith Orthogneiss Mylonite Ultramylonite Chlorite–ultramylonite

SiO2 )899.089 )870.749 )870.749 )870.775 )870.749 )870.752

Al2O3 )1692.910 )1630.090 )1630.070 )1630.200 )1629.820 )1623.280

FeO )315.226 )295.316 )295.098 )295.962 )297.997 )296.111

MgO )645.658 )633.068 )633.502 )632.062 )629.700 )627.891

CaO )728.260 )718.371 )718.380 )718.330 )718.572 )762.314

Na2O )756.421 )722.709 )722.721 )722.669 )722.976 )729.529

K2O )834.823 )791.952 )791.964 )791.923 )792.857 )810.662
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be buffered by the univariant assemblage (7) and (8)
until epidote and albite respectively are completely
exhausted. In this case, epidote is the limiting reactant

and the rock path leaves the reaction and moves across
the divariant field biotite + muscovite + chlorite +
albite + quartz to a lower chemical potential of CaO

Fig. 10. Quantitative lCaO-lMgO section calculated at 450�C and 6.5 kbar for the unaltered granodiorite �partial� composition at
water-saturated conditions contoured for (a) CaO content of the system, (b) MgO content of the system. Numbers on the isopleth are
expressed in wt% while those located on the side of the isopleths correspond to the relative mass change expressed in wt% with respect
to the initial content of CaO (3.39 wt%) and MgO (1.13 wt%). The equilibration chemical potential path is represented as an arrow. (c)
Section contoured for Si-content p.f.u in white mica. (d) Contours of XMg in biotite.
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(Fig. 10a,b). The last part of the equilibration path,
evolution at constant lMgO to lower values of lCaO,
does not induce changes in mineralogy and chemistry
(Fig. 10a,b).

The computed phase equilibria shows that the most
significant changes in terms of chemistry and miner-
alogy occur during the first stage of equilibration
corresponding to the formation of the ultramylonite
via the breakdown of K-feldspar and epidote into
white mica. The following stages that induce the
crystallization of white mica and chlorite have a minor
impact on the petrography of the rock. Although the
CaO and MgO mass transfer and modal evolution
estimated with the lMgO-lCaO section are consistent
with the observations, it should be remembered that
the phase equilibria computations were done for fixed
Na2O content. We have performed the same type of
computation with lMgO-lNa2O sections, keeping
CaO constant. In this calculation, the loss of Na2O due
to the breakdown of albite via reactions (6) and (8) is
associated mainly with crystallization of phengite and
gain in MgO (Fig. 9). Therefore, the amounts of white
mica and MgO estimated from the lMgO-lCaO sec-
tion are considered to be minimum estimates.

In multicomponent systems, the chemical potential
of a component is not a direct measure of its concen-
tration. Hence, the slope and distribution of CaO
content isopleths varies significantly across the l-l
diagram (Fig. 10a). While a decrease in lCaO in the
divariant field biotite–K–feldspar–epidote–albite–
quartz has no effect on the CaO concentration, a
comparable decrease in the divariant field biotite–
muscovite–epidote–albite–quartz may cause either a
decrease or increase in CaO depending on the variation
in lMgO (Fig. 10a).

Implications for mineral composition

The chemical potential path also has a strong influence
on mineral composition (Connolly, 1990). The lMgO–
lCaO section has been contoured for the Si content of
white mica per formula unit (p.f.u.) (Fig. 10c). The
phase diagram section shows that along the first part of
the inferred equilibration path, white mica produced
by the breakdown of K-feldspar + epidote + albite
via reaction (5) and (6) has a composition of 3.29 Si
p.f.u in good agreement with the compositions mea-
sured in the orthogneiss, mylonite and ultramylonite
(3.25–3.30 Si p.f.u., Fig. 5) by Marquer (1987) and
Challandes et al. (2008). The Tschermak substitution
in white mica is strongly dependent on lCaO in the
divariant stability field of the assemblage biotite–
muscovite–epidote–albite–quartz while in Ca-free
assemblages, the Si content in white mica is dependent
only upon lMgO (Fig. 10c). Therefore, during the
second stage of equilibration, when the rock evolves
within the divariant field biotite–muscovite–epidote–
albite–quartz towards the chlorite-bearing stability
field, white mica is characterized by a continuous

decrease in Si content from 3.29 to 3.14 p.f.u. at which
point white mica is in equilibrium with the chlorite-
bearing assemblage. This evolution of white mica
composition is consistent with the composition of
white mica measured in the chlorite-bearing ultramyl-
onite, which ranges from 3.26 to 3.15 p.f.u. (Fig. 5). In
the computed phase diagram, the XMg of biotite in-
creases from 0.35 to 0.56 during K-feldspar break-
down, and then remains constant during epidote
breakdown and chlorite crystallization, consistent with
the observed biotite compositions (Fig. 10d).

DISCUSSION

Model of shear zone widening

Two different models of shear zone formation in
granites are commonly invoked: dynamic localization
and inherited-localization model (e.g. Mancktelow &
Pennacchioni, 2005 for a review). In the former model
(dynamic localization), the deformation induces local
weakening and strain localization. The change in
strength of the rock is due to mechanical and chemical
processes such as grain size reduction, development of
shape and crystallographic preferred orientation and
metamorphic reactions. Gapais (1989) argued that the
most favourable situation for strain localization and
shear bands development in (meta-)granites is defor-
mation during retrograde metamorphism. During
cooling, the switch in deformation mechanism of
feldspar from ductile to brittle deformation induces a
local increase in strength of the rock and results in the
development of shear bands to accommodate strain.
Formation of classical shear bands in S–C–C¢ struc-
tures can be attributed to this dynamic localization
model (Berthé et al., 1979). In contrast, the inherited-
localization model implies a localization–propagation
succession. It requires a brittle precursor along which
the shear zone nucleates. According to Mancktelow &
Pennacchioni (2005), mineral and chemical transfor-
mations produced during fluid infiltration induce a
transition from brittle to ductile deformation and the
formation of discrete shear zones that could eventually
widen. A peculiarity of these shear zones is that they
form an anastomosed network around weakly de-
formed or undeformed domains. Gapais (1989) sug-
gested that discrete shear zones are likely to be formed
in pretectonic granites during prograde and ⁄ or peak
metamorphic conditions of deformation.

Preservation of large lenses of undeformed to weakly
deformed granodiorite and the isobaric-isothermal
conditions of the deformation support the inherited-
model of shear zone formation in granitoids. The
fundamental question addressed here is what drives the
shear zone widening? There is no evidence of reaction-
or strain-hardening that could increase the strength in
the centre of the shear zone and induce the expansion
of the shear zone into the surrounding weaker gneiss.
In contrast, fluid-rock interactions and associated
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syn-kinematic reactions produce a large amount of
well oriented phyllosilicates that form a weak inter-
connected network. Therefore, from a mechanical
perspective, all strain should be accommodated by the
weak high strain zone and the active deformation
volume should remain constant or even decrease
(Knipe & Wintsch, 1985).

An alternative model for shear zone widening would
be to reduce the strength of the adjacent host-rock with
increasing strain. This weakening is induced by the
progressive equilibration of the metastable load-bear-
ing assemblage of the host-rock at the P–T–X–fluid
conditions of the deformation. In our conceptual
model, the nucleation stage introduces a thermody-
namic disequilibrium between the rocks in the pre-
cursor and the metastable magmatic assemblage of the
host-rock. Chemical potential gradients cause diffuse
alteration and weakening of the host rocks close to the
shear zone. In this model, chemical processes, that are
almost entirely driven by the metastability of the
magmatic assemblage, may override mechanical pro-
cesses in the formation of the shear zones. Preservation
of magmatic assemblages at the P–T conditions of
deformation is a very common scenario suggesting that
the critical role of chemical processes in the evolution
of shear zones is probably not restricted to the shear
zone studied here. The chemical potential gradients
produced between the metastable host-rock and the
nucleated shear zone can also be referred as the
isobaric isothermal reaction affinity that is defined by
the difference in chemical potential of a component
between the stable and metastable assemblage (e.g.
Pattison et al., 2011 and references therein).

Modelling metasomatism in granitic systems

Qualitative chemical potential (activity) diagrams have
been used to understand fluid-rock equilibria in gra-
nitic systems under low grade metamorphic conditions
(Wintsch, 1975; McCaig, 1984; Wintsch et al., 1995).
Although many studies have reported mass transfer of
CaO, MgO with Na2O and K2O, phase diagrams were
mostly constructed in Ca-free system with activity of
K, Na and in a lesser extent Mg, as the main variables.
Particular attention has been paid to ionic reactions of
K-feldspar or albite breakdown into muscovite (e.g.
Simpson & Wintsch, 1989; Wintsch et al., 1995; Wib-
berley, 1999) like

3K� feldsparþ 2Hþ ¼ 1muscoviteþ 6SiO2 þ 2Kþ

3Albiteþ 2Hþ þKþ ¼ 1muscoviteþ 6SiO2 þ 3Naþ

The role of Ca-bearing phases, like plagioclase or
epidote produced at the expense of magmatic pla-
gioclase under greenschist to amphibolite facies con-
ditions, has been underestimated (see Wintsch et al.,
2005 for an example in a calcium-bearing system). In
this contribution, we show that the production of

white mica and chlorite is induced by the breakdown
of K-feldspar + albite + epidote (reactions 5, 6 &
7).

kfþ czþbioþH2OþMgO¼muþqþabþCaO ð5Þ

kfþabþbioþH2OþMgO¼muþqþczþNa2O ð6Þ

czþbioþabþH2OþMgO¼ chlþmuþqþCaO ð7Þ

This sequence of reactions is induced by the process
of equilibration towards the composition of the chlo-
rite-bearing ultramylonite. Quantitative chemical
potential diagrams show that in a modelled granitic
system with only MgO and CaO defined as mobile
components, reactions (5) and (7) induce a relative loss
of 100% of CaO coupled with an input of up to 139%
of MgO. We suggest that the amount of mass transfer
is controlled by the initial bulk composition to be
equilibrated and the sequence of reactions and
assemblages produced during the process of equili-
bration of the host-rock with the chlorite-bearing ult-
ramylonite.
The good agreement between observed assemblages

(mode and composition) with predicted assemblages
by mineral equilibria modelling suggests that the
equilibrium volume is at least larger than the volume of
the sample used to measure the bulk rock composition
(White et al., 2008), that is, centimetre to decimetre
cube. Although at the scale of the whole shear zone
(metre-scale), disequilibrium probably still exists, we
suggest that mineral thermodynamic equilibrium
modelling is applicable to shear zone if local equilib-
rium is assumed. This result is not surprising because
the fluid saturated conditions and deformation favours
the transport of component and helps overpassing
kinetic barriers to reach equilibrium.

Influence of mass transfer on syn-kinematic phase relations
(phengite) and thermobarometric implications

Estimating P–T–t conditions of deformation, using
shear zones is a major issue because phase relations are
very sensitive to variations of fluid and bulk rock
compositions during deformation. This effect has been
highlighted looking at white mica because (i) it pro-
vides barometric informations, (ii) its fabric is used to
decipher the deformation history and (iii) it can be in-
situ dated with high spatial resolution by Ar-Ar laser
extraction techniques (e.g. Challandes et al., 2003; Di
Vincenzo et al., 2006).
Based on natural and experimental observations

that the Si content per formula unit of phengite is
dependent upon P–T, a geobarometer has been
calibrated by Massone & Schreyer (1987). Although
the application of this barometer has some important
limitations, it has been extensively used over the past
three decades. Therefore many P–T estimates, and
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consequent geodynamic interpretations rely on this
geobarometer. Application of the �Si in phengite�

barometer requires the coexistence of phengite with
K-feldspar, phlogopite, quartz and H2O in excess
(Massone & Schreyer, 1987). If phengite is not in
equilibrium with the limiting assemblage cited above
(in most cases K-feldspar is missing) the barometer
provides only a minimum pressure estimate (Massone
& Schreyer, 1987). Although the slope and interval of
the isopleths of Si p.f.u. in phengite contoured on the
P–T sections of Fig. 5 are slightly different from those
presented in fig. 5 of Massone & Schreyer (1987), their
observation that Si content in phengite is dependent on
the buffering assemblage is confirmed. More particu-
larly, Fig. 5 shows that in the K-feldspar absent fields,
the isopleths are shifted to significantly higher pres-
sure. Such dependency of phengite composition and
barometry upon mineral assemblages and the role of
other components like CaO and Na2O have also been
pointed out by Wei et al. (2004) and Wei & Powell
(2006).

Another assumption in the use of the phengite
barometer is that water must be in excess. Massone &
Schreyer (1987) have evaluated the effect of decreasing
water activity and concluded that the effects on
phengite composition are almost negligible although

they have calculated a shift in pressure of �3 kbar led
by a decrease in water activity from 1.0 to 0.6. A
P-M(H2O) section calculated for the Grimsel ultra-
mylonite composition, and contoured for the Si con-
tent of phengite, shows that a decrease in water content
(below the water saturated conditions) at 6.5 kbar,
would induce a rapid decrease in Si content of white
mica from 3.28 to 3.05 (Fig. 11). This could be mis-
interpreted as decompression if the barometer of
Massone & Schreyer (1987) is applied assuming that
the system is fully saturated in water.

Similarly, mass transfer has a strong influence on
phengite composition (Arancibia & Morata, 2005).
The lMgO–lCaO section contoured for the Si con-
tent of white mica (Fig. 10c) shows that the process
of equilibration of the host rock during the shear
zone widening induces a decrease of Si-content of
phengite from 3.29, when in equilibrium with K-
feldspar + epidote + albite, to 3.14 p.f.u when white
mica is in equilibrium with the chlorite-bearing
assemblage at the same P–T conditions (Fig. 10c). In
this case, the observation of low phengite-content
mica in equilibrium with chlorite in the ultramylonite
formed during syn-deformation metasomatism at
peak metamorphic conditions might easily be misin-
terpreted as evidence for a low pressure retrograde

Fig. 11. P–MH2O diagrams calculated at
450�C for the ultramylonite composition.
The amount of water MH2O varies from
2.12 to 9.76 mol%. Water saturation curve is
shown as a red line and plagioclase-in and
kyanite-in boundaries as dashed line. The Si-
content per formula unit in phengite is con-
toured.
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deformation event corresponding to a decrease in
pressure of �4 kbar.

The preservation of a large and continuous range of
phyllosilicate compositions is a common feature in
rocks metamorphosed under 550�C (e.g. Trotet et al.,
2001; Vidal et al., 2001, 2006 and references therein;
De Andrade et al., 2006). Vidal et al. (2006) suggested
that if P–T conditions and oxidation state evolve
during a deformation event, it is more favourable to
maintain equilibrium by crystallizing new grains with a
new composition rather than re-equilibrating the
existing metastable grains by lattice diffusion. How-
ever, Vidal et al. (2006) also pointed out that the het-
erogeneity in phase chemistry might be due to local
mass transfer along shear bands or schistosity planes,
which act as preferential fluid pathways. We suggest
that the role of micro- to macro-scale syn-deformation
mass transfer and fluid conditions on white mica
composition have been underestimated in the past and
that some P–T–t evolutions might be revisited. For
example, Duchêne et al. (2006) interpreted variations
of phengite composition in shear zones in terms of
decompression based on the application of the Mass-
one & Schreyer (1987) barometer. This white mica has
been dated to infer a rate of exhumation of
10 mm yr)1 (see fig. 9 in Duchêne et al., 2006). Such
P–T–t evolution and rate might be reconsidered if local
mass transfer occurred during the syn-crystallization of
the white mica.

To conclude the unique observation of variations of
Si content in phengite across a strain gradient of a
shear zone cannot simply be interpreted in terms of
changes in P–T conditions during the deformation. It
rather could reflect spatial variation of fluid conditions
and amount of mass transfer.
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