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Abstract

Extensional deformation assisted by mineralized fluids within the brittle-ductile transition is inferred using structural, microstructural and
textural investigations applied to the Sarlande shear zone of the southwestern Massif Central, France. The shear zone is a low-angle normal
fault that bounds the Meuzac antiform to the south. These structures were formed during the NW-SE-trending synorogenic extension of Middle
Carboniferous age. Pre-existing lithologies involved in the shear zone led to partitioning of behaviour and hydrothermal alteration in response to
crustal extension and channelling of mineralising fluids. Intense fluid-rock interactions produce softening and weakening reactions induced by
alteration of K-feldspar, remobilisation of graphite and rutile, and growth of white micas, chlorite and polymetallic sulphides. Extensional shear
deformation and mineralization progressively and concomitantly developed within the brittle-ductile transitional crust (w9e13 km depth). The
derived crustal-scale model emphasises the importance of collision which led to the production of large quantities of granite-derived fluids, and
the creation of a crustal permeability that drove these fluids near to the brittle-ductile transition. Late orogenic extension associated with fluid-
rock interactions led to growth of mineralizing low-angle shear zones and footwall domes. The role of mineralising fluids (fluid pressure) appears
to be essential in promoting deformation within the brittle-ductile transition of the extending crust.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The transition zone between upper brittle (elastic-frictional)
and lower ductile (viscous plastic) crusts is likely to be partic-
ularly important in determining the deformation behaviour
that considerably influences the evolution of the lithosphere
(e.g., Sibson, 1977; Scholz, 1988; Imber et al., 2001; Holds-
worth, 2004). In extending crust, this zone is suspected to be
relatively thin and to occur between w10 and w15 km (e.g.,
Sibson, 1977, 1982; Scholz, 1988; Rietbrock et al., 1996;
Holdsworth, 2004) but these depths fluctuate, depending on
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geotherms, crustal thickness, and the mineralogical composi-
tion of the crust (e.g., Sibson, 1982; Chester, 1995; Ziegler
et al., 1995; Stewart et al., 2000; Gueydan et al., 2003).

Due to contrasting behaviour between upper and lower
crusts, their boundary is regarded as a zone where tectonic
stresses are transferred (e.g., Chen and Molnar, 1983) and ex-
tensional strain concentrated (e.g., Passchier, 1984; Gaudemer
and Tapponnier, 1987; Hartz et al., 1994; Roberts, 1998), fa-
vouring the growth of detachment faults (e.g., White and
White, 1983; Lucchitta, 1990; Hernández Enrile, 1991; Jolivet
et al., 1998; Gueydan et al., 2003; Iık et al., 2003) leading to
the development of metamorphic core complexes (e.g., Davis
and Coney, 1979; Coney, 1980; Davis, 1983; Coney and
Harms, 1984; Lister and Davis, 1989; Gautier and Brun,
1994) in the core of which deep-seated rocks are exhumed
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(e.g., Kurz and Neubauer, 1996; Johnston et al., 2000; Yan
et al., 2003; Tricart et al., 2004; Rossetti et al., 2005). Brit-
tle-ductile shear zones outcropping in the field are, therefore,
key structures for study as they can lead to a better understand-
ing of the mechanical behaviour of extending continental
lithosphere.

Mechanisms proposed to explain the localisation of defor-
mation within the brittle-ductile zone involve increases in
strain-rate (Chester, 1995; Ziegler et al., 1995; Gueydan
et al., 2003) and/or reactivation of pre-existing lithological
boundaries (Wells, 2001). However, fluid-assisted mechanisms
largely influence the strength of the lower part of the brittle
crust (e.g., Chester, 1995; Evans and Chester, 1995; Ziegler
et al., 1995; Gratier et al., 2003; Hayman et al., 2003), of
the ductile crust (Rumble and Spear, 1983; Cox, 1995;
Wintsch et al., 1995; Gueydan et al., 2003), and of the brit-
tle-ductile transition (Lost and Bradbury, 1984; Imber et al.,
2001; Colletini and Holdsworth, 2004), by producing soften-
ing and weakening reactions. Although deformation processes
within shear zone can increase porosity and permeability
(Rumble and Spear, 1983; Wintsch et al., 1995; Collettini
and Holdsworth, 2004), fluid circulation tends to lead to retro-
grade reaction, reducing strength. Because the lower crust is
mainly composed of K-feldspar (e.g. Drake and Righter,
2002), the retrograde reaction involving the breakdown of
K-feldspar into white mica is likely to considerably reduce
grain size (Stewart et al., 2000) within the brittle-ductile
zone. Fluids involved in the retrograde reaction are commonly
considered to be metamorphic (Rumble and Spear, 1983) and/
or meteoric (Fayon et al., 2004) in origin. However, the dis-
covery of mineralised fluids in extensional structures formed
at middle crustal levels (e.g., Craw et al., 1999; Smith et al.,
1991; Haeberlin et al., 2004; Kolb et al., 2004) suggests that
they may play a role in extensional deformation occurring
near to the brittle-ductile transition. This suggests that exten-
sional brittle-ductile shear zones may represent potential sites
for economic ore deposits.

The aim of this paper is to present a structural, microstruc-
tural and textural analysis of a brittle-ductile, mineralized
shear zone (Massif Central, France), and use this as the basis
for a model emphasising the essential role of hydrothermal
fluids in assisting extensional deformation within the brittle-
ductile transitional crust.

2. Geological setting

The South Limousin area belongs to the Variscan belt of
western Europe (Fig. 1), which resulted from Palaeozoic con-
vergence and collision between the two major continents Lau-
rentia-Baltica and Gondwana between which were located
numerous micro-continents including Avalonia and Armorica
(e.g., Ziegler, 1989; Franke, 2000; Matte, 2001). Continent-
continent collision took place from the Early Devonian to
Early Carboniferous (385e355 Ma) and was marked by poly-
phase thrust tectonics (D1e2) and Barrovian-type metamor-
phism (0.7e1.0 GPa/550e650 �C) reflecting crustal
thickening by nappe stacking (Guillot, 1981; Floc’h, 1983;
Bouchez and Jover, 1986; Girardeau et al., 1986; Burg et al.,
1987; Ledru et al., 1994; Roig and Faure, 2000; Bellot,
2004). This event resulted in development of an S1e2 regional
foliation and L2 lineation. Thrust tectonics evolved to wrench
tectonics during which time quartz diorites and granodiorites
(365e345 Ma) were intruded into the basement along the
left-lateral Estivaux shear zone and in the hinge of the Tulle
antiform (Floc’h, 1983; Roig et al., 1996, 1998).

From the Middle to Upper Carboniferous, late orogenic ex-
tension (D3 and D4) thinned the stack of nappes (Burg et al.,
1994; Faure, 1995; Roig et al., 2002). During the Middle Car-
boniferous, NW-SE-trending synorogenic extension (D3) led
to the development of an S3 foliation and L3 lineation due to
Argentat normal faulting (335e337 Ma, white mica
40Are39Ar dating; Roig et al., 2002), to emplacement of the
Millevaches granite in the footwall (332e336 Ma, whole-
rock RbeSr dating; Monier, 1980), and to growth of the Meu-
zac antiform in the hanging wall. Within the Meuzac antiform,
white mica 40Are39Ar dates of 333e337 Ma for the pegma-
tites, 333e340 Ma for the granites, and 334e339 Ma for
hydrothermally altered gneisses (Alexandrov, 2000) suggest
that Meuzac folding, granite/pegmatite emplacement, and
a pervasive hydrothermal alteration were coeval with synoro-
genic extension (Bellot, 2001). Granite occurs as numerous,
very thin (<1 km) sills elongated parallel to the L3 lineation
(Floc’h, 1983; Roig et al., 1998; Bellot, 2001). Because of
their orientation, L2 and L3 lineations are homoaxial and
form at the regional scale a composite L2e3 lineation
(Fig. 2C). Synorogenic extension is followed by the Upper
Carboniferous (315e295 Ma), NE-SW-trending postorogenic
extension (D4) that led to brittle strike-slip faulting (Bellot
et al., 2003) and deposition of coal-interbedded conglomerates
(Bellot et al., 2005).

3. Ductile-brittle deformation along
the Sarlande shear zone

3.1. Regional fabric and crustal permeability

The tectonic fabric on the both sides of the Sarlande shear
zone is identical and inherited from collision. The crustal fab-
ric is dominantly L > S. The flat-lying planar fabric S1e2

(Fig. 2A) is defined by alternating bands of pelitic (two
mica-garnet-kyanite-staurolite) and quartz-feldspar composi-
tions from centimeter to crustal scales. The NW-SE-trending
linear fabric L2e3 (Fig. 2B) is defined by aligned biotite, mus-
covite, and sillimanite, in addition to stretched eclogite and
serpentinite lenses. If we consider that permeability is en-
hanced parallel to foliation and lineation, the crustal perme-
ability of the studied area favours higher fluid flow into
a flat-lying plane and along NW-SE-trending lines.

3.2. Geometry of the Sarlande shear zone

The Sarlande shear zone is marked by 1 km-thick and
55 km-long S3-L3 mylonitic zone in which the strike and dip
of the rock fabrics change eastwards. To the west, the S3
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Fig. 1. A. Simplified geological map of the South Limousin area (western Massif Central, France) showing the location of brittle-ductile shear zones and their

related syntectonic ore deposits. Sarlande shear zone associated with non-economic Fe-Cu-Pb deposits. Le Bourneix shear zone associated with economic Au

deposits. (after Floc’h, 1983 and Bouchot, 1989). Exploited gold deposits (after Bouchot, 1989): Bx ¼ Bourneix; Lc ¼ Leycuras. B. Location of the study area

in the context of the Variscan belt of western Europe (after Matte, 2001). Variscan areas: A ¼ Ardennes, C ¼ Corsica, G ¼ Galicia, M ¼Maures massif,

MC ¼Massif Central, R ¼ Rhenish massif, S ¼ Sardinia, SB ¼ South-Brittany, V ¼ Vosges massif, VA ¼Variscan Alps. C. Geological cross section showing

the close relationships between the Sarlande shear zone and the Meuzac antiform. See Fig. 1A for location.
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Fig. 2. Structure of basement on both sides of the Sarlande shear zone. A. Map of structural data. See Fig. 1A for location. B. Map of foliation trajectories and fold

axial traces. C. Map of lineation trajectories and fold axial traces. Note that L2 and L3 lineations are homoaxial and represented as a single, composite L2e3

lineation. D. Geological cross section through the Sarlande shear zone. See Fig. 2A for location. E. Equal-area, lower hemisphere, stereographic projections of

structural data, with contours representing 1%, 2%, 4%, 8%, and 16% of the total number of measurements per 1% area.
foliation strikes NE-SW and dips gently to the SE. To the east,
the S3 foliation strikes WNW-ESE and dips steeply to the
south. In this zone, the S3 foliation is axial planar of post-
metamorphic F3 open folds which are upright to northeastward
verging, and asymmetric. F3 folds axes trend NW-SE on aver-
age and are either horizontal or plunge gently southeastward
(Fig. 2E). The largest F3 fold is the regional-scale Meuzac
antiform (Fig. 1). From west to east, the stretching lineation
L3 trends consistently NW-SE (Fig. 2C). These structures
are locally reworked by brittle, sinistral strike-slip faults con-
comitantly developed with F4 folds (Figs. 2C,D). Although
mylonitic rocks and mineralisation textures occur all along
the Sarlande shear zone, syntectonic ore deposits and veins
are restricted to the western, low-angle, shear zone. Detailed
investigations were focussed on the western shear zone where
sulphide deposits were discovered.

3.3. Kinematics along the Sarlande shear zone

In the XZ finite strain plane, asymmetric folding of the S1e2

foliation on both sides of the Sarlande shear zone suggests
a normal movement along the shear zone (Fig. 2D). All along
a 1 km-thick level of the lower part of the shear zone, frequent
coarse-grained muscovite fish associated with centimetre-scale
muscovite shear bands and dynamically recrystallised
fine-grained quartz, indicate non-coaxial strain associated
with top-to-the SE shearing, corresponding to a normal/sinis-
tral-normal movement along western/eastern parts of the
Sarlande shear zone, respectively (Fig. 3). The development
of coexisting muscovite fish, with or without undulatory ex-
tinction, provide evidence for progressive deformation and
muscovite growth during normal shearing.

3.4. Synkinematic minor structures

The shear zone corresponds to a zone of dramatic increase
in the intensity of deformation and hydrothermal alteration
concentrated along rheological boundaries (orthogneiss/para-
gneiss) (Fig. 4A). The shear zone includes 10 to 20 cm thick
of mylonitic rock displaying grain-size reduction and strong
recrystallization, associated with a black to dark gray-coloured
alteration. In these so-called ‘‘black mylonites’’, the S3 folia-
tion strikes NE-SW, dips either to the SE or NW, and is asso-
ciated with slickenlines that trend NW-SE, although
decimetre-scale shear planes strike NE-SW and dip steeply
southeastward (Fig. 4B). Due to the high proportion of phyllo-
silicate-bearing fault rocks, the development of cataclasite is
restricted to brittlely deformed orthogneiss involved in the
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NW SE
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Fig. 3. Photomicrograph of typical ductile mylonite observed along the Sarlande shear zone. See Figs. 2D and 4C for location. Muscovite fish and shear bands

indicate non-coaxial strain associated with a top-to-the SE shearing, corresponding to a normal movement along the Sarlande shear zone.
shear zone, as described by Bouchot (1989) in the Bourneix
shear zone. Pre-existing contrasts in lithology involved in
the shear zone appear to have led to partitioning of behaviour
in response to shear deformation (Stewart et al., 2000).

3.5. Competing brittle and viscous
deformation processes

3.5.1. Upper part of the shear zone
In the quartz-feldspar-bearing rocks (i.e. orthogneiss) in the

upper part of the shear zone, the S1e2 foliation is crosscut by
high-angle to vertical dipping, dm-long and cm-thick sul-
phide-bearing veins that grew upwards from the shear zone
core (Fig. 4C). These veins formed en echelon arrays that
amalgamate into the shear zone. The parallelism between
the maximum stretching axis (X) deduced from L3 lineations
of the host-rock, and the minimum stress axis (s3), interpreted
to be an instantaneous stretching axis, needed to open exten-
sional veins (Fig. 4D), suggests their development in a NW-
SE-trending extensional field. The lower ductile part and the
middle brittle-ductile part of the shear zone are both devoid
of late brittle deformation. These relationships suggest that
their development has most likely been coeval with brittle
structures of the upper part of the shear zone. These veins
are therefore interpreted to be extensional veins developed
contemporaneously with disseminated sulphides and shear de-
formation recognised elsewhere in the Sarlande shear zone.
These structures typify brittle strain during shearing.

3.5.2. Centre of the shear zone
In black mylonites in the centre of the shear zone, the geo-

metrical relationships between shear bands and the S3 folia-
tion, the asymmetric shape of the mylonitic S3 foliation on
both sides of shear bands, and the en echelon pattern of shear
planes along the shear zone, all suggest non-coaxial strain as-
sociated with a southeastward sense of shear, indicating a nor-
mal movement along the shear zone (Fig. 4C). These features
typify ductile flow during shear deformation. At the micro-
scopic scale, the en echelon pattern of moderately SE-dipping
shear zones with respect to the gently SE-dipping shear zone
as a whole confirms its southeastward sense of shear (Figs.
5A,B).

Microscopic-scale shear zones are formed by en echelon
short shear planes that preserve a normal movement along
individual shear zones. Short shear planes display a variety
of low angles with respect to the shear zone and may therefore
be interpreted as secondary shears in a Riedel shear model
(e.g., Cloos, 1955; Byerlee et al., 1978; Logan et al., 1992).
In the Sarlande shear zone, a lack of X and R2 shears suggests
a dominantly non-coaxial strain, although frequent P shears
(80%), rare Y shears (15%) and very rare R1 shears
(5%), formed at various levels inside the shear zone suggest
moderate amounts of shear strain (Logan et al., 1992). The
local development of R1 and P shears, or P and Y shears in a
single microscopic shear zone, argues for progressive shear
deformation.

The relay zones between offset short shear planes corre-
spond to pull-apart systems filled by microcrystalline quartz,
and interpreted to be dilatational jogs formed at low tempera-
tures (Fig. 5C). Dilatational jogs develop frequently in relays
between two P shears or two Y shears, rarely between P and
Y shears, never between two R1 shears or R1 and P shears.
These relationships indicate that the development of dilata-
tional jogs: (1) began at moderate shear strain; (2) is favoured
by homogeneous strain in microscopic shear zones; and (3) is
associated with progressive deformation. These features, that
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Fig. 4. Field and structural data showing the close relationships between mineralization and brittle-ductile deformation along the Sarlande shear zone. See Figs. 2A

and 3C for location. A. Photograph of the shear zone cropping out in the Sarlande area (section normal to the shear zone and parallel to the lineation). B. Equal-area,

lower hemisphere, stereographic projections of structural data of the middle part of the shear zone. C. Detailed cross-section of the mineralised shear zone. See Fig. 4A

for location. Abbreviations: Rt ¼ rutile, Gph ¼ Graphite. Signification of numbers: 1 ¼ fresh orthogneiss, 2 ¼ altered orthogneiss, 3 ¼ black mylonite (impregnated

paragneiss), 4 ¼ sulphide-bearing quartz lens, 5 ¼ altered paragneiss, 6 ¼ fresh paragneiss. D. Equal-area, lower hemisphere, stereographic projections of structural

data of the upper part of the shear zone. E. Equal-area, lower hemisphere, stereographic projections of structural data of the lower part of the shear zone.
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involve shear rupture, opening, and quartz growth at low
temperature, typify brittle strain during shear deformation
(e.g. Wibberley et al., 2000).

3.5.3. Lower part of the shear zone
In the quartz-mica-bearing rocks (i.e. paragneiss) in the

lower part of the shear zone, sulphide-bearing veins dip paral-
lel to the low-dipping foliation in mylonites (Fig. 4E). These
fault-parallel veins typify brittle-ductile strain during shear de-
formation and mineralization. They are evidence for a domi-
nant fault-parallel displacement and dilatation along the
foliation plane that likely results from high fluid pressures.
In the lowermost part of the shear zone, muscovite-bearing
mylonites are devoid of sulphides (Fig. 3) and indicate ductile
flow during shear deformation in the lowermost part of the
shear zone.

4. Fluid-rock interaction during the fault activity

The following sections describe how pre-existing contrast-
ing lithologies involved in the shear zone led to partitioning of
hydrothermal alteration.

4.1. Upper part of the shear zone: sulphide alteration
and extensional veins

In quartz-feldspar-bearing rocks of the upper part of the
shear zone, extensional veins are filled by arsenopyrite and py-
rite, but cut across disseminated sulphides occurring along
foliation-parallel lithological boundaries (Fig. 6A). Both sul-
phide contents and mineralization textures depend of the pro-
tolith of the altered rock, with high contents of disseminated
sulphides in quartz-bearing gneiss, and low contents of aggre-
gated sulphides in mica-bearing gneiss (Fig. 6B).

Within the veins, hydrothermal minerals increase in size
downwards and are preferentially oriented normal to the veins,
i.e. parallel to the NW-SE-trending extension axis. On the vein
margins, hydrothermal minerals display a homogeneous fine-
grain size, and are not preferentially oriented. These are typi-
cal syntaxial veins (Durney and Ramsay, 1973). Close to the
veins, paragneiss preserve their metamorphic texture, but a per-
vasive chlorite-sericite-quartz hydrothermal halo of alteration
is observed between sulphides and altered rocks due to the
breakdown of syn-D2 metamorphic minerals into post-D2,
fine-grained assemblage oblique to the previous foliation: gar-
net and biotite are replaced by chlorite (Fig. 6C), and K-feld-
spar, plagioclase, and muscovite by sericite (Fig. 6D). The
alteration and abundance of sulphides both increase towards
the vertical veins.

4.2. Centre of the shear zone: black
mylonite-type alteration

Restricted to the centre of the shear zone, the black mylon-
ites correspond to paragneisses strongly deformed and altered
by leaching. They are composed of abundant rutile, crystalline
graphite, and arsenopyrite, in addition to secondary pyrite,
chalcopyrite, and pyrrhotite. Hydrothermal minerals are unde-
formed, very fine-grained, and strongly oriented parallel to S3

foliation and C3 shear planes. These relationships indicate that
hydrothermal alteration and shear deformation were likely co-
eval. These features compare well with other mylonite-hosted
sulphides developed in phyllosilicate-bearing rocks deformed
close to the brittle-ductile transition in the continental crust
(e.g., Bouchot et al., 1989; Porter and Foster, 1991; Hagemann
et al., 1994; Cassidy et al., 1998; Allibone et al., 2002; Grocott
and Taylor, 2002; McKeagney et al., 2004).

4.3. Centre of the shear zone: quartz-sulphide alteration
and lack of deformation

Within the black mylonites, sulphide-bearing quartz lenses,
10 cm-long and 2 cm-thick, are weakly deformed, and corre-
spond to zones of highest hydrothermal alteration and sulphide
deposition. Observed minerals are massive pyrite (Fig. 7A),
massive sphalerite (Fig. 7B), rutile, and secondary arsenopy-
rite, chalcopyrite, and pyrrhotite. Sphalerite appears as aggre-
gates of fine-grained crystals elongated parallel to the S3

foliation and surrounded by very fine-grained quartz deformed
at low-temperature (Fig. 7B), indicating that sulphides and de-
formation were developed coevally. Quartz is homogeneously
microcrystalline and preferentially oriented normal to the S3

foliation. These relationships typify antitaxial veins. Hydro-
thermal alteration is indicated from muscovite growth at sul-
phide-quartz boundaries (Fig. 7C), and quartz and chlorite
growth between sulphides (Fig. 7D). Coexisting deformed
and undeformed hydrothermal minerals likely reflect their
growth during progressive deformation (Fig. 7D).

4.4. Geochemical analyses

Geochemical analyses for metallic elements have been per-
formed on 1 dm3 of the Sarlande and Leycuras black mylon-
ites in order to better characterise hydrothermal alteration.
The result emphasizes their similarity, with abundant As
(1055/1531 ppm), moderate Sb (116/237 ppm) and Zn (168/
188 ppm), little Cu (92/50 ppm), and slight W (15/28 ppm)
for Sarlande/Leycuras shear zones. Leycuras black mylonites
also include moderate gold (210 ppm) and Pb (192 ppm).
The As and Cu contents may reflect the presence of arsenopy-
rite and chalcopyrite. Sb, Zn, and Pb contents may reflect ei-
ther the occurrence of infra-microscopic matrix crystals of
antimony, sphalerite, and galena, or arsenopyrite enriched in
secondary elements. Alternatively, both Sb- and Au-Arsenopy-
rites have been recognised in the black mylonites of the Bour-
neix shear zone and may also occur here. Infra-microscopic
crystals of antimony, sphalerite, and galena are supposed to
exist. These results agree with previous analyses on black
mylonites of the Bourneix gold-bearing shear zone (Bouchot,
1989). They indicate that the black mylonites result from
intense wall-rock alteration by hydrothermal fluids and prefer-
entially incorporate As, while quartz lenses concentrated other
metallic elements, particularly Au, Cu, Pb, and Sb.
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Fig. 5. Microstructural data showing evidence of syntectonic fluid-rock interactions within the black mylonite of the center of the shear zone. See Fig. 4C for

location. A. Photomicrograph of the black mylonite. The section is cut perpendicular to the foliation (i.e. vertical), contains the lineation, and parallel to the

horizontal (transmitted, plane polarized light). B. Tectonics and kinematics interpretation of the Fig. 5A, showing the coeval development of en echelon short shear

planes (interpreted as R1, P, and Y shears of Riedel) along microscopic shear zones (C3), the mylonitic foliation (S3), growth of microcrystalline quartz (mQ)

between short shear planes, and deposition of disseminated sulphide. C. Photomicrograph of microcrystalline quartz filling a pull-apart system developed at

the relay of two shear planes (transmitted, cross-polarized light). See Fig. 5A for location. D. Equal-area, lower hemisphere, stereographic projections of

orientation of microscopic extensional and foliation-parallel sulphide-bearing veins, and microscopic C3 shear planes of the section of the Fig. 5A. Black arrows

indicate, on the left the direction of the minimum stress axis (s3), deduced from extensional veins, and on the right the direction of the maximum stretching axis

(X) deduced from shear planes. E. Frequency of angles between S3 and C3 planes measured on the section of the Fig. 5A. Angles are measured on appropriate

sections (normal to the foliation) in order to eliminate any apparent angle effects. The measurement error of �5� corresponds to the local slight variation in the

strike of foliation.
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Fig. 6. Photomicrographs of textures in altered gneiss showing syntectonic fluid-rock interactions in the upper part of the Sarlande shear zone (transmitted, plane

polarized light). A. Sulphides (Sf: pyrite and arsenopyrite) and chlorite growth in a vertical vein and along the foliation plane cut by veins. B. Contrasting sulphide

contents and textures in the shear zone, with high contents of disseminated sulphides in quartz-bearing gneiss, and low contents of aggregate sulphides in mica-

bearing gneiss. C. Post-D2 growth of horizontally-elongated chlorite (Chl) from garnet (Gt) and biotite (Bt) in a vertical vein, suggesting that hydrothermal alter-

ation is associated with a NW-SE-trending extension. D. Post-D2 muscovite (Ms) growth from K-feldspar (Kfs) due to their reaction with sulphides (Sf).
5. Discussion

5.1. Coeval extensional deformation and mineralization
along the Sarlande shear zone

The development of alteration halos parallel to the shear
zone suggest that hydrothermal fluids have channelled along
the shear zone. Various relationships between the sulphide-
bearing quartz lenses and shear planes provide evidence for
progressive emplacement of the mineralization during simple
shear. The growth of extension veins, fault-parallel veins,
and syntectonic assemblages, is indicative of fluid activity in
and around the active shear zone. The development of exten-
sion veins also indicates high pore fluid pressures. The pre-
sented structural, microstructural, and textural analyses
therefore point to the coeval development of extensional strain
and mineralization along the Sarlande shear zone, in response
to a NW-SE extensional strain field. In the Massif Central, this
strain field typifies the Variscan synorogenic extension of Mid-
dle Carboniferous age (Burg et al., 1994; Faure, 1995; Roig
et al., 2002).
5.2. Depth ranges of deformation and mineralization
along the Sarlande shear zone

The metamorphic conditions associated with top-to-the SE
shear deformation on metapelites located along the Sarlande
shear zone have been previously estimated at P ¼ 0.30e
0.40 GPa and T evolving from 550e650 �C to 300e520 �C
(Bellot, 2001). More specifically, chlorite geothermometry ap-
plied on altered gneiss in the shear zone yield temperatures
ranging from 300 to 430 �C (Vidal et al., 2001). These condi-
tions differ to those of collision-related metamorphism, esti-
mated at 0.50e0.60 GPa/550e650 �C for the region (Floc’h,
1983; Bellot, 2001), and correspond to a post-peak metamor-
phic event. These values are consistent with the P-T range in
which: (1) the arsenopyrite-pyrite-chalcopyrite-sphalerite as-
semblage is stable (Lusk and Calder, 2004 and references
therein); (2) quartz plastically deforms and dynamically re-
crystallises (>250e300 �C; White, 1976; Schmid and Haas,
1989; Hirth and Tullis, 1994); (3) K-feldspar brittlely deforms
under strain (<450e500 �C; Simpson, 1985; Janecke and
Evans, 1988; Tullis and Yund, 1992); and (4) the syntectonic
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Fig. 7. Photomicrographs of textures in mineralized and altered gneiss showing syntectonic fluid-rock interactions in the center of the Sarlande shear zone. Sections

cut normal to the foliation and parallel to the horizontal. A. Massive pyrite (Py) and late quartz (Qt) growth (reflected, plane polarized light). B. Sphalerite (Sph)

aggregates elongated parallel to the S3 foliation, and surrounded by microcrystalline quartz (mQ) deformed at moderate temperature (transmitted, cross-polarized

light). This texture indicates that sulphides and deformation developed coevally. C. Muscovite (Ms) growth at the sulphide-quartz boundary (transmitted,

cross-polarized light). D. Quartz (Qt) and chlorite (Chl) growth between sulphides (Sf). The deformation of both, indicated by undulose extinction, indicates their

emplacement before or during deformation (transmitted, cross-polarized light).
assemblage muscovite-chlorite-quartz is stable in the
KFMASH system (250e500 �C; Spear et al., 1999). Assuming
a high thermal gradient due to granite emplacement (30 �C/
km), a temperature range of 300e430 �C implies depths in
the order of 10e14 km.

A similar post-D2 hydrothermal alteration assemblage of
white mica-graphite-pyrite is devoid of shear deformation
and has been found extensively in the Meuzac antiform (Bellot,
2001) where altered gneisses and granites display carbonic hy-
drous fluids (H2O-CO2-CH4 � N2-H2S) which were trapped at
P-T conditions evolving from 0.25e0.45 GPa/420e550 �C
(Essarraj et al., 2001) to 0.20e0.25 GPa/400e450 �C (Val-
lance et al., 2004). These conditions are comparable to those
of the top-to-the SE shear deformation along the Sarlande
shear zone. Moreover, the Middle Carboniferous age of hydro-
thermal muscovites sampled in the Meuzac antiform (334e
339 Ma; Alexandrov, 2000) also typify the Variscan synoro-
genic extension on a regional scale (Burg et al., 1994; Faure,
1995; Roig et al., 2002). Trapping conditions and the chemical
compositions of the fluids suggest a mid-crustal origin (Essar-
raj et al., 2001).

All available data therefore point to a common crustal
depth range of 8e14 km (0.35 � 0.10 GPa) during shear de-
formation and ore deposition along the Sarlande shear zone.
For quartz-feldspar metamorphic rocks, such pressures corre-
spond to those of the brittle-ductile transition, estimated exper-
imentally at P w 0.30e0.50 GPa and T w 300e500 �C (Hirth
and Tullis, 1994; Tullis and Yund, 1992). Accordingly, strain
along the Sarlande shear zone was accommodated by shear
rupture and frictional sliding on the one hand, and by ductile
flow on the other hand, and typifies deformation at the brit-
tle-ductile transition, as predicted by field, theoretical and ex-
perimental studies of the brittle-ductile transitional zone
(Carter and Kirby, 1978; Passchier, 1984; Schmid and Handy,
1991; Passchier and Trouw, 1996). Mica-rich quartz mylonites
observed along the Sarlande shear zone (Fig. 3) are very sim-
ilar to those from the Great Glen Fault Zone (Scotland) which
have been interpreted to form by shear deformation and
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channelling fluids near to the brittle-ductile transition zone
(e.g. Fig. 9 in Stewart et al., 2000).

5.3. Relationships between Sarlande-type shear zones
and the Meuzac antiform

In the south Limousin area, other black mylonites are found
on the northern flank of the Meuzac antiform close to the Le
Bourneix and Leycuras gold deposits (Figs. 1A,C) formed
by economic gold-bearing quartz lenses located next to, or
at the boundary of black mylonites, although the black mylon-
ites themselves are devoid of gold (Bouchot et al., 1989). Ac-
cording to Bouchot et al. (1989), the northern and southern
black mylonites have similar lithologies, types of hydrother-
mal alteration, and low-angle brittle-ductile structures, and
therefore are likely to be the result of a single event. A major
difference is that the Le Bourneix and Leycuras mylonites dip
(gently) to the NW, and were considered to have originated
from a ‘‘NW-SE contraction’’ and lately ‘‘reworked by
a NW-SE extension’’ (Bouchot et al., 1989). An alternative
hypothesis is that these sulphide deposits formed during the
NW-SE-trending synorogenic extension. In this scheme, the
northern Bourneix/Leycuras shear zone may be viewed as
a secondary shear zone antithetic to the main southern Sar-
lande shear zone. Their synchronous development suggests
a component of bulk-coaxial strain associated with extensional
tectonics. The coeval development of mineralization and shear
deformation at a similar crustal depth on both sides of the
Meuzac antiform is best explained by a model of doming as-
sociated with exhumation of metamorphic rocks and emplace-
ment of aplitic and pegmatitic swarms in the hinge region of
the dome hinge during synorogenic extension of the Variscan
crust (Fig. 8). Extension and pluton emplacement likely in-
duced a high thermal gradient.

5.4. A crustal model for the Sarlande shear zone

Based on the present data, we propose a crustal model in
which extensional deformation is assisted by mineralised
fluids at the brittle-ductile transition (Figs. 9A,B).
Considerable amounts of monzogranite and granodiorite em-
placed during collision are thought to have accumulated near
to the roof of the Parautochthonous Unit (Bellot, 2001).
They led to the production of numerous, small sills of leucogran-
ites in Upper and Lower Gneiss Units (Fig. 9A). Because of their
size, leucogranite bodies cannot reach shallow crustal levels
and flatten significantly upon emplacement at mid-crustal
levels (8e15 km depth) (Burov et al., 2003). Due to their
emplacement into a relative cold basement, leucogranites dis-
charged their pegmatitic phases including aqueous, hydro-
thermal, and mineralizing fluids (Floc’h, 1983). Hot fluids
able to ascend within the ductile crust recharged the system
from below and induced a continuous fluid flow (Cox, 2002).
They were likely accumulated near to the mechanical bound-
ary between the brittle and ductile crust. Accumulation and
lateral migration of fluids likely formed a rather continuous
sub-horizontal zone of hydrothermal fluids. The crustal
rock fabric, inherited from collisional tectonics, strongly con-
trolled the three dimensional distribution of fluid flow: fluid
moved upward vertically parallel to the Z axis then migrated
horizontally parallel to the X axis (Fig. 9A). Zones of highest
fluid pressure were created at the base of the transitional
crust either where fluid accumulated, i.e. the zones where
vertical fluid flow stopped, and/or where two horizontal fluid
flows converged. It is suggested that the zones of highest
fluid pressure drove the nucleation of normal shear planes.

The development of the fluid accumulation zone is associ-
ated with the progressive, upward, intense hydrothermal alter-
ation of K-bearing rocks producing K-feldspar breakdown into
white mica. This phase change concentrated near the brittle-
ductile transition likely led to considerable reductions in the
strength of the rocks (Rumble and Spear, 1983; Wintsch
et al., 1995), favouring the localisation of deformation into
this region (Gueydan et al., 2003). However, deformation be-
gan only when fluid impregnation into the transitional zone
was sufficiently high to significantly reduce crustal strength.
In a tectonic setting of crustal-scale horizontal extension, these
mechanical features favour simple shear-dominated deforma-
tion and the growth of low-angle (10e25�) shear zones (Guey-
dan et al., 2003). The anisotropic behaviour of the crust also
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Fig. 8. Interpretative cross-section showing the coeval development of normal shearing along Sarlande and Bourneix faults, doming and granite emplacement

within the Meuzac antiform, and channelling of hydrothermal fluids, in response to the Variscan NW-SE-trending extension of Middle Carboniferous age.
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Fig. 9. Crustal-scale model emphasising the key role of mineralizing fluids in assisting extensional deformation near the brittle-ductile transition. A. Pre-extension

stage. Mineralising fluids were produced from middle crustal granites and accumulated within the brittle-ductile crust. The model assumes a homogeneous crustal

thickness and a homogeneous composition for both upper and lower crusts, allowing the development of a continuous and horizontal brittle-ductile transitional

zone. B. Extension stage permitting growth of brittle-ductile shear zones and footwall domes. Granites in the middle crust are omitted for clarity.
favoured the preferential growth of low-angle normal faults
(Hanmer et al., 1996). Development of these structures may
be interpreted to result from the reactivation of a weak fluid-
rich brittle-ductile transition as a low-angle shear zone (Rey-
nolds and Lister, 1987; Axen, 1992; Collettini and Barchi,
2002). It may have been achieved during a relatively short
span of time (<1 Ma), with only low differential stresses re-
quired for faulting (Gueydan et al., 2003).

5.5. Progressive deformation and mineralization during
Sarlande shear zone growth

Progressive mineralization and deformation is inferred
from: (1) within black mylonites, the development of the sul-
phide-bearing quartz lenses prior, during, and after shearing
(Fig. 4C); (2) in the sulphide-bearing quartz lenses, the pres-
ervation of coexisting deformed and undeformed syntectonic
hydrothermal minerals (Fig. 7D); and (3) in the lower part
of the shear zone, coexisting deformed and undeformed syn-
tectonic muscovites (Fig. 3). The model of progressive miner-
alization and deformation along the Sarlande extensional
shear zone presented in Fig. 10 therefore best explains the
observations and data presented here. At a depth of 8e
14 km, tectonically-produced horizontal extension, sub-litho-
static pressure, and pore fluid pressure of hydrothermal origin
probably acted on a low-angle (w20�) rheological boundary.
Because the permeable structure is inclined at low angles to
the regional fluid pathways, fluid focussing and input occurred
at the higher pressure levels of the shear zone (bottom),
whereas fluid discharge occurred in the lower pressure levels
(top) of the shear zone (Cox, 2002). The infiltration of hydro-
thermal fluids into the shear zone likely resulted in contrasting
fluid-rock interactions.

In the upper part of the shear zone (i.e. orthogneiss), large-
scale units of orthogneiss likely formed barriers for fluids,
leading to the development of high fluid pressures at their
boundaries with the paragneisses. An increase in the pore fluid
factor at a rate more rapid than the increase in shear stress
would lead to the progressive opening of vertical veins
(Fig. 10) (Cox, 2002 and references therein). Brittle failure
of the orthogneiss may also be favoured by concentration of
carbonic fluids at the roof of the shear zone which locally in-
creased fluid pressure, as described by Wawrzyniec et al.
(1999) in the Simplon fault zone.
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In the lower part of the shear zone (i.e. paragneisses), per-
vasive fluid-rock interactions have led to K-feldspar break-
down to muscovite (Rumble and Spear, 1983; Wintsch et al.,
1995), favouring shear deformation and leaching of the
mica-bearing gneisses along the low-dipping foliation plane.
The resulting black mylonites grew by progressive, downward
deformation and leaching of mica-bearing gneisses, although
vertical veins in the upper part of the shear zone grew upward
and laterally. The distribution of high fluid fluxes and high
pore fluid factors in the shear zone networks has probably
driven the growth of the shear zone and its possible propaga-
tion to higher crustal levels (Cox et al., 1987, 2001; Sibson,
1996). Aqueous fluids that impregnated most of the paragneiss
have allowed ductile deformation to persist to low-pressures
and temperatures, as described by Wawrzyniec et al. (1999)
in the Simplon fault zone. Pervasive crystallisation of graphite
from carbonic hydrothermal fluids within paragneiss also fa-
vours a ductile behaviour of these rocks under lower temper-
ature conditions. Within the centre of the shear zone, shear
planes progressively grow by developing short microscopic
R1 shears and then P shears. Relays between P shears concen-
trated high fluid pressure zones that led to opening by shear
fracture, filling these regions with non-oriented microcrystal-
line quartz (Fig. 10). Cooling, due to uplift and/or fluid-rock
interactions, led to quartz precipitation and sulphide
deposition.

In the lowermost part of the shear zone (i.e. paragneiss), in-
tense interactions between K-bearing hydrothermal fluids and
sheared paragneiss led to syn-tectonic muscovite crystallisa-
tion within the mylonitic foliation and the development of
shear bands.

5.6. Importance of extensional brittle-ductile shear zones
in the Variscan belt

In the Variscan basement of Sardinia, economic As-Pb-Fe
sulphide deposits with minor occurrences of native gold and
silver are hosted by black mylonites included in a 3-km-thick
shear zone interpreted as a SW-verging thrust fault (Conti
et al., 1998) and recently re-interpreted as a SW-dipping nor-
mal fault (Conti et al., 2001). The shear zone bounds a large,
orogen-parallel dome. The original slip direction (NW) of the
normal fault, after correction of the post-Permian anticlock-
wise rotation (70�) of Sardinia (Gattacceca, 2001), typifies
the strain field of the Variscan synorogenic extension. The re-
lated As-Pb-Fe sulphide deposits, previously interpreted either
as stratabound syngenetic deposits remobilized and concen-
trated during Variscan collision (Zucchetti, 1958; Schneider,
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1972; Bakos et al., 1990), or syn-collisional thrust-hosted de-
posits (Conti et al., 1998), were most likely formed during
synorogenic extension of the Variscan crust. The correspond-
ing shear zone may therefore be regarded as a larger equiva-
lent of the Sarlande shear zone. These features point to the
importance of extensional brittle-ductile mineralising shear
zones in the Variscan belt of Western Europe. Similar econom-
ically important structures may also occur in other collisional
belts worldwide.

6. Conclusions

New evidence presented here shows that extensional de-
formation assisted by hydrothermal fluids has occurred
within the brittle-ductile transition. The hydrothermal fluids
originated from mid-crustal granites and were driven to
and accumulated near the boundary between brittle and duc-
tile crusts, leading to the development of a brittle-ductile
transition zone in which intense fluid-rock interactions oc-
curred. Crustal permeability inherited from compressional
tectonics and metamorphism drives the fluid flow towards
the transition zone. In a setting of crustal-scale extension,
the progressive development of a brittle-ductile altered
zone favours the growth of low-angle mineralized shear
zones due to its low strength. Normal slip along shear zones
accommodates part of crustal extension by producing foot-
wall domes in the cores of which deep-seated rocks may
be exhumed. The fluid pressure plays a key role at various
stages of shear zone growth. Taking into account the wide-
spread discovery of late orogenic extension in young and an-
cient mountain belts, our results call for a reassessment of
some of mineralized brittle-ductile shear zones in other belts
where there may be evidence for late orogenic extension,
particularly those associated with late-orogenic domes.
Many examples may illustrate further how crustal-scale
fluid-rock interactions may assist in facilitating extension
of the continental crust.
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