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Abstract

Structural, microstructural and quartz (c) axis orientations have been investigated in shear zones within the Cévennes micaschist series
(southeastern French Massif Central). These shear zones define a hinterland-dipping duplex formed during crustal thickening. They are
characterised by superposed cleavages, a well-defined stretching lineation, isoclinal folds, shear planes and abundant quartz lenses. These
shear zones were formed under P-T metamorphic conditions of ca. 500 °C and 450 MPa. The dominant deformation mechanism was
dissolution—crystallisation. Fluid circulation responsible for element transfer was limited in space and dissolved silicate minerals are now
found in the quartz lenses. Study of the syntectonic quartz lenses suggests fluid overpressure that has favoured brittle behaviour of the rock
and formation of quartz lenses at different stages of the shearing event. Quartz lenses have accentuated the initial anisotropy of the
micaschists and have strongly enhanced folding, boudinage and the development of shear zones. These deformation criteria for shear zone

recognition can be applied in understanding the structure and significance of monotonous micaschist series in orogenic belts.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Thick series of metapelitic schists commonly constitute
slaty forelands of orogenic belts. The homogeneity of
micaschist series with few lithological horizons resulted in
limited interest for structural studies.

The apparent excessive thickness of the Cévennes series
in the southern French Massif Central (Variscan belt)
(Fig. 1) was interpreted as the result of isoclinal recumbent
folds (Demay, 1931, 1948; Brouder, 1968; Munsch, 1981).
However, large-scale fold hinges are not found in the field
or determined by mapping reconstruction. Numerous
syntectonic quartz lenses are concentred in ca. 100-m-
thick zones, which are continuous on a regional scale.
Although there is some variation according to the geological
setting, studies in Variscan and Himalayan schists belts
have shown that zones of high concentration of quartz
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lenses are characterised by a strain gradient and sense-of-
shear indicators (Sauniac, 1980, 1981). Therefore, Sauniac
interpreted these zones as shear zones and explained the
lenses by quartz crystallisation in openings originated
during progressive shearing. The characteristics of shear
zones in schists series are focussed on particular structures
such as extensional crenulation cleavage (Platt and Vissers,
1980; Dennis and Secor, 1987) or microstructures (Lister
and Snoke, 1984; Hippertt, 1994). The theoretical approach
of Bell and Cuff (1989) predicted that dissolution—crystal-
lisation is the dominant deformation mechanisms in such
lithologies at all metamorphic grades. Microstructures and
(c) axis preferred orientations are consistent with this
hypothesis at low grade and retrograde metamorphic
conditions (Hippertt, 1994). However, structural or micro-
structural studies have been seldom performed on micas-
chist shear zones formed under higher P—T conditions. The
escape of large volumes of fluids during prograde
metamorphic reactions and the increasing anisotropy of
the rocks during progressive deformation have certainly
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controlled the deformation mechanism, the rheological
behaviour and the development of structures and micro-
structures in these shear zones (Simpson, 1998).

This paper examines schist shear zones which have
formed at ca. 500 °C and =450 MPa. Recognition criteria,
structural and microstructural characteristics of such shear
zones are described; the deformation mechanisms and the
formation of quartz lenses in these zones during the shearing
event are discussed. The recognition and the mapping of
these shear zones allow us to reconstruct the geometry and
the lithological section of the Cévennes area and to better
understand the significance of this area in the Variscan belt
(Arnaud, 1997).

2. Geological setting

Cévennes series are correlated with the schist series of
Albigeois to the West (Fig. 1). Both are structurally
dominated by a southward thrust system (Guérangé-Lozes,
1987; Guérangé-Lozes and Pellet, 1990; Arnaud and Burg,
1993) between 340 and 330 Ma (Costa, 1990).

The Cévennes and Albigeois series are regarded as the
Cambro-Ordovician, southern parautochtonous domain of
the Variscan belt upon which high-grade nappes were
emplaced (Burg and Matte, 1978; Ledru et al., 1989; Costa,
1990; Matte, 1991; Quenardel et al., 1991; Costa et al.,
1993). The allochthonous nappes include high-grade
gneisses and mafic—ultramafic rocks with high pressure
relicts (Gardien et al., 1988) and overlies the Cévennes and
Albigeois units by over 200 km at least, as indicated by
numerous klippes, with an average displacement to the
south (Burg and Matte, 1978). To the south, the Cévennes
and Albigeois series were thrust over the so-called Le Vigan
and Monts-de-Lacaune series, respectively, which are
themselves involved in the general south-verging nappe
system (Demay, 1948; Alabouvette et al., 1988). The
Monts-de-Lacaune series is believed to have been thrust
onto the south-verging fold-nappes of the Montagne Noire
(Arthaud, 1970) which are about 310 Ma old (Engel et al.,
1981). Therefore, the parautochtone domain is thrust on
more external domains that are themselves structured in the
thrust system. The associated deformation and metamorph-
ism are lower and younger (from 360 to 310 Ma) from north
to south (Costa, 1990).

In the parautochtonous domain, prograde Barrovian
metamorphism is associated with thrusting and decreases
from middle-grade in the Cévennes (Arnaud, 1997) to very
low-grade in the Montagne Noire (Engel et al., 1981).

Nappe emplacement was followed, in the Cévennes, by
granodiorite intrusions between 330 and 300 Ma (Vialette
and Sabourdy, 1977a,b; Mialhe, 1980; Najoui, 1996; Najoui
et al., 2000). These granitoids are responsible for meta-
morphic aureoles superimposed on the regional metamorph-
ism and have been attributed to syn- to post-orogenic
extensions of the Variscan belt between 330 and 305 Ma

(Burg et al., 1994; Faure, 1995). The region was later
affected by normal and wrench faulting mostly associated
with Stephanian sedimentation, during post-thickening
extension (Burg et al., 1994; Faure, 1995; Djarar et al.,
1996).

3. Structural description of the micaschists

The Cévennes micaschists series include a lower quartz-
rich schist series separated from an upper black micaschists
series by a 10—15 m quartzite layer.

The main structure in the Cévennes micaschist series is a
low angle regional S1 slaty cleavage sub-parallel to bedding
SO. Previous authors have described large recumbent, west-
verging (Arthaud et al., 1969; Munsch, 1981) or south-
verging fold nappes (Demay, 1948; Brouder, 1968, 1971;
Pellet, 1972; Magontier, 1988) or shearing (Mattauer and
Etchecopar, 1977) to explain lithological repetitions and the
> 5000 m thickness of the series. More recent mapping
depicted a regional schistosity deformed by, and associated
with, ca. 100-m-thick shear zones that produced stacking of
the lithologies in a S—SE-verging duplex system (Arnaud
and Burg, 1993). The regional S1 and the shear zone
foliation S2 are characterised by similar metamorphic
parageneses: quartz, plagioclase (albite, oligoclase), mus-
covite, chlorite, biotite and sometimes garnet and chloritoid.
Metamorphic conditions are similar over large distances.
Geothermobarometric studies yield metamorphic tempera-
tures of 500 = 12°C and pressures of 520 x£ 80 MPa
(Arnaud, 1997). The pressure conditions are supported
and specified at 440 = 30 MPa by primary fluid inclusions
in apatite within syntectonic quartz lenses (Arnaud, 1997).
4OAr/*° Ar geochronology on muscovite, biotite and amphi-
bole indicates cooling ages between 340 and 330 Ma
(Caron, 1994). The 343.1 £ 4.4 Ma age on amphibole
(Caron, 1994) (closure temperature of 500—550 °C; Berger
and York, 1981) dates the metamorphic peak (Arnaud,
1997).

4. Structural description of the micaschists
4.1. Regional characteristics

The regional slaty cleavage and the deformation
localised in the shear zones are contemporaneous with
middle-grade metamorphism as mentioned above (Arnaud,
1997). Mica clusters and elongated quartz grains define the
L1 stretching lineation oriented EW (in the SE part of the
area) to NS (in the E part of the area) (Fig. 1). Few
centimetre to decimetre large isoclinal folds F1 display
stretched limbs and slightly thickened hinges. Their axis
orientation is NNW—-SSE to NE-SW. Sedimentary struc-
tures such as cross- and graded-bedding indicate that the
micaschist series are regionally normal with folds F1
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verging ESE to SE. SO-S1 intersection lineations are
parallel to local F1 fold hinges. Rare quartz lenses are
parallel to S1.

4.2. Shear zones

Shear zones are continuous, with a few metre thick zones
and are characterised by specific structures that are not
found regionally.

4.2.1. F2 folds

F2 folds deform the regional S1 slaty cleavage together
with its L1 lineation. F2 hinges are particularly well
displayed by S1 parallel quartz lenses (Fig. 2a). Ranging
in scale from centimetre to metre, the F2 folds are typically
non-cylindrical, tight to isoclinal. The orientation of the
curvilinear axes is asymmetric at 5-20°, with an antic-
lockwise relationship with respect to L1 (Fig. 3a). Since the
micaschists have a normal polarity, the facing of F2 folds is
towards the S—SW. A crenulation lineation is commonly
parallel to the F2 axes. In places, conjugate folds are
associated with conjugate crenulation lineations.

4.2.2. Crenulation cleavages

The crenulation cleavage S2 is common in the shear
zones (Fig. 2b). It is parallel to the axial planes of F2 folds
and is systematically dipping steeper to the N than Sl
(Fig. 3b). S2 may be concentrated in F2 fold hinges but
usually occurs over the whole thickness of the shear zone.
Where S2 is restricted to folds hinges, the cleavage outside
the fold is S1. S1 appears in microlithons between S2 planes
and the obliquity between both planes can be mistaken for
S—C-type structures (Fig. 4). In the limbs of isoclinal F2
folds the cleavage is an SO—S1-S2 composite plane. In
some places, more than two cleavages are developed. The
obliquity of the successive crenulation cleavages is such that
the youngest is the steepest, dipping to the N.

4.2.3. Stretching lineation and boudinage structures

Elongated quartz lenses (Fig. 2¢) and quartz fibres define
a marked stretching lineation L2 in the shear zones. The
direction of L2 is on average close to L1 (Fig. 3c). Foliation
boudinage corresponds to decimetric to metric pinch and
swell structures.

Fig. 2. Characteristic structures of the shear zones (Martinet, south of saint-Etienne vallée Frangaise). (a) F2 fold axes of Sl-parallel quartz lens. (b)
Generalised S2 cleavage: S1 appears as microlithons between centimetric spaced S2 planes. (c) L2 stretching lineation marked by elongated quartz lenses. (d)
Shear plane (C) affecting a S2 cleavage and quartz lenses (ql). (e) Concentration of syn-tectonic quartz lenses in schist shear zone. The schists are affected by
numerous discontinuous shear planes that give a typical asymmetric ‘button schists’ outcrop.
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Fig. 3. (a) Schmidt density diagram of F2 axes in an outcrop (lower
hemisphere, contours at 2, 6, 10, 14 and 18% per 1% area). L1 represents
the main orientation of regional lineation marked by stretched minerals on
S1 planes (16 meas.). L2 represents the main orientation of the stretching
lineation marked by quartz fibres on quartz lenses (29 meas.). Lc represents
the average crenulation lineation on S1 (10 meas.). (b) Schmidt diagram of
S1 and S2 (lower hemisphere). Each symbol indicates an outcrop, the white
one is the S1 and the black one is the S2. (c) Schmidt diagrams of lineations
L1 and L2 on the Col du Pas outcrop (lower hemisphere).

4.2.4. The development of shear planes

Shear planes are abundant and contain muscovite,
chlorite and eventually biotite The shear planes are
discontinuous and their spacing is usually at the centimetre
scale. In outcrops parallel to L1-L2 stretching lineations
are characteristics, S1 and/or S2 foliations bend into the
shear planes yet show an outcrop scale angular relationship
of about 30° (Fig. 2d). Both the bending of foliations and the
bulk angular relationship indicate a top-to-the-S to SE shear

Fig. 4. Sketch of a large thin section in a F2 hinge showing relationships
between S1 and S2. The apparent obliquity between S1 and S2 may lead to
a confusing interpretation in term of S—C planes, which will indicate a
wrong north verging shear sense.

sense depending on the stretching lineation direction.
Quartz lenses are strongly stretched and thinned towards
and into the shear planes. When shear planes at both
extremities affect a quartz lens, the latter has an asymmetric
shape consistent with a thrusting towards the S—SE
(Fig. 2d).

4.2.5. Quartz lenses

A noticeable criterion to identify shear zones is the
abundance of quartz lenses (Fig. 2e). They are millimetres
to decimetres thick and centimetres to metres long. They
represent up to 50% of the volume of the shear zone rocks,
and show varying relationships with other shear structures.
Most of the quartz lenses are parallel to S1 and are deformed
with it. Some are folded (F2), some form rods defining the
stretching lineation, and others are sheared as described
above. Some are parallel to the local S2 and/or to shear
planes. All these characteristics suggest that quartz lenses
have been formed at different stages of the shearing event.

5. Microstructures in the shear zones
5.1. Micaschists

Foliation planes are defined by basal planes of musco-
vite, chlorite and biotite crystals and by flattening of quartz
and plagioclase grains Two kinds of muscovite are
observed: S1 grey muscovite platelets in microlithons and
large and clear S2 muscovite flakes. S1 muscovites are
abruptly truncated by the S2 muscovite grains (Fig. 5a). The
angle between S1 and S2 varies between 45 and 90°. Some
thin infra-millimetre quartz lenses parallel to S1 are folded
and appear as microlithons between the S2 planes. They are
truncated and apparently shifted by the S2 cleavage
(Fig. 5b). In the microlithons, quartz grains do not show
elongation, lattice preferred orientation or grain-size
reduction near the S2 planes, their extinction is homo-
geneous. S2 is characterised by a high concentration of
insoluble minerals (tourmaline, zircon), iron oxides and
mica flakes compared with the microlithons (Fig. 5a).

5.2. Quartz lenses

5.2.1. Mineralogical composition

Beside quartz, albite, muscovite, chlorite, biotite and
calcite are frequent with apatite and oxides as accessory
minerals Companion minerals of quartz reflect the compo-
sition of the surrounding micaschists (Table 1) This is well
illustrated by the (EC21) quartz lens that contains quartz,
plagioclase, muscovite, chlorite, amphibole, calcite, oxides
and accessory minerals (tourmaline, zircon) as found within
the surrounding micaschists. Microprobe analysis indicates
that minerals have the same compositions in both the lenses
and the surrounding micaschists, whatever the relationship
with S1 or S2 foliations (Arnaud, 1997).
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Fig. 5. Microphotographs showing the microstructures in micaschists. (a)
Detail of relationships between S1 and S2 and between microlithons of
quartz lenses parallel to S1 and S2. Contact between S1 and S2 is sharp.
Syn-S1 white mica (wml) is clearly cut by syn-S2 white mica (wm?2). S2 is
underlined by an abnormal concentration of insoluble minerals like oxides
(0), zircon (zi) and tourmaline (to) (sample FC75). (b) Quartz lens (ql)
parallel to S1 in a microlithon between S2 planes. The contact between the
quartz lens and S2 is sharp and cut by S2 (sample FC69).

5.2.2. Wall-rock characteristics

As described above, the quartz lenses are mostly parallel
to the S1 and/or S2 foliation planes. Recrystallised
chlorite and muscovite, and locally biotite, coat the lens
walls. These minerals appear as large and clean flakes.
Some albite crystals have formed at the margins of the
quartz lenses against the phyllite coating and display
altered rims. Rosettes of calcite or chlorite are also present
on the lens walls (Fig. 6a). The immediate wall-rock of
some lenses is quartz-depleted and enriched in micas and
dark insoluble minerals such as zircon, tourmaline and
oxides.

5.2.3. Microstructures

Quartz lenses display predominantly a blocky milli-
metric internal structure in which quartz grains are
irregularly imbricated. Coarse-grained (0.5-0.7 mm) and

fine-grained (0.1-0.5 mm) microstructures are distin-
guished (Figs. 7a and 8a and b). In fine-grained lenses,
quartz grains are equant to slightly elongate. Grain
boundaries are either straight (Fig. 8a) or slightly lobate
(Fig. 8b) corresponding to grains with homogeneous or
undulose extinction, respectively. Albite is idiomorph or
ovoid with growth twins. Some albite crystals are elongated
and form a discontinuous layer parallel to the wall-rock
(Fig. 6b). Albite cores are cloudy due to the abundance of
fluid inclusions, most of them being decrepitated.
Chlorite is present in all quartz lenses and exhibits
different shapes. Small flakes form fine bands parallel to
the margins (Fig. 6¢) in which chlorite may be
associated with muscovite and/or biotite. These particu-
lar zones are composed of finer-grained quartz and
albite. Chlorite is also frequently observed in small
zones made of numerous agglomerated crystals, or
isolated with a caterpillar habit (ripidolite) characteristic
of chlorite in hydrothermal veins. Little flakes of
muscovite are frequently observed along grain bound-
aries. Most of the quartz lenses include schist slivers
that may exhibit two foliations, S1 within a microlithon
and S2, parallel to the lens walls and to S2 within wall-
rock (Fig. 6d). These schist slivers are essentially
composed of phyllites with numerous accessory minerals
and oxides.

5.2.4. Quartz preferred orientation

Fabrics were measured on thin sections cut parallel to the
XZ planes of the strain ellipsoid. Cleavage and stretching
lineation are oriented, respectively, parallel to the XY plane
and X axis of the calculated finite strain ellipsoid. Quartz
lenses with coarse-grained blocky microstructures have a
crystal preferred orientation (CPO) with a maximum
concentration of c-axis (7.5 and 9%) at 10-30° antic-
lockwise to the stretching lineation (Fig. 7b). In quartz
lenses with fine-grained blocky microstructures, the CPOs
are less pronounced than in coarse-grained lenses (4.5—-7%
maxima). Two types of (c) axis fabrics have been
recognised (Fig. 8c):

e The most frequent CPO shows two Z-centred small
circles with a 20—40° opening angle (specimen FC62’pa,
FC75, FC91a) and frequently connected through the
bedding—cleavage intersection lineation (FC2, EC29,
CFC42ainf). The maxima are generally localised at the
outer rim of the diagram. In some samples, these maxima
are asymmetric with either clockwise or anticlockwise
angles with respect to Z (normal to S2).

e Some CPOs display an approximately asymmetric girdle
passing through Y showing either a clockwise (EC22) or
anticlockwise (EC21, CFC42b) rotation with respect to
the cleavage plane.
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Table 1

Comparison of the composition of the quartz lenses and wall rock at the thin section scale

Type of quartz lens

Isoclinal fold Shearing quartz lens

Lens

EC23: Qtz—P1-Ms—Chl-Ap FC39: Qtz—Ms-Zi

EC24: Qtz—Pl-Ms—Chl-Ap-To-Zi

EC25: Qtz—P1-Ms—-Bt-Chl-Cc-0O M: Qtz—Ms-Zi M: Qtz—P1-Ms—Chl-Ap-To-Zi
M: Qtz—P1-Ms-Bt—Chl-To-O CF13: Qtz—Pl-Ms-Bt-Chl-Ap EC27: Qtz—P1-Ms-Bt-Chl-Cc—-Ap-FK
EC26: Qtz—P1-Ms—Bt—Chl-Cc—Ap M: Qtz—Pl-Ms—-Bt—Chl-Ap-To-Zi M: Qtz—Pl-Ms—-Bt—Chl-Cc—-Ap-To-FK
M: Qtz—P1-Ms—Bt—Chl-Cc—Ap-To EC19: Qtz—P1-Ms—Chl-Ap-Zi EC21: Qtz—P1-Ms—Chl-Amp—-Cc—-Ap-O
EC20: Qtz—P1-Ms—Chl-Cc M: Qtz—P1-Ms—Chl-Ap M: Qtz—P1-Ms—-Bt—Chl-Amp-Cc-To-Zi-O

FC48: Qtz—Pl-Ms—Chl-Ap
M: Qtz—P1-Ms—Chl-Ap-Zi-O
CFC42a: Qtz—Ms—Chl
M: Qtz—Ms—Chl-Ap-Zi-To-O
EC4: Qtz—P1-Ms—Bt—Chl-Cc-Ap-0O
M: Qtz—PI-Ms-Bt-Chl

FC2: Qtz—Ms—-Chl

M: Qtz—Ms—Chl
EC22: Qtz—Ms-Chl
M: Qtz—Ms-Chl
CFC42b: Qtz—Ms—Chl

EC3: Qtz—Pl-Ms—Chl-Bt-Cc—-Ap-To-Zi
EC7: Qtz—P1-Ms—Bt-Chl-Ap-O
EC11: Qtz—P1-Ms-Bt-Chl-Ap-O
M: Qtz—P1-Ms—-Bt—Chl-Ap-0O
EC12: Qtz—Ms-Bt—Chl-Ap-O

M: Qtz—Ms—Chl-To-Zi-O M: Qtz—Ms—Bt—Chl-Ap-Zi-O

EC5: Qtz—P1-Ms—-Bt-Chl-Ap

M: Qtz—P1-Ms—-Bt—Chl-Ap-To-Zi

EC6: Qtz—P1-Ms—Bt-Chl-Ap

M: Qtz—Pl-Ms—Bt—Chl-Ap-To-Zi

EC16: Qtz—Pl-Ms—Bt—Chl
M: Qtz—Pl-Ms—Bt—Chl-To-O
EC17: Qtz—Pl-Ms—Bt—Chl-Ap

EC14: Qtz—Pl-Ms—-Bt-Chl-Ap
M: Qtz—P1-Ms—Bt—Chl-Ap
EC15: Qtz—Pl-Ms—Bt-Chl-Ap
M: Qtz—Pl-Ms—Bt—Chl-Ap
FC71: Qtz—P1-Ms—Chl-Grt—Ap

M: Qtz—P1-Ms—Bt—Chl-Grt—Ap-O

FC80: Qtz—Pl-Ms—Chl

FC55
M
FC6T
M

: Qtz—P1-Ms—Chl-O

: Qtz—PI-Ms-Bt—Chl-Ap-To-Zi-O
: Qtz—P1-Ms—-Bt—Chl-Ap-Cc-0O

: Qtz—Pl-Ms—Bt-Chl-To-O

M: Qtz—Pl-Ms—Bt—Chl-Ap-To-Zi
EC29: Qtz—Pl-Ms-Bt—Chl-Ap-To
M: Qtz—P1-Ms—Bt—Chl-To-Zi-O
FC58: Qtz—Pl-Ms-Bt—Chl
M: Qtz—Pl-Ms—Bt—Chl-Ap-To-0O
FC62’: Qtz—P1-Ms-Bt—Chl-Ap-O
M: Qtz—Pl-Ms—Bt—Chl-Ap-To-Zi-O
FC73: Qtz—P1-Ms-Chl-O
M: Qtz—PI-Ms-Chl-To-Zi-O
FC75b: Qtz—Pl-Ms-Bt—-Chl-Ap
M: Qtz—Pl-Ms—Bt—Chl-Ap-To-Zi-O
FC76: Qtz—P1-Ms—-Bt—Ap
M: Qtz—P1-Ms—Bt—Ap
FC83: Qtz—Pl-Ms-Bt—-Chl-Ap
M: Qtz—PI-Ms-Bt-Chl-To-0O
FC84: Qtz—P1-Ms—Chl
M: Qtz—Pl-Ms-Chl-Grt-O
FC85: Qtz—P1-Ms-Bt—Chl-Ap-0O
M: Qtz—Pl-Ms-Bt-Chl-O
FC91c: Qtz—Pl-Ms—Bt-Chl-O
M: Qtz—PI-Ms-Bt-Chl-To-0O

M: Qtz—Pl-Ms—Bt—Chl-Ap-To-Zi-O
FC88a: Qtz—P1-Ms—Bt—Chl
M: Qtz—P1-Ms-Bt-Chl-O
FC91a: Qtz—P1-Ms—Bt—-Chl
M: Qtz—PI-Ms-Bt-Chl-O
FC91b: Qtz—P1-Ms—-Bt-Chl-O
M: Qtz—PI-Ms-Bt-Chl-O
FC96: Qtz—Ms-Bt-Chl
M: Qtz—Pl-Ms—-Bt—Chl-Ap-To-Zi-0O

Abbreviations: ECX: quartz lens in thin section ECX; M: schist in the same thin section ECX; Qtz: quartz; Pl: plagioclase; FK: K-feldspar; Ms: muscovite;
Bt: biotite; Chl: chlorite; Amp: amphibole; Grt: garnet; Cc: calcite; Ap: apatite; Zi: zircon; To: tourmaline; O: opaques.

6. Interpretation and discussion

6.1. Large scale structures

The characteristics of younger cleavage systematically
dipping steeper to the north than older ones, regional
similarity between L1 and L2 stretching lineation trajec-
tories and identical metamorphic conditions for both the
S1 and S2 cleavages all suggest that these structures
result from progressive deformation in a single regional
shearing event (Arnaud, 1997) Shearing is initially respon-
sible for the regional S1 slaty cleavage and its L1 stretching
lineation Deformation is then concentrated in shear zones

with S2 structures. Mapping shows that quartzite layers are
repeated across these shear zones, which are interpreted as
thrusts of a S- to SE-verging imbricate system (Fig. 9;
Arnaud, 1997). This interpretation provides an explanation
for the reportedly extreme thickness of the Cévennes
micaschists.

6.2. Structures in shear-zones

This paragraph concerns the development of specific
structures such as F2, S2, L2, crenulation lineation,
boudinage and shear planes. F2 folds are similar to those
described by Berthé and Brun (1980) and, following these
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Fig. 6. Growth microstructures in quartz lenses. (a) Calcite with a fibrous and ‘rosette’ habit at the margin of a quartz lens (sample EC21). (b) Elongated crystals
of albite (ab) aligned along bands parallel to the wall-rock. Note the grey colour of albite core due to decrepitated fluid inclusions (FI). Apatite (ap) is common
in quartz lenses and is associated with albite (sample FC55). (c) Layers composed of albite (ab) and flakes of white mica (wm), chlorite (chl) and biotite (bt) and
parallel to wall-rock. In these bands quartz grains have a reduced grain-size (sample FC88). (d) Sliver of micaschist parallel to the wall rocks, included in a
quartz lens and in which two schistosities are observed, S1 microlithons between S2 planes, which are parallel to S2 in the wall-rock schists (EC22).

authors, are interpreted as initiated by shearing of hetero-
geneities in strongly anisotropic rocks. However, in the case
of the Cévennes micaschists, the orientation of fold axes is
relatively constant, at 10-30° anticlockwise from the L2
stretching lineation. This fact suggests that fold axes have
probably formed initially oblique (ca. 30°) to the stretching
lineation and then have been rotated towards the stretching
direction in response to shear. Fold axes initiated oblique to
the stretching lineation may reflect a wrenching component
(Coward and Potts, 1983; Ridley, 1986) tentatively
attributed to large dextral lateral ramps next to the Cévennes
thrust system. F2 folding is synchronous to the axial planar
S2 cleavage. Crenulation lineations, parallel to the F2 axes,
represent microfolds of the S1 cleavage. Boudinage
structures are similar to ‘foliation boudinage’, which have
been described by Platt and Vissers (1980). Shear planes are
interpreted as ‘extensional crenulation cleavage’. The
angular relationships between the shear zones, the shear
planes and the S2 cleavage indicates that shear planes are
also equivalent to the C’ planes as defined by Berthé et al.
(1979). These C’ planes appear in response to a non-coaxial
deformation of the anisotropic schists.

6.3. Quartz fabrics

The quartz {c) axis preferred orientations at low angle to
the stretching lineation may be interpreted in different ways:
(i) by prism {c) slip (Schmid et al., 1981; Mainprice et al.,
1986), (ii) by competitive anisotropic growth during the

dissolution—crystallisation process (Cox and Etheridge,
1983), (iii) by mechanical rotation of clastic grains during
deformation so that the long axes, parallel to the {c) axis,
became parallel to the stretching lineation (Stallard and
Shelley, 1995), or (iv) by competitive anisotropic dissol-
ution of quartz grains having their {(c¢) axis parallel to the
shortening direction (Hippertt, 1994). The P-T conditions
under which the Cévennes quartz lenses have been formed
and deformed are inconsistent with the known P-T field of
prism {c) slip (Lister and Dornsiepen, 1982; Blumenfeld
et al., 1986; Gapais and Barbarin, 1986; Mainprice et al.,
1986). This type of CPO is observed in coarse-grained, i.e.
apparently least deformed, quartz lenses. These CPOs are,
therefore, interpreted to reflect the original, crystallisation
orientation of quartz within the lenses where subsequent
deformation by crystalline plasticity was not sufficient to
induce a new quartz c-axis preferred orientation. This
interpretation implies that the stretching lineation is the
growth direction of quartz crystals within the lenses and has
some consequences on the hypothesis for vein opening and
sealing mechanisms.

The other quartz {c) axis preferred orientations corre-
spond to fine-grained quartz lenses. The more deformed are
the quartz lenses (isoclinal folds, stretched lenses), the finer
is the grain-size. This observation suggests that grain-size
reduction occurred by processes of crystal plasticity and
dynamic recrystallisation (Poirier and Nicolas, 1975; Tullis
et al., 2000). By analogy with computer simulations of
quartz c-axis fabrics depending on the deformation paths
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Fig. 7. Microstrutures (a) and typical c-axisPO of coarse quartz lenses (b).
The (c) axis repartition and density contours (contours at 1, 2, 3, 4 and 8%
per 1% area) have been reported on a Schmidt diagram (lower hemisphere)
using the Fabric 7 program (Mainprice, 1992; unpublished). The EW line
corresponds to the schistosity and the stretching lineation is horizontal in
this plane.

and dislocation glide systems (Etchecopar, 1977; Lister and
Hobbs, 1980; Etchecopar and Vasseur, 1987) and with
studies of natural quartz fabrics (Marjoribanks, 1976;
Schmid and Casey, 1986; Law et al., 1990; Passchier and
Trouw, 1996), the asymmetric girdle determined in the
Cévennes samples is interpreted in terms of non-coaxial
deformation. According to the stretching lineation, this
asymmetry in the Cévennes samples indicates a shear sense
either top-to-the-S—SE or top-to-the-N—-NW. Thus, folding
after plastic deformation has probably modified the apparent
shear sense and kinematic determination on the basis of
quartz fabrics alone is not possible at this scale (Klaper,
1988). The frequent CPO characterised by a small circle
around Z suggests a flattened strain ellipsoid (Tullis et al.,
1973; Marjoribanks, 1976; B model of Lister and Hobbs,
1980; Law, 1986; Schmid and Casey, 1986; Passchier and
Trouw, 1996). The maxima generally localised at the outer
rim of the diagram indicate that basal (a) glide system was
principally activated. In some diagrams, the occurrence of
(c) axis in the Y position shows that prismatic {(a) glide
system was also activated. These systems are activated for
deformation conditions which are compatible with the
metamorphism in the Cévennes micaschists, i.e. between
400 and 500 °C.

6.4. Deformation mechanism in shear zones

In the literature, there are two hypotheses that explain the
formation of quartz lenses in metamorphic zones: (i) quartz
precipitation during metamorphic reaction following a
change in P-T conditions (Goffé et al., 1987) and (ii)
deformation by dissolution—crystallisation process (Dur-
ney, 1972; Gratier, 1984). In the Cevennes area, quartz
lenses occur regardless of the composition of the surround-
ing rocks. However, quartz lenses are exclusively located
within shear zones and structural relationships suggest that
the quartz lenses were formed continuously during shearing.
This supports the hypothesis of quartz lenses formed by the
dissolution—crystallisation process.

The relationships between S1 and S2, the textures of
microlithons between S2 planes and the concentration of
insoluble minerals in S2 suggest that S2 formed by a
dissolution process probably associated with metamorphic
recrystallisation (Cox and Etheridge, 1989). The presence of
synchronous S2 cleavage and quartz lenses in a small area is
interpreted as coupled dissolution and crystallisation
processes during shearing. The composition of quartz
lenses, directly controlled by the composition of the
immediate wall rock (Table 1) supports a limited transfer
of elements between the dissolution and crystallisation sites.
The two major conditions required to activate this
mechanism are: (i) a stress deviator and (ii) the presence
of a fluid phase that acts as solvent and as a medium for
diffusion of solutes. The presence of a fluid phase is clearly
demonstrated by the abundance of primary fluid inclusions
in minerals sealing the quartz lenses like albite and apatite.
Fluids probably originated from prograde metamorphic
reactions that took place at the same time as deformation in
the shear zones.

6.5. Formation of quartz lenses

Considering one phase of progressive deformation, three
interpretations may be put forward to explain the paralle-
lism of quartz lenses with S1 or S2 (Fig. 10):

1. Quartz crystallisation in voids created by S1 openings
induced by S2 development during progressive rotation
of cleavages parallel to shear plane (Fig. 10a). For such a
mechanism, quartz lenses grow following a direction of
45° to S1 and to the contact between the quartz
vein/surrounding rock.

2. Extensional fracture formed parallel to the shortening
direction at a given time and then rotated towards the S2
plane by progressive shearing (Fig. 10b).

3. Hydraulic fracture formed initially parallel to S1 or S2
cleavage (Fig. 10c).

The geometrical observation of quartz veins demon-
strates that some of them are parallel to S1 with plurimetric
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Fig. 9. Cross-section of the Cévennes area located on Fig. 1 (after Arnaud, 1997) interpreted after the schematic model of hinterland duplex formation from

Boyer and Elliot (1982).

size in length and width and centimetric size in thickness.
This geometry cannot be simply explained by the size of
voids created by a process of décollement of the S1 induced
by the development of S2 according to model 1 (Fig. 10a).
In addition, no evidence for quartz growth at 45° to the wall-
rock and cleavage have been observed.

The parallelism of the schist slivers with S1 and S2 of the
wall-rock implies that they have been incorporated into the
quartz lenses by opening of the cleavage planes. This
observation excludes the lens rotation hypothesis (Fig. 10b).
Geometry and internal microstructures in quartz lenses are
more consistent with a lens formation by hydraulic fractures
parallel to the cleavage (model 3, Fig. 10c).

We interpret the formation of quartz lenses by hydraulic
fracturing and opening of the cleavage plane, which is a
plane of high anisotropy and, therefore, of low strength,
even if it is perpendicular to o1 (Gratier, 1987; Fig. 10c).
Formation of quartz veins by hydraulic fracturing parallel to
a plane of anisotropy is a common interpretation in the
literature (Fitches et al., 1986; Henderson et al., 1990;
Cosgrove, 1993; Kennedy and Logan, 1997).

In such compressional tectonic context and for such
pressure conditions of lens formation (* 450 MPa), the fluid
pressure corresponds to the lithostatic pressure. An
hydraulic pressure will occur when Py > P + T (P; being
the fluid pressure, Pj, the lithostatic pressure and T the
tensile strength of the rock). The ‘rosette’ habit of minerals
at the margins of some quartz lenses, the imbricate annular
or ‘caterpillar’ shape of chlorite and the idiomorphism of
numerous albite crystals suggest that these minerals were
crystallising in open fractures and that the rate of lens
aperture was faster than the rate of sealing by quartz (Cox,
1991). In this case, fluid pressure should have remained high
enough in order to keep the cavity open, and minerals would
have crystallised when the solution supersaturated in the

corresponding solutes. Quartz will crystallise with their {c)
axis around the stretching direction (Hippertt, 1994), i.e.
sub-parallel to the wall rock and cleavage. Orientation of
quartz lenses, parallel to the sub-horizontal cleavage and
bulk shear plane orientation does not favour fracture
propagation and fluid circulation. This explained the
composition of quartz lenses being directly controlled by
that of the surrounding rock, which suggests either a limited
fluid circulation or a short-distance transfer by diffusion
within the intergranular fluid-film, between sites of
dissolution and of crystallisation.

After their sealing, quartz lenses are deformed by
intracrystalline processes, as indicated by the quartz {(c)
axis preferred orientation in fine-grained quartz lenses, and
are dynamically recrystallised. However, dissolution—
crystallisation seems to be the dominant deformation
mechanism in these shear zones. The combination of
dissolution—crystallisation and crystal plasticity processes
is reported in quartz-rich rocks for transitional conditions of
15-20 km and 400-500 °C (Mitra, 1976; Hippertt, 1994).

7. Conclusions

e Recognition of schist shear zones allowed the definition of the
main structural style of the Cévennes area and may be applied
in other tectonic schist belts. Schist shear zones are up to
100 m thick. They contrast with the regional pattern through
the presence of several cleavages, a stronger stretching
lineation, non-cylindrical folds, boudinage structures,
shear planes and numerous syn-tectonics quartz lenses.

e Mechanisms of deformation in these shear zones is
dominantly dissolution—crystallisation. Dissolution is
responsible for cleavage formation and crystallisation
of dissolved elements in neighbouring quartz lenses.

Fig. 8. Microstructures (a,b) and typical c-axis PO of fine-grain quartz lenses (c). The {c) axis repartition and density contours (contours at 1, 2, 3, 4 and 8% per
1% area) have been reported on a Schmidt diagram (lower hemisphere) using the Fabric 7 program (Mainprice, 1992; unpublished). The EW line corresponds
to the schistosity and the stretching lineation is horizontal in this plane. Samples FC91a and CFC 42b have type ‘a’ microstructures and others have type ‘b’

microstructures.
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Fig. 10. Different hypotheses to explain the formation of quartz lenses
parallel to the cleavage during a progressive deformation event. (a)
Creation of voids during a shearing event (after Sauniac, 1980). (b)
Extensional fracture and rotation towards the S2 cleavage. (c) Hydraulic
fracturing parallel to the cleavage (after Gratier, 1987).

e Complementing other works in similar settings (Sauniac,
1981) and theoretical approaches (Bell and Cuff, 1989),
dissolution—crystallisation acts over a large range of
P-T conditions. In the Cévennes schists, these conditions
have been determined as ca. =450 MPa and 500 °C.

e This study provides further evidence for the importance
of fluids during deformation in monotonous schist series.
Lithological variations in the series, like quartzite layers,
induce shear zone localisation. During shearing defor-
mation dissolution—crystallisation processes and meta-
morphic reactions produce overpressure in shear zones,
which favours brittle behaviour of the rocks and may
facilitate the thrusting process. This fluid overpressure
enhances the formation of quartz lenses that occur at
different stages of the shearing event. These quartz lenses
form parallel to the foliation and are then deformed by
crystal plasticity during the shearing event.
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