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AbstractÐIn the South Limousin (French Massif Central), the Tulle anticline is a kilometre-scale, upright,
open fold which re-folds an already foliated Variscan stack of nappes. Three main granodioritic plutons
associated with numerous folded dykes and boudinaged sills crop out in the core of the Tulle anticline. Micro-
structural study, including quartz hci-axis petrofabrics and transmission electron microscope (TEM) analysis
allows us to recognize the timing of deformation during pluton emplacement and cooling. The earliest fabric is
a pre-full crystallization deformation. The second stage corresponds to a high-temperature (ca 6508C) solid-
state deformation. The last deformation is responsible for the hci-axis preferred orientation at low tempera-
ture. Several methods of strain analysis applied in various mineral phases show that pluton emplacement is
coeval to a constrictional strain. This strain is characterized by a NW±SE maximum stretching axis (X) paral-
lel to the Tulle anticline axis and an intermediate, NE±SW-trending, shortening axis (Y) also responsible for
large open folding of the host rocks. Gravimetric modelling allows us to determine a laccolithic shape for the
plutons. Hot Stokes diapirism is ruled out and the hypothesis of granitic magma channelling through dykes is
preferred. A laccolith emplacement model based on a syn-folding deÂ collement level is proposed. # 1998
Elsevier Science Ltd. All rights reserved

INTRODUCTION

The importance of granites as crustal-scale defor-
mation markers is well established (e.g. Gapais, 1987;
Hutton, 1988). Structural and textural patterns of
granitic bodies strongly depend on their emplacement
dynamics and regional tectonics (Castro, 1987). There
are often spatial and temporal relationships between
regional structures and magmatism. The coincidence of
granitic plutonism and major transcurrent shear zones
has been recognized for a long time (e.g. Hutton and
Reavy, 1992). Granitic bodies are also often found in
the core of upright antiforms, domes or metamorphic
core complexes (e.g. Soula, 1982; Hill et al., 1992;
Holm et al., 1992; Faure et al., 1996). Therefore, struc-
tural study of both granitic bodies and host rocks is
necessary to understand regional tectonism and pluton
emplacement. Moreover, the characterization of the
pluton structure is very useful in determining the tim-
ing of the regional deformations (Paterson and
Tobisch, 1988).

This study deals with structural analysis, kinematics,
strain measurements, quartz hci-axis orientation and
transmission electron microscope (TEM) observations
of the ductile structures in granitoids and related
dykes that crop out in the core of the Tulle antiform
in the Limousin area, French Massif Central. The
gravimetric modelling allows us to constrain the three-
dimensional shape of the plutons. The relationships
between granite emplacement and upright folding are
discussed, and a model for granite emplacement coeval
with folding is proposed.

GEOLOGICAL SETTING

The lithotectonic units

The French Massif Central (Fig. 1) belongs to the
Western Europe Variscan belt which resulted from
Silurian±Carboniferous convergence and collision
between Gondwana and Baltica (e.g. Matte, 1986).
The Variscan geodynamic evolution of the French
Massif Central was accompanied by widespread mag-
matic activity. Four lithotectonic units are recognized
(Fig. 1), based on lithologies, ages and structural and
metamorphic characteristics (Floc'h, 1983; Ledru and
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Autran, 1987; Ledru et al., 1989). From top to bottom
they are: (i) the low grade Upper Unit, (ii) the Upper
Gneiss Unit, (iii) the Lower Gneiss Unit; and (iv) the
Para-autochthonous Unit. These four units form the
internal zone of the French Massif Central. The
southern nappes and recumbent folds in the Montagne
Noire are interpreted as the external zone of the belt.
The high-pressure metamorphism (eo-Variscan event),
dated between 440 and 400 Ma, and recorded in eclo-
gites and high-pressure granulites of the Upper Gneiss
Unit is related to a subduction event (Pin and Peucat,
1986). During their exhumation, the high-pressure
rocks experienced retrogression to amphibolite facies
and partial melting around 390±380 Ma (Duthou,
1977; Lafon, 1986).

The main tectonic event corresponding to the
`Hercynian orogeny proper' occurred around 360 Ma
(late Devonian±early Carboniferous) under medium
temperature±medium pressure (Barrovian) conditions.
A ¯at-lying foliation and a NW±SE-trending stretching
lineation with top-to-the-northwest sense of shear re-
lated to this event are widespread in the whole Massif
Central (e.g. Floc'h, 1983; Ledru et al., 1989). In early
Carboniferous times (ca 350 Ma) nappe tectonics were
followed by wrenching, upright folding and plutonism.
The massifs described below belong to this event.

Lastly, late orogenic extensional tectonics character-
ized by ductile normal faults, a NW±SE stretching
direction and syn-kinematic leucogranite emplacement
occurred diachronously throughout Massif Central

Fig. 1. Structural map of the French Massif Central.

J.-Y. ROIG, M. FAURE and C. TRUFFERT1170



(Faure, 1995). In the internal zone, crustal thinning
began as soon as late early Carboniferous as shown by
the tectonics of the Late Visean `Tufs anthracifeÁ res'
series (Fig. 1), while nappe tectonics continued in the
external zone. By middle Carboniferous time exten-
sional structures were widespread.

THE SOUTH LIMOUSIN STRUCTURAL
PATTERN

The South Limousin area is a relatively small
domain where the four structural units of the internal
zone are intruded by several granitic bodies (Fig. 2).
The low grade Upper Unit, called the Thiviers±Payzac
Unit, outcrops in the western part of the study area. It
consists of rhyodacitic tu�s and meta-ignimbrites of
Cambrian age, and Ordovician±Silurian marine sedi-
ments (Guillot, 1981). In this unit the metamorphism
corresponds to greenschist- to lower amphibolite-facies
conditions. The exact geometry of the Thiviers±Payzac
Unit with respect to the high-grade rocks of the Upper
Gneiss Unit is still debated. The Tournaisian left-lat-
eral Estivaux transcurrent shear zone at the contact

between the Thiviers±Payzac Unit and the Upper
Gneiss Unit has obliterated the primary relationships.
The Estivaux granodiorite which outcrops along the
fault zone has been demonstrated to be a syn-kin-
ematic pluton emplaced during the left-lateral shearing
(Roig et al., 1996). The Upper Gneiss Unit is com-
posed of paragneiss with several lenses of ma®c and
ultrama®c rocks. Some of them record an eclogitic
metamorphism related to the late Silurian subduction
event (Santallier, 1981; Pin and Peucat, 1986). Most of
the metamorphic assemblages correspond to the
amphibolite facies attributed to the early
Carboniferous (ca 360 Ma) top-to-the-northwest
Hercynian event. The Lower Gneiss Unit consists
mainly of the Aubazine, Chameyrat±Mulatet and
Argentat orthogneisses. The granitoids' host rocks are
paragneiss and micaschist derived from greywhacks
and shales. In these metasediments the metamorphic
assemblages (biotite + garnet2staurolite2kyanite2
sillimanite) are attributed to the 360 Ma Hercynian
event. The Chameyrat±Mulatet Argentat augen gneiss
is dated at 535221 Ma by the Rb/Sr whole-rock
method (Bernard-Gri�ths, 1975). Migmatitic facies
developed at the expense of the augen gneiss. The con-

Fig. 2. Geological map of the South Limousin area.
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tact between the Upper Gneiss Unit and the Lower

Gneiss Unit is marked by the leptynite±amphibolite

complex of Vergonzac±Tulle dated at 49925 Ma by
207Pb/206Pb on zircon (P. Ledru, personal communi-

cation). Metashales and metapelites belonging to the

Para-autochthonous Unit outcrop only near the

Argentat fault. Garnet±biotite assemblages related to

the 360 Ma event are retrogressed into white mica and

chlorite during the middle Carboniferous extensional

tectonics.

The Argentat fault (Figs 2 & 3) is one of the major

structures of the French Massif Central (Guillot and

Feix, 1985). It separates the Limousin area from the

Millevaches area in a N±S direction along 180 km.

This fault experienced a polyphase deformation. First,

the Argentat fault was a ductile normal-dextral fault

acting in the middle Carboniferous times upon already

metamorphosed and ductilely deformed micaschists

and gneisses (Ledru and Autran, 1987; Mattauer et al.,

1988; Roig and Faure, 1996). The Limousin and

Millevaches areas represent, respectively, the fault

hanging wall and footwall. Although undated, the duc-

tile deformation took place in middle Carboniferous

time as numerous leucogranites of this age formed

Fig. 3. Geological cross-sections of the Tulle anticline located in Fig. 2. (a) NE±SW cross-section along the CorreÁ ze
Valley showing the hidden leucogranitic pluton discussed in the text. (b) NE±SW cross section through the Chanteix pluton.
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syn-tectonic plutons. This event corresponds to the
®rst Variscan late-orogenic stage recognized in the
Massif Central. Secondly, in late Carboniferous times,
the fault zone was reactivated as a brittle, left-lateral
strike-slip fault during the second extensional stage
(Faure, 1995).
The Tulle anticline is a kilometre-scale, upright anti-

form located between the Estivaux strike-slip fault to
the west and the Argentat fault to the east. This anti-
cline re-folds the metamorphic foliation and the thrust
contact between the Upper Gneiss Unit and the Lower
Gneiss Unit. Owing to folding, the Chameyrat±
Mulatet orthogneiss of the Lower Gneiss Unit crops
out in a window along the CorreÁ ze river. In the study
area, the subhorizontal axis of the Tulle anticline
trends N1108E but turns to N1408E south of Argentat
(Guillot, 1981). Our crude estimate indicates an hori-
zontal shortening of 75%. The well-developed antifor-
mal structure along the CorreÁ ze Valley is progressively
altered southward by the action of the Argentat fault.
Near Sainte-Fortunade the foliation is subhorizontal,
and south of Albussac the general structure is a SW-
dipping monocline (Fig. 4a & b). The foliation bears a
regional lineation subparallel to the Tulle fold axis
(Fig. 4a & c). This lineation is a mineral lineation
formed by the crystallization of biotite, muscovite and
amphibole. Stretching of quartz and feldspar aggre-
gates along the same trend shows that this lineation is
the X ®nite-strain axis. In sections parallel to the NW±
SE lineation and perpendicular to the metamorphic fo-
liation (XZ-plane of the ®nite-strain ellipsoid), numer-
ous top-to-the-northwest shear criteria are observed in
all the metamorphic rocks of the Tulle anticline. Their
signi®cance, relevant to the early Carboniferous re-
gional deformation, will not be discussed here.
Moreover, in the Lower Gneiss Unit, and especially in
the amphibolite layers of the Vergonzac±Tulle lepty-
nite±amphibolite complex, another N508E-trending lin-
ear structure can be observed. It consists of localized
striation associated to preferred crystallization of rare
biotite crystals. This linear anisotropy can be de®ned
as a `high-temperature slickenside' (Fig. 4a) which in
the following will be related to the granite emplace-
ment.

The granites of the Tulle antiform

Several calc-alkaline granodiorites occupy the core
of the Tulle antiform. Namely, from northwest to
southeast, they are the Chanteix, Cornil Sainte-
Fortunade and Albussac massifs (Figs 2 & 3). These
granites are accompanied by numerous dykes and sills
well exposed along the CorreÁ ze Valley. In the main
granodioritic bodies, two facies can be distinguished.
The microgranular facies is located in the centimetric
to decametric dykes and sills of the CorreÁ ze Valley but
also in the Chanteix and Sainte-Fortunade granitic
bodies. A granular to coarse-grained facies is princi-

pally observed in the Albussac pluton. Host-rock xeno-
liths are frequent but only the largest ones were
mapped in the Chanteix body (Fig. 4a). In the main
plutons, whatever the facies or the massif, the rock
mainly consists of plagioclase, biotite, quartz and
orthoclase. The plagioclase is oligoclase zoned from
An27 in the core to An16 in the rim. The biotite
belongs to the annite±phlogopite suite. The crystalliza-
tion sequence determined by microstructures is plagio-
clase, biotite, quartz and, ®nally, orthoclase. By
comparison with experimental work (Naney, 1983),
this sequence allows us to determine a 3±5% (weight)
H2O content in the magma for 2 kbar. Zircon, allanite
and sphene are also observed but in small quantities.
On the basis of petrology, the magma crystallized at
2±2.5 kbar, that is 6±8 km depth, or at about 220±
3008C, assuming a 378C kmÿ1 thermal gradient in the
study area (Guillot, 1981; Floc'h, 1983).

Major element geochemistry (Guillot, 1981) supports
a similar origin for all the plutons. Large and well-
crystallized allanite attests to rare earth elements
(REE) enrichment. Lastly, the initial 87Sr/86Sr ratio
between 0.7077 and 0.7155 (Bernard-Gri�ths and
Vachette, 1970; Bernard-Gri�ths, 1975) is considered
to indicate a mantle origin, with probably some crustal
contamination for the Tulle anticline granodioritic
magma. The Tulle anticline granodiorites present quite
similar mineralogy, whole-rock chemical composition,
plagioclase and biotite chemistry, and zircon typology
(Alinat, 1975) with the Estivaux pluton which provided
a 34622 Ma age by 40Ar/39Ar method on biotite
interpreted as the cooling age (Roig et al., 1996). A
previous Rb/Sr date of 334214 Ma for the Cornil
granite is very debatable (Bernard-Gri�ths, 1975;
recalculated with l = 1.42� 10ÿ11). According to this
author, the Rb/Sr measurements of the Cornil granite
(s.s) do not allow one to draw an isochron because the
alignment is inferred from the addition of an unfo-
liated leucrocratic dyke interpreted here as a late fea-
ture (cf. below). Recent 40Ar/39Ar dates on biotite for
the Chanteix and Albussac plutons are 35524 and
35125 Ma, respectively (Roig, 1997). The granite
emplacement age is considered to be ca 350 Ma as the
plutons were emplaced within country rocks that were
at a temperature of 250±3008C, that is below the bio-
tite closure temperature.

STRUCTURE OF THE TULLE ANTICLINE
GRANITES

Mesoscale structures

The Tulle anticline granites are accompanied by nu-
merous dykes and sills that outcrop along the CorreÁ ze
Valley. Two generations of dykes can be distinguished.
The ®rst one consists of grey, ductilely deformed gran-
odiorite. These dykes are folded or boudinaged (Fig. 5a
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& b), and contain a well-marked ¯at-lying solid-state
foliation and NW±SE lineation. From the granodiori-
tic composition and deformation features (lineation
orientation, microfabric) displayed by these dykes we

suggest that they are contemporaneous to the Tulle
anticline granodiorites. This ®rst generation of dykes
shows a scattering of fold axes without any preferred
trend (Fig. 6a). The foliation in the dykes is subhori-

Fig. 4. Structural maps of the South Limousin area: (a) ®eld observations; (b) foliation trajectory; and (c) lineation tra-
jectory.
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zontal, parallel to host-rock foliation and axial planar.
The poles of the dyke walls exhibit a strong N1258E
horizontal preferred orientation (Fig. 6b). Because coe-
val sills are boudinaged in the NW±SE direction
(Fig. 5b), these dykes are interpreted as ®lling cross
joints (Marre, 1982; Hibbard and Watters, 1985). This
structural pattern allows us to infer a vertical maxi-

mum shortening and a NW±SE maximum stretching
direction (Z and X-axes of the ®nite-strain ellipsoid,
respectively) during emplacement of the ®rst gener-
ation of dykes.

The second generation of dykes consists of pink leu-
cocratic pegmatite and aplite. These latter dykes are
neither folded nor foliated. They consistently trend

Fig. 5(a & b).
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SW±NE (Fig. 6c) and cross-cut the early grey dykes. It
is worth noting that such dykes are widespread around
middle Carboniferous peraluminous granites in the
Massif Central. Dyke swarms do not necessarily indi-
cate the proximity of a pluton, but the presence of
these leucogranite dykes and the gravimetric data (cf.
below) support the occurrence of a hidden leucograni-
tic pluton in the core of the Tulle anticline.
In all the Tulle anticline granites, foliation and linea-

tion are well expressed. These planar and linear aniso-

tropies are due both to stretching and to the preferred
orientations of the biotite and quartz aggregates,
suggesting a post-magmatic fabric of the rock. Host-
rock xenoliths are also conformable to the granite
crystal fabric (Fig. 4a). However, the occurrence of
early magmatic foliation and lineation cannot be ruled
out. Near the pluton margins, the granite foliation is
always parallel to the contact with the host rock and
de®nes a concentric pattern (Fig. 4b). The lineation in
the granitic bodies and in the grey dykes cannot be

Fig. 5(c & d).
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geometrically separated from that of the host rock.
The geometric concordance of the foliation and linea-
tion trends between the host rocks and magmatic
rocks indicates that the direction of the ®nite strain
axes remained constant from the regional deformation

(ca 360 Ma) to pluton emplacement (ca 350±340 Ma).
The lineation trajectory (Fig. 4c) passes through the
Tulle anticline axis and granitic bodies suggesting a
structural relationship between folding and fabric
development in the plutons.

Fig. 5. Examples of the various structures of the Tulle anticline granites. (a) Folded and foliated granodioritic dykes cut
by an undeformed leucogranitic dyke. The CorreÁ ze Valley near Cornil. The bar is 10 cm. (b) Asymmetrically boudinaged
granodioritic dyke showing top-to-the-northwest shearing. The CorreÁ ze valley near Cornil. The bar is 15 cm. (c) S±C
structures in the Albussac pluton. The bar is 0.65 mm. (d) Syneusis texture of plagioclase. The Sainte-Fortunade pluton.
Crossed polars. The bar is 0.3 mm. (e) Cracked plagioclase with voids ®lled by infra-millimetric quartz and plagioclase
(micro-aplite). The Albussac pluton. Crossed polars. The bar is 0.4 mm. (f) High-temperature quartz with mosaic-like
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Microstructural data

In the inner parts of the Chanteix and Sainte-
Fortunade bodies minerals are just preferentially
oriented without signi®cant ductile strain, whereas at
the northwestern and southeastern borders of the plu-
tons all minerals are plastically deformed. As a whole,

in the Chanteix pluton, a grain-size reduction occurs
from the centre to the border of the massif. The kin-
ematics deduced from S±C structures indicate diver-
gent senses of shear: top-to-the-northwest shear in the
northwest border and top-to-the-southeast shear in the
southeast border. Metre-scale shear bands observed in
grey sills and their host rock con®rm this kinematic
pattern. However, in the Albussac massif, S±C struc-
tures developed under solid-state deformation always
indicate a top-to-the-northwest shear (Fig. 5c). These
data are in agreement with the kinematics inferred
from quartz hci-axis preferred orientations, presented
further on.

In all the granites, oriented plagioclase crystals and
magmatic texture such as syneusis (Fig. 5d) are often
observed, indicating that the early stages of fabric
development were coeval to magma crystallization
(Paterson et al., 1989). Frequently, plagioclase is also
cracked perpendicular to the stretching lineation, and
voids are ®lled by infra-millimetric orthoclase, sodic
plagioclase and quartz (Fig. 5d). This association of
very small quartz and feldspar crystals was previously
described as micro-aplite (Hibbard, 1986). Micro-aplite
is also found in the continuation of plagioclase crystals
along the stretching direction. This melt relocation tex-
ture can be interpreted as a pressure shadow. In our
samples, myrmekites are observed in the plane perpen-
dicular to the foliation and parallel to the stretching
direction (XZ-plane). The signi®cance of myrmekites is
ambiguous because they can be found either in meta-
morphic rocks, formed in the solid-state, or in igneous
rocks with melt participation (Hibbard, 1979; Simpson
and Wintsch, 1989; Vernon, 1991). However, in our
case, myrmekites present a mantle-like texture adjacent
to feldspars that is considered a typical texture of ¯uid
relocation (Hibbard, 1979). The myrmekite mantle-like
texture and the fact that micro-aplite appears around
and in the plagioclase micro-fractures is evidence for
melt relocation during the last stages of granite crystal-
lization under dynamic conditions (Hibbard, 1986;
Bouchez et al., 1992; Roig et al., 1996). When granites
are emplaced during regional deformation, the last
fraction of magma will migrate and crystallize in the
low-strain domains such as cracks formed by brittle
fracturing of already crystallized crystals or in the
strain shadows around crystals. All these textural ob-
servations indicate a pre-full crystallization defor-
mation and support the interpretation that the Tulle
anticline granodiorites are syn-kinematic bodies.

Fabric analyses

Owing to the lack of ma®c enclaves, rock fabrics
were computed at the microscopic scale in order to get
information on ®nite strain using two di�erent
methods. (i) The Rf/F method (Ramsay, 1967; Dunnet,
1969) was applied on quartz aggregates. The lengths of
long and short axes and the orientation of the long

Fig. 6. Stereograms of the dyke structures. (a) Plot of the fold axes
of the granodioritic dykes. (b) Density plot of the granodiorite dyke
walls interpreted as cross-joints. (c) Poles of the leucogranitic dykes.
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axis of the bulk quartz aggregates were determined by
image analysis. Large quartz aggregates are only found
in the coarse-grained facies which is poorly represented
and only four samples were analysed by the Rf/F
method. Two of them come from the Chanteix granite
(AT16 and AT74) and two from the Albussac granite
(AT90 and AT85, Fig. 7). (ii) A technique derived
from the `inverse SURFOR wheel' method (Panozzo,
1987) was also used. This method consists of rotating

a set of parallel lines of ®xed and constant length
through 1808 and counting the intersections with the
drawing of the fabric outline at regular angle intervals,
j. The number of intersections, n, is plotted as a func-
tion of the orientation j. A curve is ®tted through the
points. The ratio n(j)max/n(j)min corresponds to the
ratio of the maximum and minimum axes of the strain
ellipse. This method is classically used for outlines of
grain boundaries (Panozzo, 1987; Lagarde et al.,

Fig. 7. Quartz hci-axis petrofabrics and strain measurements of the Tulle anticline granites. Numbers are the Flinn
parameter K.
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1994). In our case, we used this method for biotites
and quartz aggregates.

In the Chanteix pluton, sample AT74 shows S±C
planes and dynamic recrystallization of quartz, but
sample AT16 in the pluton centre is weakly deformed
as the quartz texture does not exhibit dynamic recrys-
tallization. The samples from the Albussac body
(AT90 and AT85) show S±C planes de®ned by biotite,
and quartz grains present dynamic recrystallization
texture. Therefore, except in the core of the Chanteix
Massif, the foliation and lineation in the Tulle anti-
cline plutons are mostly due to solid-state defor-
mation.

The `inverse SURFOR wheel' method was also used
on these four samples. Nevertheless, in order to better
describe the fabric ellipsoid, the `inverse SURFOR
wheel' method on biotite aggregates was used for four
other samples of micro-granular facies from the
Chanteix body (AT3, AT11, AT14, AT78, Fig. 7). The
reliability of the techniques used requires an important
number of measurements. Thus, three XZ and YZ sec-
tions were cut in each sample for measurements. The
stretching lineation and the foliation are considered to
represent the X-axis and XZ-plane of the ®nite strain
ellipsoid, respectively. In the Tulle anticline granites,
due to dynamic recrystallization, quartz grains do not
act as perfect passive markers. Moreover, because of
the internal anisotropy and viscosity contrast between
grains, strain estimates are only semi-quantitative. The
results are displayed in Table 1.

The Flinn plot (Fig. 8) shows that quartz and biotite
behaved di�erently. Quartz clusters can be approxi-
mated as passive markers, even if their initial shape is
partly controlled by the framework constituted by
early crystallizing minerals. Thus, the quartz shape
fabric is closer to the bulk strain ellipsoid than the bio-
tite preferred orientation. The biotite grains are ®rst
oriented during their crystallization from the magma.
The primary planar fabric will in¯uence the ®nal shape
fabric and give lower values of the Flinn parameter. In
addition, biotite will crystallize all along the defor-
mation history of the plutons. Biotite grains in S-
planes could be considered as relicts of early magmatic
crystals, partly recrystallized during deformation, while
those in the C-planes could be interpreted as late post-
magmatic crystals. Therefore, an inherited component

of strain is incorporated in our estimate from biotite.
This phenomenon may account for the systematically
lower K values obtained for biotite. The calculated
ellipsoids from quartz aggregates fall in the constric-
tional ®eld (K= 2) whatever the rock facies or the
method used (Fig. 8).

Our fabric measurements of the Tulle anticline gran-
ites show that the Y-axis of the ®nite-strain ellipsoid is
a shortening direction which is horizontal and also
perpendicular to the fold-axial plane. Such a constric-
tional strain is in agreement with the creation of a
large-scale upright open fold. Thus, folding of the host
rock appears to have occurred during or slightly after
granite emplacement as solid-state fabrics are weakly
developed in the internal parts of the plutons. The re-
lationships between the formation of the Tulle anti-
form and pluton emplacement will be further discussed
after the presentation of the gravity modelling.

Table 1. Characteristics of the ellipsoids calculated with di�erent methods (see Fig. 8)

Q Biotite `ISW' * Quartz `ISW' W Quartz Rf/F
Y/Z X/Y K Y/Z X/Y K Y/Z X/Y K

AT85 1.38 1.55 1.45 1.32 1.7 2.19 1.66 2.32 2
AT90 1.45 1.61 1.36 1.32 1.64 2 1.58 2.09 1.88
AT74 1.42 1.6 1.43 1.36 1.77 2.14 1.49 1.96 1.96
AT16 1.33 1.43 1.3 1.3 1.66 2.2 1.45 1.8 1.78
AT78 1.52 1.48 0.92
AT14 1.32 1.45 1.41
AT11 1.42 1.37 0.88
AT3 1.41 1.37 0.9

ISW, `inverse SURFOR wheel' method (Panozzo, 1987)

Fig. 8. Flinn diagram of the calculated ellipsoids. ISW, `inverse
SURFOR wheel' method (Panozzo, 1987).
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Quartz hci-axis preferred orientations

In the granular facies, large polycrystalline quartz
aggregates are elongated in the maximum principal
®nite stretch direction. Within the aggregate, the
quartz grains often show lobed boundaries which give
a puzzle-like texture. The grain boundaries also have
straight contours forming a mosaic-like texture
(Fig. 5f). This texture is interpreted to indicate a high-
temperature deformation (Lister and Dornsiepen,
1982; Gapais and Barbarin, 1986). In the micro-granu-
lar facies aggregates are not found; quartz only occurs
as single crystals. In both facies, quartz grains have
undulose extinction and the few subgrains observed
show that the dynamic recrystallization is relatively
weak. In the Chanteix and Sainte-Fortunade grano-
diorites, the quartz hci-axis preferred orientation has
an orthorhombic symmetry with respect to the foli-
ation plane, except for the northern and southern
parts of the massifs (Fig. 7). In the Albussac body, the
fabrics are asymmetric with respect to the foliation
plane. The monoclinic fabrics are characterized either
by a point maximum on the edge of the diagram
(Albussac and Sainte-Fortunade massifs), an oblique
girdle or two asymmetric crossed-girdles with respect
to the foliation pole (Chanteix body). Assuming intra-
crystalline glide as the active deformation mechanism,
basal hai and to a lesser extent prismatic hai slip sys-
tems indicative of a low to medium temperature are re-
sponsible for this fabric development (Lister and
Hobbs, 1980; Jessell and Lister, 1990). The monoclinic
symmetry allows us to infer a non-coaxial deformation
(Lister and Hobbs, 1980; Etchecopar and Vasseur,
1987; Law, 1990). In agreement with other shear cri-
teria such as S±C structure (Fig. 5c), the kinematics
deduced from these hci-axis fabrics show: (i) a top-to-
the-northwest shear for the Albussac massif; and (ii)
divergent senses of motion for the Chanteix and
Sainte-Fortunade bodies: top-to-the-northwest in the
northwestern part and top-to-the-southeast in the
southeastern part of the bodies (Fig. 7).
In the centres of the Chanteix and Sainte-Fortunade

massifs, the fabrics are symmetric with respect to the
foliation pole and the maxima are located on the edge
of the diagram (Fig. 7). According to natural examples
and numerical modelling, such orthorhombic fabrics
are explained by a coaxial strain regime (Etchecopar,
1977; Lister and Hobbs, 1980; Lister and Dornsiepen,
1982; Law, 1987). In terms of kinematics, the sym-
metry of quartz hci-axis diagrams of the Tulle anticline
granites could result from a coaxial ¯ow regime
accommodated by basal hai slip. However, the quartz
deformation mechanism responsible for the symmetri-
cal fabrics is debated. Maxima formed during non-
coaxial ¯ow are due to activation of a dominant slip
system in the most favourable direction for gliding. In
contrast, fabric maxima due to coaxial strain are re-
lated to the activation of two or three di�erent easy-

to-activate glide systems symmetrically disposed with
respect to the shortening axis. On the orthorhombic
stereograms (Fig. 7), the maxima located on the edge
of the diagram correspond to the maximum III of
Lister and Dornsiepen (1982). These authors suggest
maximum III might arise because of activation of tri-
gonal dipyramidal {2�1�12} hc + ai systems at high tem-
perature (T>7008C). Our orthorhombic fabrics may
result from coaxial deformation accommodated by
basal hai glide. The mosaic texture observed in some
thin sections suggests a high-temperature deformation
that would not be compatible with the activation of
the basal hai gliding system. In that case, hci-axis max-
ima close to the lineation direction, characteristic of
prism hci slip, would be expected. Such fabrics are
recognized in high-temperature deformed rocks such as
migmatites and granites (e.g. Bouchez et al., 1985;
Blumenfeld et al., 1985; Gapais and Barbarin, 1986;
Mainprice et al., 1986; Tommasi et al., 1994; Roig and
Faure, 1995). One explanation for the presence of the
locally developed mosaic texture might be a limited
static recrystallization (annealing) caused by a late
reheating of the Tulle anticline granites, during empla-
cement of the hidden pluton modelled further on.
However, the lack of high-temperature textures in the
micro-granular facies and TEM observations allow us
to argue the mosaic textures pre-date development of
the orthorhombic hci-axis fabrics.

TEM analysis

We chose a limited number of samples representa-
tive of the question to be solved: ``What is (are) the
mechanism(s) responsible for the development of
apparently low-temperature quartz hci-axis fabric and
high-temperature quartz textures?'' Sample AT74 was
selected because it clearly shows quartz mosaic-like
texture (Fig. 5f) and basal to prismatic hai operative
slip system (Fig. 9). TEM observations were made on
several individual quartz grains containing well-de®ned
subgrain boundaries (SGB). All observations were car-
ried out with Prof. J. C. Doukhan on a Philips CM30
STEM in the Laboratoire de Structures et ProprieteÂ s
de l'Etat Solide, UniversiteÂ Lille 1, France.

The samples were ion thinned and carbon-coated for
TEM observations of free dislocations and SGBs. In
order to identify the dislocations, the technique of `in-
visibility criteria' was used (Hirsh et al., 1965; Ardell
et al., 1974; TreÂ pied et al., 1980). For a dislocation to
be out of contrast requires the following conditions:
the dot product ~b�~g = 0 (1) for a pure screw dislo-
cation and ~b� ~g� ~u = 0 (2) for a pure edge dislocation,
where ~g is the di�raction vector, ~b the Burgers vector
and ~u the unit vector along the dislocation line. All the
samples studied show the same features. The study of
free dislocations allows us to evaluate an average dislo-
cation density of about r =6� 1012 mÿ2. The observed
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dislocations often form junctions, and very few dislo-
cation loops are observed. The pictures of the same
area with two di�erent di�raction vectors, ~g = [1101]
and ~g = [1100], are quite identical (Fig. 9a & b). This
precludes the occurrence of hci-type dislocations.
Furthermore, these pictures show that all the free dis-
locations are hai-type. These free dislocations are in
climb con®guration and the numerous junctions allow
us to infer a medium temperature for their occurrence.
These free dislocations reveal that the basal hai and, to
a lesser extent, the prismatic hai gliding systems were

operative. Thus, a temperature of about 300±4008C is
in agreement with the quartz hci-axis fabrics (Fig. 7).

Subgrain boundaries parallel to [0110] with a di�rac-
tion vector ~g dislocations = [0111] are rare (Fig. 9c)
and ¯uid inclusions are never found in these SGBs.
The three sets of hai dislocations (Fig. 9c) con®rm the
activation of basal hai glide system. Nevertheless, most
of the observed SGBs are well organized, show a lot
of ¯uid inclusions and are parallel or slightly oblique
with respect to [0001] (Fig. 9d). They are in equili-
brium con®guration and can be composed of hci dislo-

Fig. 9(a & b).
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cations. The bright and dark ®eld images of the dislo-
cations in such a SGB are shown in Fig. 9(d±f). Figure
9(f) is an enlarged view of the Fig. 9(e). The small
bright lines forming this SGB are hci dislocations. The
choice of a di�raction vector (~g = [1101]) puts them in
contrast, while dislocations with Burgers vector ~b = 1/
3 [1120] are out of contrast. The hci dislocations can-
not be out of contrast contrary to the hai dislocations
(Fig. 9e & f). Thus, the dislocations forming SGBs are
mainly hci dislocations. The activation of the prismatic
hci gliding system occurs around 6008C and higher.

The occurrence of DauphineÂ twins is also indicative of
this temperature (Fig. 9c).

TEM analyses allow us to infer an evolution of the
quartz deformation in the Tulle anticline granites from
a high-temperature deformation regime to a regime at
lower temperature. The ®rst event corresponds to a
high-temperature (600±6508C) deformation controlled
by crystal plasticity s.s. In spite of high-temperature
conditions, TEM observations rule out di�usion-con-
trolled oriented grain growth as the main deformation
mechanism. The high-temperature event is responsible

Fig. 9(c & d).
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for DauphineÂ twins, activation of prism hci slip and
creation of SGBs, mostly constituted of hci edge dislo-
cations, giving rise to the mosaic-like texture. This
deformation mechanism was certainly enhanced by dis-
solved water. During the pluton cooling, temperature
dropped and water precipitated in the SGBs. Then at
low temperature (350±4008C), the activated gliding sys-
tems were basal (2prismatic) hai, with formation of a
few hai SGBs. This late deformation event produced
enough plasticity to induce the observed hci-axis fab-
rics, but locally permitted the good preservation of the
high-temperature mosaic-like texture.

GRAVITY MODELLING

Foliation and lineation patterns provide insu�cient
information to determine an accurate three-dimen-
sional shape of a granitic pluton, thus the use of gravi-
metry is essential, although interpretations are not
always unique. The Bouguer anomaly gravimetric map
shows a strong contrast between areas of di�erent den-
sities corresponding to the Upper Gneiss Unit and
Lower Gneiss Unit, respectively (Fig. 10). The Tulle
anticline granites do not correspond to a signi®cant
negative anomaly. However, along the CorreÁ ze Valley,

Fig. 9. TEM photographs of quartz structures. (a & b) Bright ®eld of hai-type free dislocations with two di�erent di�rac-
tion vectors (see text for further information). (c) Dark ®eld weak beam picture of DauphineÂ twin and SGB. Note the
occurrence of three families of hai dislocations forming the SGB (dark arrow). (d) Bright ®eld of a SGB parallel to the
[0001]. (e) Dark ®eld weak beam picture of the same SGB. The comparison between (d) and (e) allows us to identify

hci-type dislocations (see text for further information). (f) Enlarged view of (e).
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two subcircular negative anomalies are observed. It is

worth noting that these minima are exactly located in

the outcrop area of the pink leucogranite dykes.

Therefore, we interpret the CorreÁ ze Valley anomaly as

due to a hidden leucogranite pluton linked to the

dykes (Fig. 3). The gravity contrast between the Upper

Gneiss Unit and Lower Gneiss Unit is due to the

quartz-diorites, amphibolites and eclogites of the

Upper Gneiss Unit. No signi®cant density di�erence

exists between the paragneiss of the Upper Gneiss

Unit and the metagranite and micaschists of the

Lower Gneiss Unit. In order to simplify the modelling,

a mean density average of both paragneiss and orthog-

neiss of the Lower and Upper Gneiss Units was calcu-

lated. Nevertheless, because of the heterogeneity of

these two units, the calculated density average is only

an estimate. Locally, the true density can be lower or

higher than the calculated one. Moreover, the density

contrast between the Tulle anticline granodiorites and

their host rocks is sometimes insu�cient for a 2.5-

dimensional modelling. This is especially true for the

small Sainte-Fortunade and Albussac massifs (Fig. 10).

Therefore, only two cross-sections of the Chanteix

body parallel and perpendicular to structures were

modelled using the 2.5-dimensional modelling method

(Plou�, 1975) with GMI-PACK software (BRGM-

Total) at BRGM (OrleÂ ans, France). The half-dimen-

sion corresponds to the cartographic extension of the

pluton. For the transverse SW±NE cross-section, the

modelled gravimetric anomaly curve across the Tulle

antiform and the Chanteix pluton ®ts well with the

measured anomaly curve (Fig. 11a). Because of the

heterogeneous density of the Upper Gneiss Unit, a

mass shortage appears on the northwest border of the

longitudinal SE±NW cross-section (Fig. 11b). A test

was carried out with continuous quartz-diorite under

the Chanteix Massif but the anomaly generated was

not large enough to ®ll the mass shortage. Another

test was made with eclogite, but the thickness necess-

ary to ®t the curve was too important. This heavy

anomaly could be explained by a superimposition of

quartz-diorites and eclogites, but their respective thick-

ness is too hypothetical. For this reason no heavy

body was represented below the Chanteix pluton. The

NW±SE gravimetric cross-section allows us to rep-

resent the hypothetical low-density body responsible

for the negative anomaly of the CorreÁ ze valley

(Fig. 11b). Obviously the Chameyrat orthogneiss can-

not be responsible for the anomaly as it has almost the

same density as the host rock. Indeed, the Argentat

orthogneiss, which is similar to the Chameyrat one,

does not produce a negative anomaly. Therefore, the

negative anomaly is best explained by the occurrence

of a hidden low-density body. In order to estimate its

thickness, and its depth, the thickness of the Chanteix

pluton was ®xed according to the SW±NE cross-sec-

tion (Fig. 3b). The gravimetric anomaly curve corre-

sponding to modelled cross-section of both the

Chanteix and the hidden body ®t well with the

measured anomaly curve except at its northwestern

end for the density reasons discussed above. Modelling

that does not take into account the hidden pluton does

not ®t the real anomaly curve (Fig. 11b). As already

stated, dyke petrology and former Rb/Sr results argue

Fig. 10. Bouguer anomaly map of the Tulle anticline area.
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for a middle Carboniferous age for this hidden body
(Bernard-Gri�ths, 1975).
Gravimetric modelling suggests that the Chanteix

Massif has an average thickness of 1 km and presents
a deeper zone of 2.5 km located in the southeastern

part of the massif, which is interpreted as the pluton
root zone. This asymmetric southeast location of the
root zone supports that the pluton was dominantly
stretched northwestward in agreement to the regional
deformation. The Chanteix body is 15 km long, 10 km

Fig. 11. Modelled 2.5-dimensional gravimetric cross-sections around the Chanteix pluton, located in Fig. 10. (a) SW±NE
transverse cross-section. (b) NW±SE longitudinal cross-section.
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wide and less than 2 km thick, and therefore appears
to be a laccolith. By analogy with the Chanteix body,
we assume that the Sainte-Fortunade and Albussac
massifs have a similar laccolithic shape. The bulk
shape and small size of these bodies, which argue for a
small volume of intruded magma, do not favour a hot
Stokes type of diapiric emplacement. Magma channel-
ling through small conduits such as dykes and sills is
more likely (Clemens and Mawer, 1992; Rubin, 1993;
Petford et al., 1994).

DISCUSSION AND CONCLUSIONS

Microstructural, TEM and strain analyses allow us
to characterize the granite deformation history during
its emplacement and cooling. The ®rst event corre-
sponds to a pre-full crystallization deformation respon-
sible for the brittle deformation of early crystallized
minerals, like plagioclase, during crystallization of the
last fraction of magma (Hibbard, 1986). The second
stage which is recognized by quartz texture and TEM
analyses corresponds to a high-temperature (near
6508C) solid-state deformation stage which induces
quartz prism hci slip responsible for SGBs and the pre-
served mosaic-like texture of quartz. The last stage is a
moderate-temperature (3508C) deformation character-
ized by basal hai glide and responsible for the hci-axis
preferred orientation measured with the universal
stage. TEM analysis points out that the old high-tem-
perature microstructure is not completely obliterated
by the younger low-temperature one.
The shape of the Tulle anticline granites di�ers from

the inverted tear-drop shape experimentally obtained
for diapiric models (e.g. Ramberg, 1981; Cruden, 1990;
Talbot, 1993). Rim synclines that are predicted to
form at the margin of diapirs are also lacking. In ad-
dition, the weak ductile deformation at the pluton
margins and the discordant contact at the northwes-
tern end of the Chanteix pluton does not support a
ballooning emplacement. Structural analysis and gravi-
metric modelling reveal a laccolithic shape of these
bodies which might emplace in a supracrustal level
(e.g. Pollard and Johnson, 1973; Corry, 1988). The
thin tabular shape of the plutons, the small volume
implied and the lack of evidence for vertical displace-
ment of the host rocks also preclude a diapiric
emplacement mechanism. In any case, in the upper
crust, rheological and thermal contrasts between gran-
ite and host rock are high, thus a diapiric process is
unlikely for granite emplacement. Moreover, channel-
ling through small conduits such as dykes and sills
(Petford et al., 1994) is supported by our ®eld obser-
vations of dykes in the host rocks. The mechanisms re-
sponsible for emplacement of the main bodies have to
be considered with respect to the space problem. As
shown above, the fabric patterns of the plutons indi-
cate maximum (X) and intermediate (Y) strain axes

parallel and perpendicular to the fold axis, respect-
ively, and constrictional strain that is consistent with
granite emplacement related to folding. Owing to very
di�erent strain rates, of more than one order of magni-
tude, magma injection is a nearly instantaneous pro-
cess compared to folding. Therefore, dyke opening
cannot be considered as strictly due to folding but
rather enhanced by deformation-related low-stress
areas.

Within an anticline, three places are suitable for
local formation of low-stress domains, namely: (i) at
the exterior part (extrado) of the fold hinge; (ii) per-
pendicular or at high angles to the hinge; and (iii)
along deÂ collement layers in the hinges and limbs. In
the Tulle antiform, the ®rst location is not realistic,
but the numerous N50E-trending `hot slickensides'
support the presence of deÂ collement layers (Fig. 2).
The anisotropy formed by the foliation surface was re-
used as localized movement zones. Most of the dykes
trend NE±SW, but NW±SE-trending dykes are also
observed (Fig. 6). These NW±SE-trending dykes indi-
cate that brittle stretching also occurred along the
anticline hinge. The 2±2.5 kbar and 220±3008C em-
placement conditions, which are those of the brittle±
ductile transition zone, are in agreement with an upper
crustal setting for emplacement of the Tulle anticline
granites.

The following scenario can be proposed (Fig. 12).
(1) In the early Carboniferous, at the end of the re-
gional NW±SE thrust tectonics, the intermediate strain
axis is a shortening direction (Y< 0). This NE±SW
shortening is responsible for an arched shape of the
proto-Tulle antiform. Owing to the rheological beha-
viour near the brittle±ductile transition zone, buckling
leads to low-stress domains allowing slip on the pre-
existing foliation and crack opening at high angles to
the fold axis. (2) Such low-stress domains are favour-
able places for magma injection (Fig. 12). The empla-
cement and fabrics of the granites are the result of the
interaction between: (i) a tectonic process, namely a re-
gional disharmonic folding which allows magma to
¯ow in the weakened parts of the fold; and (ii) a mag-
matic process, namely forceful injections which might
be responsible for buckling of the foliation. The role
of magma overpressure often advocated to account for
overthickening and deformation of the overburden
(e.g. Pollard and Johnson, 1973; Corry, 1988) is not
demonstrated in our case. However, the mean volume
of the Chanteix body is estimated around 600 km3 and
the total volume of the outcropping plutons is about
1500 km3. Such an amount of magma can mechani-
cally account for an uplift of several hundred metres
of the pluton roof. (3) In the last stage of magma crys-
tallization, a vertical shortening is responsible for the
folding and ¯at foliation development in the dykes. As
mentioned above, the same NW±SE maximum stretch-
ing direction for the 360 Ma ¯at-lying structures,
upright folding and granite emplacement suggests that
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these two events belong to a deformation continuum.
The lack of axial-planar cleavage both in the upright
folds and in the dykes shows that shortening along the
NE±SW-trending Y-axis was rather weak. Lastly, the
fold arcuation was probably accentuated during the
middle Carboniferous extensional tectonics in relation
with emplacement of leucogranite plutons in antifor-
mal structures, as recognized elsewhere in the French
Massif Central (Faure, 1995).
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