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Abstract

Evidence for melt-assisted development of extensional gneiss domes is provided using the combined analysis of geological, geophysical, and
geochronological data on the Millevaches dome and the adjacent Argentat fault (AF), in the western Massif Central, France. The Millevaches
dome consists of mica-schists associated with monzogranites (344e342 Ma), migmatites (337e334 Ma) and leucogranites (329e318 Ma).
These melts were emplaced before, at the onset of, and during the slip of the AF (w335e315 Ma), respectively. The AF is a 5-km-wide,
crustal-scale, westward dipping shear zone along which S3 foliation strikes NNW and L3 lineation trends WNW. Kinematic indicators show
uniform top-to-the WNW sense of shear coeval with retrograde low-pressure metamorphism, indicative of a normal-sense movement along
the AF. The Millevaches dome is interpreted to be an extensional gneiss dome cored by migmatites and monzogranite derived from a mid-crustal
molten layer inherited from collision and modified by addition of syn-extension leucogranites. The dome formed by crustal-scale normal shearing
along the AF and coeval exhumation of deep-seated rocks in the footwall. Pre-extension melts have allowed dome nucleation at the onset of
extension by localizing normal shearing within the molten layer. Syn-extension melts, given their quantity and emplacement mode within the
dome, have enhanced the persistence of dome growth and its ultimate geometry.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Extensional gneiss domes, and their metamorphic core
complex equivalents, are dome-shaped structures of high-
grade metamorphosed rocks exhumed along a crustal-scale
normal fault (i.e., detachment) in response to horizontal exten-
sion and subsequent erosion (e.g. Crittenden et al., 1980;
Coney and Harms, 1984; Malavieille, 1993; Brun and Van
Den Driessche, 1994; Vanderhaeghe and Teyssier, 2001).
They result from the partitioning of extensional strain on one
or more normal faults or shear zones, and their finite geometry
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reflects the interaction pattern of these faults (e.g. Wernicke
and Axen, 1988; Buck, 1991; Brun et al., 1994; Gautier and
Brun, 1994). In the hangingwall of the detachments, develop-
ment of sedimentary basins reflects concurrent rotational nor-
mal faulting and erosion of the exhumed footwall. These two
mechanisms are active over several million years (e.g. Dèzes
et al., 1999; McClelland and Gilotti, 2003). Exhumation of
deep-seated rocks in the footwall produces partial melting of
fertile rocks (e.g. Brown, 1993; Thompson and Connolly,
1995) and LP-HT metamorphism (e.g. Thompson and Ridley,
1987) associated with granite emplacement (e.g. Burg et al.,
1984; Guillot et al., 1994; Faure, 1995) and hydrothermal alter-
ation (e.g. Smith et al., 1991).

The kinematics of extensional gneiss domes are mainly
controlled by the genetic links and/or interactions between
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Fig. 1. Simplified map of the Massif Central with location of the Argentat fault, the Millevaches dome, and other structures of Late Palaeozoic age.
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melting, plutonism and deformation within the dome and
along the flanking detachment (Lister and Baldwin, 1993;
Vanderhaeghe et al., 2003; Johnson, 2006). A key question
is to know whether the shear zone controls magma emplace-
ment or whether magma assists nucleation of the shear
zone? The problem may be solved by studying the kinematics
of normal-sense shear zones and the adjacent gneiss domes,
and by determining the timing of melt generation and em-
placement with respect to the development of the deformation
pattern.

The aim of this paper is to use the results of a structural and
kinematic study of ductile structures along the Argentat fault
(AF) and the adjacent Millevaches dome (Massif Central,
France) as the basis for a general model for the development
of extensional gneiss domes. Structural data are combined
with reflection seismic data and available geochronological
constraints in order to evaluate the interactions between melt
emplacement and the kinematics of nucleation and growth
of the Millevaches dome in the context of late orogenic
extension.

2. Geological framework and previous studies

2.1. Outline of the Variscan orogeny in the
Massif Central

The South Limousin area belongs to the Variscan orogenic
belt of western Europe (Fig. 1), which resulted from the Palae-
ozoic convergence and collision between two continents,
Laurentia-Baltica and Gondwana, and numerous microplates
including Armorica and Avalonia (e.g. Ziegler, 1989; Franke,
2000; Matte, 2001). Oceanic and subsequent continental
subduction occurred during the Late Silurian-Devonian (e.g.
Lardeaux et al., 2001). Continentecontinent collision and as-
sociated crustal thickening occurred during the Devonian-
Carboniferous and caused thrust and wrench tectonics (D1 and
D2 phase) (Brun and Burg, 1982; Ledru et al., 1994; Matte, 2001).

Late orogenic extension is polyphase and diachronous
through the Massif Central. NW-directed synorogenic exten-
sion (D3 phase) was active during the Middle Carboniferous
(Burg et al., 1994; Faure, 1995; Faure et al., 2002; Roig
et al., 2002). It began in the northern Massif Central at
w335 Ma and propagated southward until w315 Ma, coeval
with southward-verging thrust tectonics in the southern Massif
Central (Arnaud et al., 2004). Synorogenic extension resulted
in both granite emplacement and normal/strike-slip faulting.
N- to NE-directed postorogenic extension (D4 phase) occurred
during the Late Carboniferous (310e290 Ma) and affected the
entire Massif Central (Burg et al., 1994; Faure, 1995). In the
eastern Massif Central, this event resulted in crustal-scale nor-
mal faulting, emplacement of the granite-migmatite Velay
dome (Fig. 1), and deposition of coal-bearing conglomerates
in half graben-type basins (Echtler and Malavieille, 1990;
Malavieille et al., 1990; Brun and Van Den Driessche, 1994;
Ledru et al., 2001). In the western Massif Central, postoroge-
nic extension accompanied wrench reactivation of preexisting
faults along which coarse clastic sedimentation took place
(Faure, 1995; Bellot et al., 2005).

2.2. Geological framework of the South Limousin area

2.2.1. The Limousin units
The upper crust of the South Limousin area (Fig. 2A) con-

sists of four units. These are, in order from top to bottom:
(a) the Epizonal Unit, made of schists, quartzites, and metaba-
sites, (b) the Upper Gneiss Unit, that consists of eclogite bou-
dins hosted by paragneiss, (c) the Lower Gneiss Unit, made of
Cambrian-Ordovician orthogneiss intruding Precambrian para-
gneiss and mica-schist, (d) the Parautochthonous Unit, com-
posed of quartzites and mica-schists and mapped along the
western boundary of the Millevaches dome (Guillot, 1981;
Floc’h, 1983). Stacking of these units is a consequence of
Early Carboniferous (w355 Ma) NW-verging thrust tectonics
(D2 phase), associated with the development of S1e2 regional
foliation, F2 sheath folds and L2 stretching lineation (Floc’h,
1983; Bouchez and Jover, 1986; Ledru et al., 1994; Roig
and Faure, 2000; Bellot, 2004). Inverted Barrovian-type meta-
morphism also resulted from pilling of these units (Guillot,
1981; Floc’h, 1983; Bellot, 2001). Late stages of the D2 phase
(355e345 Ma) caused transcurrent tectonics involving ductile
sinistral strike-slip shearing (Estivaux shear zone), early re-
gional-scale folding (Uzerche synform, Tulle and Meuzac
antiforms), and granodiorite emplacement (Roig et al., 1996,
1998) (Fig. 2).

2.2.2. The Argentat fault
The AF juxtaposes the Limousin metamorphic units, in the

west, and the Millevaches granite, in the east (Fig. 1) (Mouret,
1922; Floc’h, 1983; Feix, 1988; Ledru et al., 1994; Roig et al.,
2002). The trace of the AF, which trends 165�E, is 180 km
long. This fault is suspected to have experienced a normal
motion in relation to NW-SE extension (Mattauer et al.,
1988; Ledru et al., 1994; Roig et al., 2002). Hydrothermal
muscovites sampled along the AF yielded 40Ar-39Ar ages of
335 � 4 Ma and 337 � 4 Ma (Fig. 2A) (Roig et al., 2002).
Fireclays from the lowermost part of the sedimentary sequence
of the Beaumoreau basin (Fig. 1) occurring in the easternmost
part of the hangingwall of the AF have yielded a zircon U-Pb
age of 332 � 4 Ma (Bruguier et al., 1998). These data suggest
that channelling of hydrothermal fluid occurred along the AF
during normal shearing, in the Upper Visean (337e332 Ma).

2.2.3. The Millevaches dome
The Millevaches dome consists of mica-schists of the Para-

utochthonous Unit intruded by several generations of granite
associated with migmatites and granulites (Figs. 2A and
4A). The dome is bounded to the west by the AF and to the
east by the Ambrugeat fault (Fig. 1). It is divided into two
parts by the NNW-striking dextral Pradines shear zone
(Mezure, 1981) (Fig. 1). In the western part of the dome, whole
rock Rb-Sr dating has yielded an age of 467 � 8 Ma for the
orthogneiss protolith of the migmatites and 344 � 8 Ma for
the monzogranites (Monier, 1980). Monazite Th-U-Pb dating
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Fig. 2. Setting of the Argentat fault in the southwestern Massif Central (location in Fig. 1). (A) Geology. (B) Structure. Radiometric ages: in dark 40Ar-39Ar on

muscovite, in white: Rb-Sr on whole-rock.
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has yielded 342 � 5 Ma for the monzogranites, 337 � 4 Ma
and 334 � 4 Ma for the migmatites (Be Mézème, 2005), and
329 � 8 Ma, 324 � 3 Ma, 323 � 4 Ma, and 318 � 3 Ma for
the leucogranites affected by the AF (Gébelin, 2004; Be
Mézème, 2005; Fig. 4A). Therefore, melt generation and
emplacement took place between 345 and 315 Ma in the west-
ern Millevaches dome, with the monzogranites forming first
during collision (344e342 Ma), then the migmatites at the
onset of extension (337e334 Ma), and finally the leucogranites
during synorogenic extension (329e318 Ma). Along the Pra-
dines shear zone, muscovite 40Ar/39Ar and monazite
Th-U-Pb and U-Pb dating have yielded a common age of
w315 Ma for sheared leucogranites and for granulites
paleosomes and neosomes (Gébelin, 2004), indicating that
solid-state deformation of leucogranites and granulite meta-
morphism occurred coevally in relation to dextral movement
of the Pradines shear zone during the latest stages of synoro-
genic extension (w315 Ma), as synorogenic extension is
inferred to have lasted from 335 to 315 Ma (Faure, 1995).

The origin of the Millevaches granite is a matter of debate.
Several hypothesis have been proposed:

� For Floc’h (1983) and Bouchez and Jover (1986), the Mil-
levaches granite is syntectonic and was emplaced along
a NW-verging thrust fault. This interpretation is in dis-
agreement with (1) the time span of leucogranite emplace-
ment (329e318 Ma) that coincides with the period of
synorogenic extension dated 335e315 Ma in the internal
zones of the Variscan belt (e.g. Faure et al., 2002), and
(2) the close association of the Millevaches leucogranites
with the AF, which itself crosscuts NW-verging thrusts
(Floc’h, 1983; Roig and Faure, 2000; Bellot, 2004).
� According to Faure (1995), the granite is a laccolite that

was emplaced in the core of a regional-scale antiform
formed during synorogenic extension. However, this
model does not explain the NNW-SSE orientation of an
upright fold in the area, neither parallel nor perpendicular
to the regional lineation.
� For Gébelin (2004) and Gébelin et al. (2006), the

Millevaches granite would be a thin laccolite emplaced
into a lithospheric-scale pop-up structure centred on the
Pradines shear zone, and formed during ‘‘a strike-slip event
rather than a late-orogenic extensional event’’. This model,
supported by AMS investigations on the central part of
the Millevaches, has two main inconsistencies. First, the
rooting of the shear zone in the lower curst is not supported
by any data. Second, the fact that ‘‘no significant imprint of
Variscan extension is recognised in the internal fabric of
the granite than the dextral motion of the Pradines shear
zone’’ is surprising considering the span time of granite
emplacement (345e315 Ma) that ranges from collision
(355e345 Ma) to synorogenic extension (335e315 Ma).

Here we present new data on the Millevaches granite and
the adjacent Argentat fault that provide a new model that in-
tegrates more satisfactorily the whole geological data set, and
more particularly the geochronology of the various intrusions
and the respective role of the AF and Pradines shear zone in
generating the Millevaches dome and its internal granites.

3. Foliation and lineation pattern

3.1. Foliation pattern

At the regional scale, the AF is a major structural boundary
that juxtaposes NW-SE-trending upright folds of the S1e2 fo-
liation in the Limousin units, and an asymmetric gneiss dome
(i.e. the Millevaches dome) delineated by the S1e2 foliation
parallel to the AF in the Millevaches granite (Fig. 2B). Within
the Limousin units, the hinge of the Uzerche synform exhibits
pervasive NW-SE-trending conic folds of the S1e2 regional
foliation, indicative of disharmonic folding (Fig. 3A). The
AF is associated with intense reworking of the S2eL2 fabrics
of the Limousin units and development of S3eL3 fabric in the
Millevaches granite.

In orthogneisses of the western part of the dome, the S1e2

foliation strikes WNW-ESE and dips steeply or gently to the
SSW, defining km-scale F3 folds trending WNW-ESE and
plunging gently to moderately to the WNW (Fig. 3A). Intense
folding occurs between hinges of the Meuzac antiform and the
Uzerche synform (Figs. 2B and 3A) and coincides with the
eastern tip of the Sarlande sinistral-normal shear zone that
dips moderately to the south and that formed by WNW-
ESE-trending extension (Bellot, 2001) (Fig. 3A). Intense fold-
ing likely reflects interference between normal shearing along
the AF and upright folding and normal-sinistral shearing in the
Limousin units.

In mica-schists of the western part of the dome, the S1e2

foliation strikes NNW-SSE and dips either moderately to the
west or gently to the east, defining F3 folds parallel to the
AF (Fig. 3A).

In the granites of the western part of the dome, the S3

solid-state foliation strikes N-S to NNE-SSW and dips gently
to moderately to the W/WSW. To the east, this foliation is
involved in km-scale domes elongated and aligned parallel
to the AF (Fig. 3A). In this zone, the leucogranites exhibit
a shallowly-dipping to flat-lying, late magmatic to solid-state,
S3 foliation (Fig. 3C). These observations preclude the Mil-
levaches granite as forming a single upright fold flanking
the AF.

The structural pattern described above differs from that
observed further to the south where the relations between the
migmatites, monzogranites, leucogranites, and granodiorites
of the footwall of the AF are better documented (Fig. 4A).
Granodiorites and leucogranites (329e318 Ma) postdate mig-
matites (337e334 Ma) and monzogranites (344e342 Ma).
Migmatites and monzogranites are spatially linked and are
both involved in a dome elongated parallel to the AF
(Fig. 4B). Monzogranites display a late magmatic to solid-state
vertical foliation that strikes N150�E (Labernardière, 1992). Leu-
cogranites and their host mica-schists display NNE-striking folia-
tion with westward or eastward dip, defining F3 folds parallel to
the AF. Foliation deflects asymmetrically on both sides of grano-
diorite plutons to form triple points (c, d; e, f; g in Fig. 4B),
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Fig. 3. Detailed structural maps of the Argentat fault in the western Millevaches dome (location in Fig. 2A). (A) Pattern of S1e2 foliation in metamorphic rocks and

solid-state S3 foliation in granite. (B) Pattern of L2e3 lineation in metamorphic rocks and solid-state L3 lineation in granite. (C) Lower hemisphere, equal area,

stereograms of structural data.
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Fig. 4. Maps of the southwestern Millevaches dome (location in Fig. 2A). (A) Lithology. (B) Structure with pattern of S1e2 foliation in metamorphic rocks and

solid-state S3 foliation in granite.
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indicative of a dextral component of shearing within the Millev-
aches dome. The granodiorite intruded to form WNW-ESE-elon-
gated plutons (Fig. 4A). Their echelon pattern suggests WNW-
ESE opening and plutonism within the Millevaches dome con-
comitant with a dextral component of shearing along the AF.
These structures fit into a transtensional (dextral) kinematic frame-
work along the AF. The mutually cross-cutting relationships
between granodiorites and leucogranites suggest their coeval
emplacement.

3.2. Lineation pattern

In the Limousin units, the L3 lineation trends NW-SE and
plunges gently to the SE. In the whole footwall of the AF,
the L3 lineation trends consistently WNW-ESE and plunges
gently to the WNW (Fig. 3B).

In orthogneisses of the western part of the dome, S3 and L3

are re-folded by WNW-ESE-trending F3 folds, as a conse-
quence of progressive D3 deformation. In mica-schists of the
western part of the dome, L3 direction does not vary on both
limbs of WNW-ESE-trending F3 folds and fault-parallel F3

folds, suggesting these two groups of folds are coeval. In the
leucogranites of the western part of the dome, L3 lineations
converge symmetrically toward second-order domes of S3

foliation and diverges between them (Fig. 3B). In the southern
Millevaches dome (Fig. 4B), the L3 lineation trends consis-
tently WNW-ESE and plunges gently to the WNW in zones
of intense folding in the vicinity of the AF. Further to the east,
the L3 lineation trends NNW-SSE, parallel to the AF trend.

In incompetent rocks of both the hangingwall and footwall
of the AF, patterns of S1e2 foliation, S3 foliation (Fig. 3A), L3

lineation (Fig. 3B), and F3 folds (Fig. 3A) are gently refolded
by F4 folds in the vicinity of late brittle faults related to the D4

tectonic event (Bellot et al., 2005).

4. Kinematics and metamorphism

Local field observations in the Limousin units are indicative
of top-to-the WNW shearing along the AF: (1) along the west-
ern limb of the Dussac dome (Fig. 2A), asymmetric quartz-
sillimanite-bearing nodules (Mouthier, 1976), (2) east of the
Argentat basin (Fig. 2A), F3 drag folds with fault-parallel
horizontal axis and horizontal axial plane in mica-schists
(Roig et al., 2002), (3) east of the Argentat basin, westward
Fig. 5. Photomicrographs of key asymmetric structures observed in mylonitic orthogneiss along the AF, indicating a normal-dextral movement. (A) Preferred

orientation of under-grain quartz defining a new foliation (S) oblique to the shear plane (C). (B) Fish-like muscovite, sigma-shaped quartz and quartz-feldspar

aggregates. (C) Delta-type porphyroclast of quartz with asymmetric strain-shadows of recrystallised quartz. (D) Shear bands (C), sigma-shaped quartz, and

quartz-feldspar aggregates.
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Fig. 6. Photomicrographs of key asymmetric structures observed in mylonitic mica-schist along the AF, indicating a normal-dextral movement. (A) Shear bands.

(B) Post-metamorphic drag fold growing upward. (C) Quartz ribbon with preferred orientation of under-grain defining a new foliation (S) oblique to the shear plane

(C). (D) Asymmetric tourmaline with asymmetric strain-shadows of biotite.
dipping C-planes in leucogranite (Roig et al., 2002). In order
to confirm these results at a regional scale, an analysis of mi-
crostructures has been undertaken on 200 thin-sections cut
normal to the S3 foliation and parallel to the L3 lineation,
and sampled along the western and eastern sides of the Millev-
aches dome, close to the AF and the Ambrugeat fault,
respectively.

4.1. Microstructures

Observed microstructures are usually asymmetric, indicat-
ing non-coaxial deformation within the AF.

In orthogneisses of the western part of the dome, asymmet-
ric microstructures include the preferred orientation of sub-
grain quartz defining a foliation oblique to the shear plane
(Fig. 5A), fish-like muscovite (Fig. 5B), delta-type quartz por-
phyroclasts with asymmetric strain-shadows of recrystallised
quartz (Fig. 5C), and sigma-shaped quartz or quartz-feldspar
aggregates (Fig. 5D).

In mica-schists of the western part of the dome, asymmetric
microstructures are shear bands (Fig. 6A), post-metamorphic
drag folds (Fig. 6B), quartz ribbon with preferred orientation
of sub-grains defining a foliation oblique to the shear plane
(Fig. 6C), and asymmetric tourmaline crystals with asymmet-
ric strain-shadows of biotite (Fig. 6D).

In the leucogranites of the western part of the dome, asym-
metric microstructures are sigmoid-shaped muscovites
(Fig. 7A) and feldspars with asymmetric strain shadows of
dynamically recrystallised quartz (Fig. 7B). Frequent asym-
metric-shaped magmatic textures indicate that granite
emplacement and top-to-the NW shear deformation were
coeval along the AF (Roig et al., 2002).

In the eastern part of the dome, close to the Ambrugeat
fault (Fig. 1), leucogranites are deformed by a low-angle,
westward dipping shear zone that exhibits late magmatic to
solid-state asymmetric microstructures. These include shear
bands (Fig. 7C), muscovite fish (Fig. 7D), asymmetric tails
on feldspar grains (Fig. 7E), and preferred orientation of
sub-grain quartz defining a foliation oblique to the shear plane
(Fig. 7F).

To summarize, syn-D3 top-to-the WNW shearing is inferred
along the AF and within the Millevaches dome. There is no
reversal of shear sense on opposite sides of the Millevaches
dome, and on both sides of second-order domes within the
Millevaches dome either. Normal-sense of shear prevailed
along the AF during emplacement of the granites within the
Millevaches dome.
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Fig. 7. Photomicrographs of key asymmetric structures observed in sheared leucogranite sited along the AF (A,B) or on the eastern margin of the Millevaches dome

(CeF), indicating normal-dextral and normal movements, respectively. (A) Sigmoid-like shaped muscovite. (B) Feldspar with asymmetric strain shadows of dy-

namically recrystallised quartz. (C) Shear bands. (D) Fish-like shaped muscovite. (E) Asymmetric feldspar with asymmetric strain-shadows of recrystallised

quartz. (F) Preferred orientation of under-grain quartz defining a new foliation (S) oblique to the shear plane (C).
4.2. Relationships between shear deformation
and metamorphism

At a regional scale, syn-D3 regional metamorphism in the Mil-
levaches dome is attested by the parallelism between metamorphic
zones and the trace of the AF, from chlorite in orthogneiss, to
andalusite-biotite in mica-schist, and K-feldspar-sillimanite and
cordierite in the granite-migmatite dome (Fig. 8A). In each meta-
morphic zone, mineral assemblages that grew during D3 top-to-the
WNW shearing indicate a succession of retrograde reactions in the
KFMASH system (e.g. Spear et al., 1999).
P-T paths derived from observed reactions combined with
thermobarometry (Bellot, 2001) indicate syn-D3 decompres-
sion and heating, then decompression and cooling (Fig. 8A).
Syn-D3 heating increases toward the interior of the dome at in-
termediate pressure (0.45 GPa) from 550 to 650 �C. This may
reflect partial melting (production of migmatite) and/or intru-
sion of melts near the roof of the Parautochthonous Unit at the
onset of extension. Syn-D3 cooling increases from the interior
towards the western margin of the dome at low pressure
(0.20 GPa) from 600 to 350 �C. This suggests syntectonic
channelling of fluids within shears related to the AF.
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Fig. 8. (A) P-T paths obtained within metamorphic zones of the Argentat fault (adapted from Bellot, 2001) (location in Fig. 2). (B) Detailed geological cross-

section parallel and along the seismic line (located in Fig. 3A).
Accordingly, syn-D3 retrograde metamorphism in the
Millevaches dome indicates that exhumation of deep-seated
rocks and melt emplacement occurred contemporaneously
during normal shearing along the AF.

5. Crustal geometry of Argentat fault and
Millevaches dome

Contrasting foliation and lineation pattern, and microstruc-
tures indicate that the AF is a major boundary between
Limousin units and the Millevaches dome. A recent reflec-
tion-seismic line perpendicular to the AF (Bitri et al., 1999)
is used here to provide a new crustal-scale interpretation of
the AF and the Millevaches dome (Figs. 9AeC and 10).

The zone of highest strain observed at the surface (i.e., the
AF), occurs at the top of the mylonitic orthogneiss. This zone
coincides with a major discontinuity that dips consistently 35�

to the SW up to a depth of 15 km and that flattens to subhor-
izontal between 15 and 16 km depth (Fig. 9B). This disconti-
nuity marks the boundary between a low-reflectivity crustal
unit to the SW (hangingwall) and a moderately reflective block
to the NE (footwall). In the footwall, at a depth of 7e14 km,
the flat-lying seismic fabric is crosscut by three discontinuities
dipping parallel to the main discontinuity and connecting
downward to the latter at w18 km depth. The westernmost
of these discontinuities coincides at the surface with the shear
zone located at the mica-schist-granite boundary (Fig. 3A).
The two other discontinuities likely link upwards and termi-
nate at 8 km depth. These discontinuities may be thrust faults.
However, NE-verging thrusts are unknown in the region
(Ledru et al., 1994). These discontinuities are therefore
interpreted to form secondary shear zones of a crustal-scale
Argentat shear system. The reverse movement observed in
the SW-NE section may be considered as apparent and due
to shortening normal to the extension direction. In the footwall
of the AF, at 4e8 km depth, the seismic fabric underlines a
10-km-wide dome that suggests fabric deflection toward the
SW, suggesting that the Millevaches dome is a crustal-scale
structure. At the northeastern boundary of the seismic profile,
at a depth of 8e15 km, a vertical discontinuity crosscuts flat re-
flectors. This discontinuity coincides at the surface with the
Pradines dextral shear zone. The Pradines shear zone appears
to be restricted to the upper-middle crust and does not cross-
cut the lower crust.
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Fig. 9. Vertical seismic section throughout the Argentat fault. (A) Geological cross-section parallel to and along the seismic line, drawn from surface data.

(B) Simplified line drawing (location in Fig. 2). (C) Geological interpretation of (B). The parameters of seismic acquisition were previously reported by

Bitri et al. (1999).
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Fig. 10. Synthetic cross-section though the Argentat fault and the Millevaches dome. Numbers 1, 2 and 3 indicate the possible sequence of development of shear

zones of the Argentat fault system.
6. Shear strain and displacement along the shear zone

Within the Millevaches dome, shear deformation is penetra-
tive in orthogneisses, moderate in the mica-schists, and weak
in the granites-migmatites. This suggests that strain increases
gradually towards the AF. In order to quantify this gradient,
a quantitative estimate of shear strain and corresponding dis-
placement has been performed: (1) within these three litholog-
ical units, from thin sections study; and (2) for the whole AF,
using the crustal-scale geometry shown on Fig. 9. The shear
strain (g) is accessed using the angle (a) between S and C
planes from the equation: g ¼ 2cotg (a) (Ramsay and
Graham, 1970). All measurements of a angle were performed
on sections cut perpendicular to the foliation and parallel to
the WNW-ESE-trending lineation. The measurement error is
�2�, corresponding to the local variation in the foliation
strike. The theoretical displacement (D, in kilometres) along
the shear zone is derived from the shear strain and the thick-
ness of shear zone (L, in kilometres) from the equation:
D ¼ !Lg dx (Ramsay and Graham, 1970).

On thin sections, average a angles increase eastward
from 20� to 55�. The corresponding shear strain g increases
eastward from 3.0 to 3.1. The thickness L of strong
(5.5 km), moderate (2.5 km), and weak strain zones (2 km)
of the AF is obtained graphically using the cross-section
geometry on Fig. 8B. The computed displacement D across
individual strain zone decreases eastward, from 16.7 km
for orthogneisses, to 6.1 km for mica-schists, and 6.2 km for
granites-migmatites. Accordingly, a net slip of w29 km is
derived for the normal-dextral movement along the whole
AF. At crustal scale, the a angle of 31� is constant though
a 10-km-thick strain zone, providing a shear strain of
g ¼ 2.88. These two estimates agree with those obtained
graphically on crustal-scale cross-sections (D ¼ 30 km) and
those obtained using the metamorphic break on both sides of
the AF (26 km; Bellot, 2001).

7. Discussion

7.1. Timing of doming versus timing of melting

According to foliation and lineation pattern, microstruc-
tures, and seismic data, the footwall of the Argentat fault
has experienced coeval normal-dextral shearing and doming
at a crustal scale. The syntectonic hydrothermal activity along
the AF is related to the 337e335 Ma interval (Roig et al.,
2002). Clastic sedimentation along the active AF took place
around 332 Ma (Bruguier et al., 1998). Our structural and mi-
crostructural data show that leucogranites dykes and sills
(328e319 Ma) and granodiorite plutons (not dated) were de-
formed by normal-dextral shearing along the AF during and
after their emplacement. Doming ended before dextral shear-
ing began along the Pradines fault (w315 Ma). Accordingly,
normal-dextral shearing along the AF, doming and granite em-
placement in the Millevaches dome are both likely related to
the same 337e315 Ma interval.

The extensional shear zone flanking the Millevaches dome
to the east may be (1) an early shear zone that was abandoned
during horizontal dome growth (e.g. Brun and Van Den
Driessche, 1994; Brun et al., 1994; Gautier and Brun, 1994;
Gautier et al., 1999), (2) the edge of the main normal shear
zone, (3) an intra-dome shear zone that accommodates exten-
sion within the dome. The crustal-scale geometry of the
granite Millevaches (Fig. 10) favours the hypothesis of the
abandonment of an early detachment. This may occur after
doming (more rapid than shearing) that likely result
from addition of important volume of melt within the
footwall and subsequent density decrease and horizontal
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dome growth. Abandonment of the early detachment is effec-
tive when a new shear zone breaks through the initial deforma-
tion zone.

7.2. Timing of melt emplacement within the
Millevaches dome

Geometrical relationships, kinematic analysis and radio-
metric dating indicate that three main stages of melt emplace-
ment occurred within the Millevaches dome (Fig. 11).

During Early Carboniferous continental collision (355e
345 Ma), calk-alkaline magmatism affected the entire region
during crustal-scale transpression (Fig. 11A) (Roig et al.,
1996, 1998). Scarce monzogranites (Fig. 4A) intruded the
Millevaches dome. In the Limousin units, at the same time,
sheeted-dykes complexes of granodiorite were emplaced along
the active sinistral Estivaux shear zone (346 � 3.5 Ma, biotite
40Ar-39Ar dating; Roig et al., 1996). Also at this time, sills and
dykes of granodiorite were emplaced in the hinge of the Tulle
antiform (Fig. 2B) (354 � 9 Ma and 350 � 8 Ma, biotite
40Ar-39Ar dating; Roig, 1997).

During early stages of Middle Carboniferous synorogenic
extension (335e330 Ma), abundant leucogranites and granodi-
orites intruded the Millevaches dome (Fig. 11B). Fabric pat-
terns, which reflect interference between emplacement of
plutons and the regional extensional strain field (Brun and
Pons, 1981), indicate contrasting modes of granite emplace-
ment along the active AF. Leucogranites in the western part
of the dome emplaced as meter-scale dykes injected along
the AF (Roig et al., 2002). Leucogranites from the dome
core were emplaced by diapirism and lateral expansion along
the AF. In the Limousin units, at the same time, leucogranites
were emplaced as kilometre- to meter-scale sills and dykes in
the hinge of the Meuzac antiform (Fig. 2B) (338e333 Ma,
muscovite 40Ar-39Ar dating; Alexandrov, 2000).
During late stages of the Middle Carboniferous synorogenic
extension (w315 Ma), scarce leucogranites ascended along the
Pradines dextral shear zone and expanded laterally (Fig. 11C).
In the Limousin units, at the same time, leucogranites
(317� 3 Ma; monazite U-Pb age; Lafon, 1986) were emplaced
in an antiformal refold of the hinge of the St. Germain-les-Belles
synform (Fig. 2B). A crustal-scale tectonic scenario considering
this sequence of melt emplacement and the development of the
strain pattern is discussed below.

7.3. A kinematic model for the Millevaches dome

Magma emplacement within the whole region, including
the Millevaches dome, predated normal shearing on the AF
and began during collision. However, the main stage of granite
intrusion within the Millevaches dome was coeval with
normal-dextral shearing along the AF during synorogenic ex-
tension. Exhumation of deep-seated rocks, partial melting, and
low-pressure metamorphism also occurred during leucogranite
emplacement within the dome. These relationships point out
the key role of Variscan synorogenic extension in the develop-
ment of the Millevaches dome. The dome is interpreted to be
a crustal-scale extensional gneiss dome formed during crustal-
scale progressive shearing (Fig. 12). Because of the transition
from magmatic to solid-state deformation widely observed in
the plutons within the dome (Floc’h, 1983; Feix, 1988; Roig
et al., 2002), it is assumed that Argentat normal shearing along
the AF and coeval Millevaches doming took place during
melt emplacement and until melt solidification. The presented
model displays a range of similarity with that of Johnson
(2006) that suggests the rooting of extensional shear zones
of the Shuswap metamorphic core complex within mid-crustal
granitic melts. It is fairly in agreement with the model of
Lister and Baldwin (1993) that proposes that the formation
of metamorphic core complexes may be triggered by plutonic
355-342 Ma
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50 km
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Fig. 11. Ultra-simplified maps showing the sequence of granite emplacement within the Limousin units and the Millevaches dome. (A) Collision-related granite.

(B) Extension-related granite. (C) Transtension-related granite.
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activity in the middle crust during episodes of continental
extension. However, the presented model points to the res-
pective role of pre-extension and syn-extension melts in the
development of extensional domes. Based on these assess-
ments, a three-stage kinematic model is proposed below
(Fig. 12).

During a pre-extension stage (344e342 Ma), collisional
tectonics and monzogranitic magmatism led to melt produc-
tion and accumulation at the roof of the Parautochthonous
Units to form a thin (w2-km-thick) molten zone (Fig. 12A)
(Bellot, 2001). Melt emplacement produced high temperature
metamorphism at intermediate pressure in the host-rock.
Incompletely solidified plutons within the same crustal level
represent rheological heterogeneities that may induce strain
localization and therefore favour nucleation of shear zones
(e.g. Neves et al., 1996).

During the nucleation stage (337e334 Ma), WNW-ESE-
trending horizontal extension led to partial melting (Be
Mézème, 2005) at the roof of the Parautochthonous Units
(Bellot, 2001) and stretching of cooling plutons (Fig. 12B).
Deformation likely first concentrated within the plutons, lead-
ing to nucleation of a normal shear zone. The early low dip of
the shear zone is favoured by (1) horizontal partitioning of the
crust involved (Hanmer et al., 1996), (2) the weak rheology of
the rock involved in shear deformation. The low-angle shear
zone may have developed during a short time span and under
very reduced stress (Gueydan et al., 2003). Normal slip along
the shear zone initiated the processes of exhumation and
partial melting, as well as the syntectonic emplacement of leu-
cogranites in the footwall near the AF. Normal simple shear
applied on incompletely solidified plutons is the main pro-
cesses for dome nucleation.

During the growth stage (329e318 Ma), the crustal exten-
sional strain field is accommodated by growth of the AF that flat-
tens both at the top and at the base of the molten layer (Fig. 12C).
Normal slip along the AF led to progressive exhumation in the
footwall. Exhumation favours partial melting of the fertile rocks
and ongoing production of syntectonic melt. As the solid phase
component of melts increased, the crystal mush began to behave
as a solid, and the shear zone propagated into the country rocks.
Horizontal stretching of the footwall hinge favours production
of large amounts of leucogranite within the dome. Their em-
placement led to upwarping of the footwall, and to decrease of
the footwall density relative to the hangingwall density. Diapir-
ism itself likely led to progressive tilting of the footwall and to
increase the dip of the AF. Addition of a large quantity of melt
likely favours more efficient exhumation than that produced
by normal shearing slip only. The resulting structures are the
asymmetric Millevaches dome in the footwall, a symmetric
dome of melt in the middle crustal levels of the hangingwall,
and upright folds in the upper crustal levels of the hangingwall
(Fig. 10). The emplacement of the leucogranites in a relatively
cold basement led to high temperature metamorphism of the
host-rock, and to discharge hydrothermal fluids (Floc’h,
1983). Channelling of fluids along the AF led to fluiderock in-
teractions and subsequent hydrothermal alteration and low tem-
perature metamorphism in the host-rock. Significant addition of
melt on the one hand, and resulting diapirism on the other hand
are the main processes for dome growth during horizontal
extension.

During the late stage, extension is accommodated by duc-
tile strike-slip shearing along the Pradines fault along which
a few leucogranites have intruded and previous granites are
deformed (Fig. 12D).

8. Conclusion

Pre- and syn-extension melt-assisted nucleation and growth
of extensional gneiss domes and the adjacent detachment fault
are inferred therein, based on the example of the Palaeozoic Mil-
levaches dome and the Argentat fault. The gneiss dome
nucleates in response to crustal-scale, horizontal extension
within a mid-crustal layer of collision-related melts. Progressive
dome growth is controlled by competition between normal
shearing, due to crustal extension, and diapirism, due to addition
of melt within the dome. During early extensional deformation,
shearing dominates and leads to create low-angle shear zones
within the molten layer. Later, following addition of a large
quantity of melt, diapirism dominates and leads to steepening
of the shear zone. The resulting structure is a strongly asymmet-
ric extensional dome. Pre-extension and syn-extension melts, by
their amount, structure, and location, play a key role at all stages
of the development of extensional gneiss domes.
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thesis, Université de Clermont-Ferrand, France, 288 pp.



880 J.-P. Bellot / Journal of Structural Geology 29 (2007) 863e880
Mouret, G., 1922. Sur le prolongement de la fracture d’Argentat (Corrèze)
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