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1. Introduction
The Devonian–Carboniferous European Variscan Belt or Variscides formed as a consequence of the conver-
gence between Laurussia to the north and Gondwana to the south (present-day orientation), closure of inter-
vening oceanic basins and accretion of various terranes (e.g., Franke et al., 2017; Martínez Catalán et al., 2021; 
Matte, 2001; Vanderhaeghe et al., 2020). The geodynamic evolution of the Variscides and its geological implica-
tions can be tentatively summarized as follows (Domeier & Torsvik, 2014; Edel et al., 2018; Franke et al., 2017; 
Matte, 2001; Ziegler & Stampfli, 2001): (a) Devonian–early Carboniferous subduction and collisional events, 
leading to nappe stacking and subsequent crustal thickening; (b) late Carboniferous to early Permian dextral 
wrenching, following oblique convergence, between Gondwana and Laurussia, with reactivation or formation of 
crustal-scale strike-slip faults/shear zones, emplacement of large volumes of granitoids and creation of narrow 
intracontinental basins accompanied by bimodal magmatism; and (c) around the middle Permian, generalized 
extension at the onset of opening of the Neotethys Ocean, resulting in the development of gradually expanding 
sedimentary basins, which marks the beginning of the Alpine sedimentary cycle. In this evolution scheme, the 
late Carboniferous–early Permian tectonics is considered to be extensional/transtensional for most of the Varisci-
des, a feature classically attributed to the gravitational collapse of the Variscan Belt (e.g., Edel et  al.,  2018; 
Faure et al., 2009; Vanderhaeghe et al., 2020). However, in the SE branch of the Variscides, that is, Maures–
Tanneron Massif (MTM), Corso–Sardinian Block and Alpine External Crystalline Massifs, affected to the 
east by a crustal-scale high-strain zone resulting from transpressional movements along the Gondwana margin 
(Bellot, Bronner, & Laverne, 2002; Corsini & Rolland, 2009; Guillot & Ménot, 2009; Matte, 2001; Simonetti 

Abstract The Camarat Granitic Complex (CGC), emplaced in the migmatitic Internal Zone of the 
Maures–Tanneron Massif (MTM), SE Variscides, consists of the Gigaro granodiorite and the composite 
Camarat granite. U-Pb dating of the latter gives crystallization ages of 304.5 ± 3.3 Ma (zircon date) and 
303.5 ± 4.0 Ma (monazite date). Two representatives of late felsic dykes cutting across the MTM Internal 
Zone have  39Ar/ 40Ar muscovite ages of 302.43 ± 2.62 Ma and 298.11 ± 2.38. Magmatic lineations revealed by 
anisotropy of magnetic susceptibility (AMS) measurements and image analysis, aplite dykes, dyke-like bodies 
of cordierite  microgranite and joints in the Camarat granite, as well as the late dykes all have orientations 
consistent with subhorizontal, NNE-SSW-trending lineations in the migmatitic country rocks representing 
the stretching direction of a late-Variscan transpression phase (D3). The CGC and the late dykes are therefore 
witness to a thermal event that affected the MTM between ∼305 and ∼298 Ma (late Pennsylvanian–earliest 
Permian times), at the end of D3 which initiated at ∼325 Ma. Grabens related to post-Variscan, Permian rifting 
(D4 phase), which cut across the MTM are WNW-ESE-trending, indicating a NNE-SSW direction of extension, 
parallel to the previous (D3) lateral horizontal flow. The present results and a comparison with AMS data 
published for the Corsica–Sardinia Batholith reveal that evolution in the SE Variscides from Devonian–early 
Carboniferous contraction to Permian extension, through late Carboniferous transpression is characterized by 
the persistence of a ca. N-S stretching direction, supporting a strong horizontal, orogen-parallel crustal flow.
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et al., 2020), it has been proposed that extensional movements during the late Carboniferous may equally have 
been produced by exhumation of deep-crustal rocks along transcurrent shear-zones (Corsini & Rolland, 2009; 
Rolland et al., 2009). Also, the emplacement of numerous Variscan granitoids have been channeled by strike-
slip structures (Casini, Cuccuru, Puccini, et al., 2015; Rolin et al., 2009) and strike-slip faults are known to have 
controlled location of many late Paleozoic intracontinental basins (Arthaud & Matte, 1977; Cassinis et al., 2012). 
The late Carboniferous–early Permian is thus a pivotal period in the late- to post-orogenic evolution of the 
Variscides, which corresponds to the transition from a convergence context during Devonian–early Carbonif-
erous to a diverging setting from middle Permian and later, with large-scale strike-slip structures that promoted 
magmatism and extensional tectonics.

The MTM, as most of the Corso–Sardinian Block, but contrary to the Alpine External Crystalline Massifs, has 
escaped reworking during the Alpine orogeny and is therefore a key area for the study of the SE Variscides. 
The eastern segment of the MTM, strongly affected by the transpressive tectonics (Corsini & Rolland, 2009; 
Schneider et al., 2014; Simonetti et al., 2020), is intruded by syn- to late-orogenic granitoids (Crevola et al., 1991; 
Duchesne et al., 2013; Onézime et al., 1999) and the whole massif has been dissected by small late Carboniferous 
intramontane coal-bearing basins and larger Permian grabens (Durand, 2008; Toutin-Morin et al., 1993) which 
are representatives of the European late Paleozoic intracontinental basins.

Here, we present a fabric study of the Camarat granite (Amenzou & Pupin,  1986), using the anisotropy of 
magnetic susceptibility (AMS) technique, supported by thermomagnetic experiments and image analysis (IA), 
and combined with geochronology (U-Pb zircon and monazite dating of the granite, and Ar/Ar dating of poten-
tially contemporaneous late felsic dykes). The Camarat granite is a small composite igneous body which was 
emplaced in the MTM in late Carboniferous times, during the transition between late-Variscan transpression and 
Permian extension according to Gerbault et al. (2018). We will use this granite as a structural marker to better 
constrain the regional tectonics of this pivotal period. A comparison will also be made with AMS data published 
for granitoids of similar ages from the Corso–Sardinian Variscan basement.

2. Geological Setting of the Maures–Tanneron Massif
2.1. General Framework

The MTM is composed of the Maures Massif to the south and the Tanneron Massif to the north, separated by a ca. 
E-W Permian rift (Figure 1b). It can be subdivided into two ca. N-S-trending metamorphic domains (Schneider 
et al., 2014): a very-low- to medium-grade External Zone to the west and a high-grade, migmatitic Internal Zone 
to the east. The External Zone consists of mostly metasedimentary series and a large metagranodioritc unit (the 
Bormes orthogneiss), with a prograde Barrovian metamorphism increasing eastwards from the chlorite zone 
to the kyanite zone, whereas the Internal Zone is predominantly made of migmatitic para- and orthogneisses 
that contain lenses of metabasic rocks with relics of HP-LT (eclogite-facies) metamorphism and serpentinized 
mantle-derived peridotites (review in Bellot, 2005).

The two domains are separated by the regional-scale La Garde-Freinet–Cavalaire “Fault” (Figure 1b), which 
is a west-dipping shear zone (Bellot, Bronner, Marchand, et al., 2002), considered as the major suture of the 
MTM (Gerbault et al., 2018; Schneider et al., 2014) and reactivated as a transpressive shear zone (Simonetti 
et al., 2020). The External Zone is subdivided into a very-low to low-grade unit to the west and a medium-grade 
unit to the east by another east-verging major shear zone, the Collobrières “Fault,” whereas two major, ca. N-S 
and steeply dipping late strike-slip shear zones, the Grimaud–Joyeuse and La Moure “faults,” crosscut the whole 
Internal Zone (Figure 1b; Vauchez & Bufalo, 1985; Rolland et al., 2009; Schneider et al., 2014). At the regional 
scale, the MTM is characterized by upright folds with ca. N-S-trending axes, which deform the main metamor-
phic foliation and are mostly known in the Internal Zone (Bellot, 2005; Crevola et al., 1991; Rolland et al., 2009).

Two suites of Variscan granitoids crops out in the Internal Zone (Figure  1b; Crevola et  al.,  1991; Duchesne 
et al., 2013): a minor, variably deformed, dominantly tonalitic syn-orogenic (Visean) suite and a late-orogenic 
(late Carboniferous) suite with a peraluminous character. The largest late-Variscan pluton is by far the Plan-de-la-
Tour granite and its prolongation in the Tanneron Massif, the Rouet granite, which are elongated along the 
Grimaud–Joyeuse Fault (Figure 1b). Basic (mostly dolerite) and felsic (mostly granitic), cm- to 10-m-scale dykes, 
generally ca. E-W-trending, cut across the migmatitic gneisses and the granitoids throughout the Internal Zone 
(e.g., Bordet et al., 1967; Toutin-Morin et al., 1994).
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Middle to Late Pennsylvanian, intramontane coal-bearing basins are located along the Grimaud–Joyeuse and La 
Moure faults (Figure 1b; Toutin-Morin et al., 1993; Bellot, 2005). The MTM is also cut and bordered by ca. E-W 
Permian grabens filled with continental sediments and volcanic rocks (Figure 1b; e.g., Toutin-Morin et al., 1993). 
The volcanism is bimodal, however dominated by the felsic (rhyolitic) pole and has an alkaline geochemical 
signature, with the notable exception of the oldest (earliest Permian), minor mafic rocks that are calc-alkaline 
(references in Durand, 2008). No important strike-slip movement has been detected along normal faults, at least 
for the well-exposed grabens separating the Maures and Tanneron massifs (Toutin-Morin & Bonijoly, 1992). On 
the contrary, ca. E-W inherited Permian normal faults that cut across the Maures Massif display a locally large, 
up to several kilometers, sinistral strike-slip displacement (Figure 1b), probably associated with the Pyrenean 
orogeny (Toutin-Morin et al., 1994).

2.2. Variscan Tectono-Metamorphic Events

The Variscan tectono-metamorphic evolution of the MTM is polyphasic. We will retain here the most recent 
evolution scheme of Schneider et al. (2014) and Gerbault et al. (2018). A late Ordovican–Silurian to early Devo-
nian oceanic subduction is testified, among others, by the relics of eclogite-facies metamorphism (M0) found in 

Figure 1. Geology of the Maures–Tanneron Massif (MTM). (a) Distribution map of Variscan units in Western Europe (simplified from Franke (1989) and Franke 
et al. (2017)), with location of the MTM; AF, Alpine deformation front; VF, Variscan deformation front (northern Variscan external front; see Figure 14b). (b) 
Simplified geological map of the MTM (modified from Rouire, Bodelle, et al. (1979), Rouire, L’Homer, et al. (1979); with additional structural and lithological 
data from Crevola et al. (1991),Toutin-Morin et al. (1993), Bellot (2005), Corsini and Rolland (2009), and Schneider et al. (2014), and references therein; ages of 
granitoids are U-(Th-)Pb dates from references in the text and from the present study); ca. N-S major “faults” are actually shear zones with a protracted and polyphase 
history ending with brittle-ductile to brittle movements; undifferentiated faults with an important sinistral strike-slip component that cut across the Maures Massif are 
inherited Permian faults, probably reactivated during Pyrenean orogeny; ArB and AvB, Argentière and Avellan basins; BAB, Bas-Argens basin; CGC, Camarat Granitic 
Complex; EB, Estérel basin; LLB, Le Luc basin; MBG, Moulin Blanc granite; PCS, Pinet–Capon section; PTG, Plan-de-la-Tour granite; RG, Rouet granite; TCB, 
Toulon–Cuers basin.
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the Internal Zone. The P-T conditions of M0 have not been estimated yet. This subduction was followed, during 
the Devonian–Mississippian, by continental subduction and collision, leading to NW-directed nappe tectonics 
(D1), then backthrusting of the nappes toward the SE (D2). The D1 and D2 phases are mostly preserved in the 
External Zone, where the main (flat-lying) foliation, as well as the Collobrières and La Garde-Freinet–Cavalaire 
faults are inherited from the nappe tectonics. Peak conditions of MP-MT to HT, Barrovian-type metamorphism 
(M1-M2) increase from west to east, from 4 to 6 kbar and 430 to 650°C (Bellot et al., 2003; Buscail, 2000). During 
the Pennsylvanian, the Internal Zone was affected by a highly partitioned transpression (D3 phase), with a ca. E-W 
shortening producing the regional-scale, N-S-trending upright folds with a subvertical axial-plane S3 foliation and 
a ca. N-S strike-slip shearing being localized along discontinuities such as the Grimaud–Joyeuse and La Moure 
faults (Corsini & Rolland, 2009). The D3 transpression was associated with exhumation of the metamorphic units, 
LP-HT metamorphism (M3) and generalized partial melting, as well as formation of the late Carboniferous intra-
montane coal-bearing basins controlled by the Grimaud–Joyeuse and La Moure strike-slip faults (Bellot, 2005; 
Rolland et al., 2009). In the External Zone, D3 corresponds to a collapse phase controlled by the Collobrières and 
La Garde-Freinet–Cavalaire faults, associated with a LP-LT M3 retrograde metamorphic phase. P-T conditions of 
M3 were estimated at 2–4 kbar and 500–350°C in metabasites of the Internal zone (Bellot et al., 2003).

The post-Variscan, Permian tectonic evolution of the MTM is largely dominated by a localized, ca. N-S extension 
(D4 phase of Gerbault et al., 2018), creating the ca. E-W grabens. Following Toutin-Morin and Bonijoly (1992), 
the Permian extensional tectonics became prominent, with foundering of the basins, around the early–middle 
Permian boundary. Generalized extension, hence the Alpine sedimentary cycle began at the Permo-Triassic tran-
sition in the MTM area (e.g., Durand, 2008).

2.3. Magmatic Evolution: Summary of Main Geochronological Constraints

Robust evidence of pre- to early-Variscan magmatism, through combined U-(Th-)Pb dating and geochemical 
data are scarce in the MTM metamorphic rocks: an age of ∼590 Ma in the high-K calc-alkaline granodioritic 
Bormes orthogneiss constrains an Ediacarian continental arc magmatism (Tabaud et al., 2022), a late Ediacarian–
Cambrian bimodal magmatic event during continental rifting is supported by an age of 548 + 17/−7 Ma obtained 
on an alkaline leptyno-amphibolitic complex of the Maures External Zone (Innocent et al., 2003) and an age of 
456 ± 11 found in a calc-alkaline orthogneiss from the Tanneron Internal Zone is so far one the best evidence of 
an early-Variscan oceanic subduction-related magmatism (Oliot et al., 2015).

The dominantly tonalitic, syn-Variscan granitoids are dated at 338  ±  6 to 334  ±  3  Ma (zircon U-Pb ages; 
Moussavou, 1998) and the late-Variscan granitoid suite have emplacement ages between 329 ± 3 and 301 ± 2 Ma 
(zircon and monazite U-(Th-)Pb dates; Demoux et al., 2008; Duchesne et al., 2013; Oliot et al., 2015). These two 
granitoid suites are coeval, respectively, with the D2 and D3 phases (Gerbault et al., 2018; Schneider et al., 2014). 
It is worth noting that D3 strike-slip shear zones such as the Grimaud–Joyeuse Fault had an important control 
on the emplacement of the granitoids, as exemplified by the Plan-de-la-Tour–Rouet granitic complex (Onézime 
et al., 1999). The basic dykes found in the MTM Internal Zone are traditionally attributed to Permian volcan-
ism (e.g., Zheng et al., 1992). However, at least some of them, as well as many felsic dykes are representative 
of the late-Variscan magmatism, according to geochronological, petrological and/or structural data (Demoux 
et al., 2008; Duchesne et al., 2013).

In the Permian rift, emplacement of the largest ignimbritic rhyolite was dated at 272.5 ± 0.3 Ma ( 40Ar/ 39Ar 
weighted mean age; Zheng et al., 1992), which corresponds to the early–middle Permian boundary.

3. The Camarat Granitic Complex
3.1. Field Observations

The Camarat granite was formerly described as a single E-W-trending body made of muscovite-biotite granite, 
bounded and mylonitized to the west by the Grimaud Fault and cut by numerous faults of unspecified age (Bordet 
et al., 1967). However, according to Amenzou and Pupin (1986), this intrusion consists of several small bodies 
with distinct petrographical and geochemical characteristics. Our field work, supported by a petrographical anal-
ysis, confirms this interpretation and complements the observations of Amenzou and Pupin (1986). In particular, 
our observations allowed to clearly delineate the limits of the small bodies, to precisely characterize the rock 
facies and their distribution, and to decipher the structural pattern of the country rocks (Figure 2).
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Figure 2. Geological and structural map of the Camarat Granitic Complex (Gigaro granodiorite and Camarat granite made of the Camarat Cape, Escalet, Tourraque 
and Taillat Cape bodies) and its country rocks, with selected foliation and lineation measurements (Bordet et al., 1967; Amenzou & Pupin, 1986; modified according to 
observations of the authors). Undifferentiated transversal faults correspond to inherited Permian faults, probably reactivated during Pyrenean orogeny. Plots are lower 
hemisphere, equal-area projections showing poles of the gneissic foliation, mineral and stretching lineation from the gneisses, and poles of aplite dykes and fractures 
(mainly joints) cutting across the Camarat granite (contours at 1-2-3-4-5% for the foliation, and 1-2-4-6(-8)% for the lineation and the joints; white star: weighted mean; 
white diamond: weighted mean of four elongation measurements of quartz—Qtz—grains within E-W fractures at the boundary between the Escalet and Tourraque 
bodies]).
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The westernmost intrusion is the Gigaro granodiorite of Amenzou and Pupin  (1986), a possible southward 
prolongation of the Plan-de-la-Tour–Rouet granitic complex according to these authors. The Gigaro granodi-
orite consists of a N-S-trending intrusion buried below the Mediterranean Sea to the SW (outcrop < 1 km 2), 
dominantly made of a porphyritic biotite granodiorite containing megacrysts of alkali feldspars. Further east, the 
Camarat granite sensu Amenzou and Pupin (1986) is a fine- to coarse-grained, two-mica (±cordierite) granite. 
The Camarat granite forms three bodies along the coast, respectively in the Camarat Cape, l’Escalet and Taillat 
Cape areas, and also an E-W strip close to la Tourraque (Figure 3a). These four granitic bodies outcrop on a total 
surface of ∼3 km 2. In the present study, we will focus on the fabric of the Camarat granite sensu Amenzou and 
Pupin (1986), hence on the Camarat Cape, Escalet, Tourraque and Taillat Cape bodies which, together with the 
Gigaro granodiorite, will be referred collectively as to the Camarat Granitic Complex (CGC).

The gneissic foliation in the country rocks of the CGC is predominantly NNE-SSW-striking, with moderate 
to steep dips; its average orientation (weighted mean) is N21°E/70°WNW (Figure 2). Stretching and mineral 
lineations in the foliation plane, mainly related to the D3 phase, are mostly gently plunging to the north, with 
an average orientation of N8°E/11°N (Figure 2). At the outcrop scale, there are many D3-related isoclinal folds 
with their axial plane and axis respectively parallel to the foliation and lineation (Figure 4a) and also locally 
sheath folds elongated parallel to the lineation. Deformation in the migmatitic gneisses is highly heterogeneous 
and localized along several strike-slip shear zones concordant with the gneissic foliation and corresponding to 
D3 structures. From one locality to another, shear criteria indicate either sinistral or dextral sense of movement 
(Figures 4b and 4c). We have identified, in particular, a NNE-SSW-trending, steeply-dipping sinistral shear zone, 
hereafter called the Camarat–Taillat Shear Zone (CTSZ), between the Camarat Cape and Taillat Cape bodies to 
the east, and the Escalet and Tourraque bodies to the west (Figure 2).

The western contact of the Camarat Cape body, well exposed at several places, is intrusive and underlined by 
swarms of a few centimeters to 2–3 m thick granitic dykes cutting across the migmatites and locally connected to up 
to ∼1-m-thick tabular bodies concordant with the gneissic foliation (Figure 3b). It is generally NNE-SSW-trending 
and steeply dipping, hence roughly concordant with the pattern of the gneissic foliation in the Camarat Cape area 
and with the CTSZ which borders the granitic body (Figure 2). The northern and southern contacts of the Tour-
raque body are, on the contrary, discordant on the ca. N-S-trending foliation of the gneisses. They correspond 
to brittle-ductile tectonic contacts, as best seen in the junction zone between the Escalet and Tourraque bodies 
which is crowded with dominantly ca. E-W fractures, commonly filled with quartz and disposed in anastomosing 
networks (Figure 3c). To the west, an abrupt transition toward the wall rocks suggests also a sharp discordant 
contact for the Tourraque body, either resulting from magmatic stoping or, more probably, corresponding to one 
of the numerous ca. N-S strike-slip shear zones which cut across the migmatitic gneisses (Figure 2). The western 
contacts of the Escalet and Taillat Cape bodies are probably intrusive.

Three rock types can be distinguished in the Camarat granite: a coarse-grained granite where biotite is more 
abundant than muscovite (hereafter “Bt granite”; Figure 3d) and two cordierite-bearing varieties where musco-
vite is dominating over biotite. One of the latter is coarse-grained (hereafter “Crd granite”) and the other one is a 
microgranite (hereafter “Crd microgranite”; Figure 3d). The Camarat Cape and Escalet bodies are predominantly 
made of the Bt granite. The Crd granite is concentrated in the Tourraque and Taillat Cape bodies, where it is asso-
ciated with tens of meters thick, mostly WNW-ESE-trending dyke-like lenticular Crd microgranite bodies (only 
the largest ones are represented in Figure 2). The Crd microgranite forms also, in the Camarat Cape area, small 
irregular bodies (outcrops of several tens of square meters) with lobate contacts, surrounded by the Bt granite and 
locally injected by metric dyke-like intrusions of the latter (Figure 3d). Contact between the Crd microgranite and 
the Crd or Bt granite over the entire area is sharp, but generally irregular and underlined by a slight decrease of the 
microgranite grain size. All these structural relationships between the different facies of the Camarat granite, in 
particular the occurrence of dyke-like bodies of one facies injected into another, testify to the coeval emplacement 
or almost so of magma batches with a quite high degree of crystallinity (crystal mushes).

Both the Bt and Crd granites contain magmatic enclaves, which consist of slightly elongated, decimetric mafic 
microgranular enclaves (MMEs) and very scarce, up to tens of meters large granodioritic enclaves, either porphy-
ritic and very similar to the Gigaro granodiorite (Figure 3e) or fine-grained. Centimeter to meter thick aplite dykes 
occur sporadically (Figure 3e). They have an average orientation (weighted mean) of N88°E/80°S (Figure 2). In 
addition, the Camarat Cape body is crosscut locally by up to ∼10-m-thick, steeply dipping and ca. E-W-trending 
dolerite dykes (not shown in Figure 2).
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Figure 3.
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The Camarat granite is affected by very regular sets of fractures (joints and, locally, microfaults), with a dm-scale 
spacing and moderate to, dominantly, steep dips (Figure 3f). We have recognized three main sets of such fractures 
(Figure 2): two sets are subvertical and, respectively, N-S- and NNE-SSW-trending on average, and a third set, 
largely prevalent, is predominantly WNW-ESE-trending and steeply dipping to the SSW. The average orientation 
(weighted mean) of the fracture system is N98°E/80°S, which is at 90° to the mean trend of the lineations in the 
migmatitic gneisses and also very close (10°) to the mean orientation of the aplite dykes (Figure 2). Accordingly, 
these fractures appear to be early structures which control locally the orientation of the walls of aplite dykes, as 
well as the contact between the Crd microgranite and Bt or Crd granite, in particular the margins of dyke-like 
bodies (Figure 3d).

Fractures may be filled with quartz and/or chlorite, especially in the tectonic contact zone between the Escalet and 
Tourraque bodies where there is an increase in the number of such fractures, underlining an important deformation 
gradient. Quartz grains oriented perpendicularly to the fracture walls, as observed in this area (Figure 3c), have an 
average orientation (weighted mean) of N1°E/7°N, concordant to the mean pole of the fracture system at the scale 

Figure 3. Field photographs of the Camarat Granitic Complex. (a) Panoramic view of the Escalet, Tourraque and Taillat Cape bodies and the surrounding migmatitic 
gneiss outcrops (foreground) from the south of the Camarat Cape (43°11′44.10″N/06°39′30.38″E, looking SW); (b) swarm of dm- to m-scale granitic dykes 
cutting across the migmatitic gneisses close to the NW contact of the Camarat Cape body (the dykes are connected to a m-thick tabular body, visible in the upper 
part of the photograph, concordant with both the gneissic foliation and boudinaged foliated leucosomes; 43°12′21.94″N/06°40′11.02″E, looking NW); (c) quartz 
veins cutting across the granite in the contact zone between the Escalet and Tourraque bodies (note elongation of the quartz grains perpendicular to fracture walls; 
43°10′53.55″N/06°38′25.46″E, looking west); (d) dyke-like body of Bt granite in the Crd microgranite (note the locally rectilinear, fracture-controlled contact; 
site CA6A; 43°11′41.13″N/06°39′50.37″E, looking NNE); (e) porphyritic facies similar to the Gigaro granodiorite forming an enclave in the Bt granite of the 
Camarat Cape body (note the thin aplite dyke; ca. 43°12′20″N/06°40′18″E, looking south); (f) closely spaced fractures cutting across the Escalet body (site CA4; 
43°11′05.62″N/06°38′33.90″E, looking NNE); (g) mylonitic contact between the Gigaro granodiorite and the surrounding migmatites (43°10′24.78″N/06°36′23.65″E, 
looking north); (h) mylonitized Gigaro granodiorite at the eastern contact with the surrounding migmatites (43°10′25.13″N/06°36′22.15″E, looking NNE). Le: 
stretching lineation; Sm: mylonitic foliation.

Figure 4. Field photographs of the migmatitic country rocks of the Camarat Granitic Complex. (a) D3-related isoclinal 
folds with axes parallel to the stretching lineation (43°12′21.19″N/06°40′14.42″E, looking north); (b) highly mylonitized 
migmatitic gneiss showing sinistral shearing (43°12′20.44″N/06°40′14.67″E, looking down from above); (c) S/C structure in 
a granitic vein demonstrating dextral shearing (43°11′04.02″N/06°36′40.18″E, looking down from above); (d) ultramylonite 
at the western border of the Gigaro granodiorite, with a S/C fabric (43°11′02.07″N/06°35′53.68″E, looking down from 
above). Le: stretching lineation; Sm: gneissic or mylonitic foliation.
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of the whole granite (N8°E/10°N) (Figure 2). The presence of (abundant) chlorite in the fractures shows that they 
functioned at the brittle-ductile transition under greenschist-facies conditions. The CTSZ also suffered low-grade 
reactivation, as attested by local fracturation or brecciation with crystallization of quartz and abundant chlorite, 
in particular at the junction between the shear zone and the southern tectonic contact of the Tourraque body.

The eastern edge of the N-S-trending Gigaro granodiorite (Figure 2) is highly mylonitized at the contact with the 
migmatitic gneisses, which is moderately westward dipping (Figures 3g and 3h). Stretching lineation and shear 
criteria indicate a top-to-the-south, sinistral displacement. The western border, on the other hand, is marked by 
a subvertical shear zone, with a decametric ultramylonite corridor and a dextral sense of shearing (Figure 4d), 
corresponding to the southern end of the Grimaud–Joyeuse Fault.

3.2. Petrographical Analysis

3.2.1. Mineralogy and Microstructural Relationships

Optical microscope observations and a complementary SEM analysis, conducted on polished thin sections made 
from the AMS samples, indicate that the primary mineral assemblage in the three facies of the Camarat gran-
ite consists of quartz, alkali feldspar (microperthite with Carlsbad twinning, locally microcline), plagioclase 
(albite-oligoclase), biotite and muscovite, with zircon, monazite, apatite and oxides as accessory minerals. Anda-
lusite is a scarce accessory mineral, associated with cordierite in the Crd granite and microgranite. The oxides 
are ilmenite, magnetite (observed in only one sample, Bt granite CA19) and rutile which forms swarms of minute 
elongated inclusions parallel to cleavage in biotite.

The Bt and Crd granites are both heterogranular (mean grain size in the range 2–9 mm), locally porphyritic with 
𝐴𝐴 𝐴 1-cm-large megacrysts of rounded quartz, as well as euhedral alkali feldspar and plagioclase, in a fine-grained 

matrix (0.5–1 mm). In the Crd microgranite, the microstructure ranges from strongly heterogranular (fine-grained 
areas associated with and locally cutting across a coarser-grained assemblage; Figure 5a) to porphyritic (equi- to 
heterogranular fine-grained matrix containing megacrysts of rounded quartz, as well as euhedral alkali feldspar, 
plagioclase, muscovite, biotite and cordierite). For both kinds of microstructures in the microgranite, the mean 
size of the two coexisting grain populations is 0.2–0.6 mm versus 1.5–3.5 mm.

A moderate to strong, deuteric to later alteration affects feldspars (sericitization and formation of secondary 
muscovite), biotite (pseudomorphic replacement by chlorite), cordierite (pinitization), andalusite (transforma-
tion into muscovite), ilmenite (oxidation into rutile and (ferro)pseudobrookite) and magnetite (martitization). 
In addition to this alteration, feldspars and quartz are commonly fractured, some microfractures being coated 
with secondary phyllosilicates (chlorite, sericite, prehnite) or filled with a very-fine grained quartzo-feldspathic 
assemblage. These microstructures echo, respectively, circulation of greenschist-facies fluids and local emplace-
ment of aplite dykes along macrofractures as observed in the field.

The modal proportions of biotite (possibly chloritized) and muscovite (both primary and secondary) have been 
estimated at 3%–7% and 0%–2% (up to 5% for the most altered samples) in the Bt granite, 1%–5% and 2%–6% in 
the Crd granite, and 1%–4% and 2%–8% in the Crd microgranite. The two last facies contain up to 5% of cord-
ierite (generally heavily pinitized). The proportions of sizable (>20 μm) grains of primary and secondary oxides 
range from 0.001% to 0.035%, except in sample CA19 (0.118%, with grains of magnetite up to ∼550–600 μm, 
whereas in the other samples the maximum size of the oxides is ∼100–300 μm).

3.2.2. Evidence of Ductile Deformation and Recovery

While the granite fabric is nearly isotropic, there is evidence of widespread, but weak straining at the micros-
cale. First of all, most quartz grains display either an undulose extinction of variable intensity or an irregular 
pattern of subgrains (Figure 5b), pointing to ductile deformation and recovery. Locally, one finds also aggregates 
of small quartz grains interpreted as new grains developed by dynamic recrystallization (Figure 5c), probably 
made predominantly through subgrain rotation since the new grains are about the same size as neighboring 
subgrains (Passchier & Trouw, 2005; Stipp et al., 2002). The quartz-quartz boundaries, including in the aggre-
gates of new grains, are commonly serrated (Figure 5d), indicating low-temperature grain boundary migration 
(bulging; e.g., Stipp et al., 2002). The bulges, however, only rarely evolved into new grains (bulging dynamic 
recrystallization). Quartz has therefore recorded a continuum of ductile deformation from medium tempera-
tures, 400–500°C (subgrain rotation recrystallization) down to low-grade conditions, 300–400°C (bulging) (Stipp 
et al., 2002). Other microscale evidence of weak ductile deformation consists of a slight bending or kinking of (a) 
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polysynthetic twins in plagioclase (Figure 5e), difficult to observe because of the sericitization, and (b) cleavage 
in biotite and muscovite (Figure 5f).

4. The Late Dykes
Late dykes from the MTM Internal Zone are particularly well exposed along the coast section to the NNE of the 
CGC, between the Pinet Cape and the Capon Tip (Pinet–Capon section; PCS in Figure 1b). There, they appear 
in the form of felsic dykes associated with some dolerite or composite dykes in which dolerite and fine-grained 
leucogranite are mingled (Duchesne et al., 2013). These dykes are centimetric to metric in scale and crosscut at 
high angle the main structural and magmatic structures associated with the D3 phase, which is indicative of their 
late emplacement. However, some dykes are apparently undeformed, while others are folded and/or affected by 
the S3 foliation (Figures 6a and 6b), suggesting a syn- to late-emplacement during the D3 transpressive tectonic 
phase.

Figure 5. Microstructures in the Camarat granite (photomicrographs taken in transmitted light, with crossed polars). 
(a) Large grain of quartz cut by a finer-grained quartzo-feldspathic assemblage (sample CA16, Crd microgranite); (b) 
polygonized quartz grains displaying an irregular pattern of subgrains (CA18, Bt granite); (c) aggregate of small grains of 
quartz probably resulting from dynamic recrystallization (CA08, Crd granite); (d) serrated boundaries between quartz grains 
indicating bulging (note the more regular quartz vs. microperthite boundaries in the upper right corner of the micrograph; 
CA20, Bt granite); (e) incipient kinking of a plagioclase crystal (CA18, Bt granite); (f) slight bending of the cleavage in a 
muscovite grain (CA09, Crd microgranite).
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The dykes are predominantly E-W-trending, with steep dips to the south or moderate to steep dips to the north, and 
have an average orientation (weighted mean) of N98°E/87°N (Figure 6d). According to Duchesne et al. (2013), the 
steepest dykes would be pure tension dykes perpendicular to the regional stretching direction, whereas the few less 
inclined dykes would be oblique to this direction, corresponding either to tension-shear dykes, equivalent to normal 
faults, or to passive dykes controlled by preexisting fractures. The weighted mean calculated for D3 lineations in 
the migmatitic gneisses along the same coast section is N16°E/24°NNE (Figure 6d). On average, the Pinet–Capon 
dykes and the D3 stretching direction recorded in their host rocks are therefore striking at ∼90° from each other (the 
deviation is only 8°), which confirms the syn- to late-D3, pure tension or normal tension-shear nature of the dykes.

5. Material and Methods
Accurate description of the fabric of a granitic pluton through AMS measurements requires a sampling grid as 
regular as possible, the standard density of this grid being one site/km 2 (Bouchez, 2000). The small size of the 
Camarat granite (total outcrop ∼3 km 2) allowed us to use an even denser grid, with 20 sampling stations, that 
is, ∼7 sites/km 2 (Figure 2). Twenty-one samples, named according to the corresponding sites (CA01 to CA20) 
were taken, with two samples coming from the same station, CA06 (samples labeled CA06A and CA06B). Ten 
samples (CA01 to CA05, CA06A,B, CA07, CA08, CA11) consist of a pair of one-inch oriented cores collected 
with a portable drill and further cut into 22 mm-high cylinders (four cylinders/sample). The 11 other samples 
(CA09, CA10, CA12 to CA20) are oriented blocks from which 21.5 mm-large cubes were extracted (3–7 cubes/
sample). Anisotropy of magnetic susceptibility measurements were conducted on the small cylinders and cubes, 
respectively 40 and 48 specimens, using a low-field Kappabridge susceptometer.

Image analysis was carried out on mutually perpendicular sections cut across 10 out of the 11 oriented blocks 
(sample CA14, too weathered, was not investigated). Contrary to AMS which is an indirect technique for rock 

Figure 6. The Pinet–Capon section: field photographs of felsic dykes and structural data. (a) Fine-grained leucogranitic 
dyke (orientation N85°E/80°S) cutting across the S3 foliation (N20°E/80°W) of the migmatitic gneisses (Capon Tip; 
43°14′55.30″N/06°40'53.48″E, looking east); (b) fine-grained leucogranitic dyke (orientation N72°E/78°S) deformed by the 
S3 foliation (N23°E/84°E) (Capon Tip; 43°14′55.45''N/06°40′53.60″E, looking NNE); (c) pegmatitic leucogranitic tabular 
body (sample MA04-02A), foliated and concordant with the S3 foliation (orientation N20°E/70°E), crosscutted by an aplitic 
leucogranitic dyke (sample MA04-02B) orientated at N120°E/75°S (Pinet Cape; 43°14′43.65″N/06°40′20.62″E, looking 
east); (d) equal-area plots (lower hemispheres) displaying poles of dykes (including four dolerite and five composite dykes 
from Duchesne et al. (2013)) and D3 stretching lineations in the migmatitic gneisses (contours at 1-4-8-12% for the dykes and 
1-5-10-15-20% for the lineations; white star: weighted mean).
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fabric characterization, IA enables direct textural quantification. In the present study, it was used to characterize 
the shape fabric of the mafic minerals, to complete the AMS measurements and to confirm they can be used 
as a proxy of the petrofabric orientation, especially since many samples contain cordierite, a mineral with an 
inverse intrinsic magnetic anisotropy that is a potential source for anomalous AMS-derived magnetic fabrics 
(Amice, 1990).

Measurements of magnetic susceptibility versus temperature curves were performed on crushed offcuts from a 
selection of four blocky samples representative of the various facies of the Camarat granite and whose suscep-
tibilities cover the range of susceptibility values calculated from AMS: CA12 (Crd granite from the Tourraque 
body), CA13 (Crd microgranite from the Taillat Cape body), and CA17, CA19 (Bt granite from the Camarat Cape 
body). Such thermomagnetic experiments enable to identify the contribution of ferromagnetic and paramagnetic 
minerals to susceptibility, a crucial prerequisite for the interpretation of AMS data.

Zircon and monazite grains separated from crushed portions of three blocks have been analyzed by LA-ICP-MS 
for U-Pb dating. Two of these blocks are CA13 and CA17 from the Camarat granite, dated to determine the 
emplacement age of the pluton. The third block is a non-oriented sample collected, for geochronological purpose 
only, in the eastern mylonitized facies of the Gigaro granodiorite (CA21; Figure 2).

Two samples were selected in the Pinet Cape area to constrain the emplacement age of the late dykes through 
muscovite  40Ar/ 39Ar geochronology. They originated from the same outcrop, where structural relationships are 
clearly identified (Figure 6c). Sample MA04-02A is from a foliated, coarse-grained leucogranitic tabular body 
(pegmatitic texture) parallel to the main S3 foliation. Sample MA04-02B comes from an apparently undeformed, 
fine-grained leucogranitic dyke (aplitic texture) which crosscuts the main S3 foliation and the pegmatitic leuco-
granitic tabular body.

All analytical methods are detailed in Supporting Information S1.

6. Results
6.1. Zircon and Monazite U-Pb Dating

6.1.1. Sample CA13

Zircons from sample CA13 (Crd microgranite from the Taillat Cape body; 43°10′08.31″N/06°38′44.88″E) are 
euhedral, generally short-prismatic (aspect ratios from 1 to 3) grains mostly ranging in size from 75 to 150 μm. 
Most of them show medium to dark cathodoluminescence (CL) with regular oscillatory zoning, although some 
grains contain patchy zoned, CL-bright cores and/or very CL-dark rims (Figure 7a).

One zircon grain yielded two sub-concordant core analyses (spots #15 and #17) with a weighted mean Paleopro-
terozoic  207Pb/ 206Pb date of 1,840 ± 10 Ma and a rim analysis with a Devonian  206Pb/ 238U date of 376 ± 14 Ma 
(spot #16) (Figures 7a and 8a). Besides this grain, interpreted as inherited, that is, xenocrystic or restitic from the 
source rock, all zircons yielded younger  206Pb/ 238U dates. Out of 25 analyses on these grains, 16 show strongly 
discordant and highly scattered U-Pb data, with  206Pb/ 238U dates generally <300 Ma (Figure 8a). The remaining 
9 analyses define a rough mixing line between radiogenic and initial Pb, with the four least discordant analyses 
carrying  206Pb/ 238U dates of about 300 Ma (Figure 8a). When anchored at the initial  207Pb/ 206Pb composition 
at this age (from Stacey and Kramers, 1975), these analyses yield a lower intercept date of 299.8 ± 6.0 Ma 
(MSWD = 2.6; n = 9) (Figure 8a).

Monazites from this sample show weak to no zoning in CL images, apart from a few grains displaying growth 
or patchy zoning (Figure 7a). The analyses yielded much more concordant and clustered U-Pb isotopic data than 
zircon. With the exception of 6 analyses showing discordance owing to the presence of initial Pb or slightly 
older  206Pb/ 238U dates, all analyses show identical  206Pb/ 238U and  207Pb/ 206Pb dates within uncertainty and define 
a Concordia date of 303.5 ± 4.0 Ma (MSWD = 0.9; n = 16) (Figure 8b). This date is within uncertainties identical 
to the lower intercept zircon date obtained from deemed magmatic zircons.

6.1.2. Sample CA17

Sample CA17 (Bt granite from the Camarat Cape body; 43°12′13.02″N/06°40′36.35″E) contains euhedral, short- 
to long-prismatic crystals of zircon (aspect ratios from 2 to 5) mainly ranging in size from 100 to 250 μm. They all 
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show well-developed oscillatory zoning, usually with CL response varying from bright to dark from core to rim, 
although rare grains show the opposite or very little to no variation (Figure 7b). Some exhibit a dark-CL, partly 
resorbed or rounded core (Figure 7b).

All U-Pb analyses from such dark-CL cores are markedly discordant, except one yielding a  206Pb/ 238U date of 
482 ± 16 Ma (spot #12) (Figures 7a and 8a), indicating that they likely correspond to inherited zircon. All anal-
yses from oscillatory zoned domains are younger than 350 Ma; a few show concordant U-Pb dates in the range 
340–320 Ma (notably from bright-CL cores). Besides these, more than half of the analyzed points in the sample 
(n = 37) define a trend likely corresponding to mixing between initial and radiogenic Pb and corresponding 
to a lower intercept date of 303.0 ± 3.1 Ma (MSWD = 1.3; Figure 8c). Using only the concordant data points 
from this population, a within uncertainty identical Concordia date of 304.5 ± 3.3 Ma (MSWD = 1.1; n = 19) is 
obtained (Figure 8d).

6.1.3. Sample CA21

Sample CA21 (mylonitized Gigaro granodiorite; 43°10′25.03″N/06°36′22.17″E) yielded only few zircons: only 
6 grains (Figure 7c) could be analyzed for U-Pb isotopes. The grains range from euhedral to subhedral, with 
lengths of 80–200 μm and aspect ratios from 2 to 4. They show patchy to oscillatory zoning and medium-gray CL 
response, with rare bright cores or growth zones (Figure 7c).

With the exception of two analyses (spots #2 and #7 with  206Pb/ 238U dates of 313 ± 8 and 297 ± 8 Ma, respec-
tively), all obtained U-Pb data are discordant. Nevertheless, 8 analyses show  206Pb/ 238U dates clustered around 
300  Ma and define a discordant trend pointing to the composition of initial Pb, along which plots another 
strongly discordant analysis (spot #12) (Figure 8e). Altogether, these 9 data points yield a lower intercept date of 
293.2 ± 4.6 Ma (MSWD = 2.0) when anchored at the composition of initial Pb at 300 Ma (Figure 8e).

This sample also contains unzoned monazite grains (Figure 7c). Out of 17 U-Pb isotopic analyses on monazite, 
12 are concordant but show a spread of significantly different  206Pb/ 238U dates over >40 Ma, between 321 ± 8 Ma 
and 281 ± 7 Ma (Figure 8f). These dates vary not only from grain to another, but also inside a single grain. A 
Kernel Density Estimate of this population shows a probability peak at ∼295 Ma, overlapping with the zircon 
lower intercept date (Figure 8f).

Figure 7. Representative cathodoluminescence images of zircon and monazite from samples of the Camarat Granitic 
Complex investigated here for U-Pb dating, that is, CA13 (a), CA17 (b), and CA21 (c). Laser spots with corresponding 
U-Pb dates are reported. Italic font indicates discordant U-Pb analyses; bold font indicates spots used in the calculation of 
Concordia dates (see Figure 8 and text).
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Figure 8.
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6.2. Muscovite Ar/Ar Geochronology

Sample MA04-02A (43°14′43.65″N/06°40′20.62″E). A single muscovite 
grain yielded a weighted plateau age of 302.43  ±  2.62  Ma, which corre-
sponds to 96.43% of  39Ar released and to seven steps (Figure 9). The inverse 
isochron for the plateau steps provides a concordant age at 301.07 ± 2.97 
(MSWD = 1.25; initial  40Ar/ 36Ar ratio of 333.2 ± 37.1 Ma).

Sample MA04-02B (same coordinates as MA04-02A). A single muscovite 
grain yielded a weighted plateau age of 298.11  ±  2.38  Ma, which corre-
sponds to 94.03% of  39Ar released and to 6 steps (Figure  9). The inverse 
isochron for the plateau steps provides a concordant age at 297.62 ± 3.11 Ma 
(MSWD = 4.95; initial  40Ar/ 36Ar ratio of 334.1 ± 137.7 Ma).

6.3. Thermomagnetic Analysis

In the high-T heating curves of samples CA12, CA17, and CA19 (Figure 10), 
there is a Curie point at 557–570°C, indicative of a Ti-poor titanomagnet-
ite, near end member magnetite in composition (3.6–1.4 mol% of ulvospi-
nel; Table 1). A well-defined Hopkinson peak preceding the susceptibility 
drop indicates the occurrence of single-domain (SD; 𝐴𝐴 𝐴 0.1  μm) and/or 
small pseudo-single-domain (PSD; a few μm) individuals in the population 
of titanomagnetite grains (Dunlop,  2014; Dunlop & Özdemir,  2015). The 
high-T heating curve of CA13 exhibits also a Curie transition in the inter-
val 550–580°C (Table 1), however with no Hopkinson peak. We note also 
a susceptibility rise at a temperature of about −161°C in the low-T curve of 
CA19 (Verwey transition), indicating a larger amount of magnetite in this 
sample (probably with a PSD and/or multi-domain [MD] size; Clark, 1997), 
in agreement with higher values of the normalized susceptibility (Figure 10). 
Above the Curie transition, susceptibility still decreases with temperature in 
the high-T heating curves, as best seen for samples CA12 and CA13. This 
behavior is due to a titanohematite close to pure hematite (1.6–2.6 mol% of 
ilmenite; Table 1), as demonstrated by a small susceptibility drop at, respec-
tively, 666°C and 657°C for the two last samples (Néel point; hardly visible 
in Figure 10).

The thermomagnetic curves show that magnetite does not only occur in sample CA19, as seen in polished thin 
sections, but is also present in the other samples, in even lesser amounts and probably with a lower mean grain 
size. These magnetite grains not revealed by the microscope analysis possibly occur as inclusions in biotite 
(Dunlop et al., 2006; Trindade et al., 2001). The almost pure hematite phase evidenced in the high-T heating 
curves corresponds to a secondary product left after alteration of magnetite, as seen in sample CA19, and also 
possibly ilmenite. It is tentatively assumed that the altered ilmenite hosts a secondary hematite not detected 
optically, since oxidation of ilmenite generally produces (titano)hematite in addition to rutile and (ferro)pseudo-
brookite (e.g., Haggerty, 1991).

We have estimated the contribution to susceptibility of the ferromagnetic minerals (mostly magnetite in samples 
CA17 and CA19; magnetite plus some hematite in CA12 and CA13; Figure 10), using the iterative procedure 
of Richter & van der Pluijm (1994), as applied to the low-T curves and the fitting method of Hrouda (1994), as 
applied to the initial part of the high-T heating curves (Table 1). The two techniques give concordant results for 
samples CA17 (45%) and CA19 (75% vs. 77%), whereas the outcomes are very different or even aberrant for 

Figure 8. Results of LA-ICP-MS U-Pb isotopic analyses of zircon and monazite from samples of the Camarat Granitic Complex, displayed in Tera-Wasserburg 
( 207Pb/ 206Pb vs.  238U/ 206Pb) diagrams. Ellipses represent data points with uncertainties at 95% (2σ) confidence level. Light gray ellipses are excluded from the calculation 
of U-Pb dates; color filled ellipses are notable analyses discussed in text. In (a and e), the Discordia trends are anchored to the composition of initial Pb at 300 Ma due 
to the small number of analyses and/or their limited spread; in (c) the trend toward the latter is indicated as a dashed arrow. In (f) the inset shows a histogram and Kernel 
Density Estimate (blue curve) of concordant monazite  206Pb/ 238U dates in sample CA21. All uncertainties on calculated U-Pb dates include propagated systematic 
uncertainties (see analytical procedure in Supporting Information S1 for details).

Figure 9.  40Ar/ 39Ar age spectra as a function of  39Ar released on muscovite 
single grains from felsic dykes of the Pinet Cape area. The error boxes of each 
step are at the 2σ level. The error of ages is given at the 2σ level.
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CA12 (40% vs. 76%) and CA13 (66% vs. 107%). Actually, both methods fail 
for the case of hematite bearing rocks (Hrouda et al., 1997; Richter & van der 
Pluijm, 1994). Therefore, for CA12 and CA13, the results only mean that the 
ferromagnetic contribution to susceptibility is not negligible.

The high-T cooling curves show a conspicuous increase in susceptibility 
(Figure 10), reflecting the formation of ferromagnetic Fe oxides during heat-
ing of the samples (Henry et al., 2003). A Curie point at 556–578°C indicates 
a secondary Ti-poor titanomagnetite closer to pure magnetite (3.6–0.0 mol% 
of ulvospinel) than the primary one (Table 1), coming from the breakdown of 
the Fe-Mg silicates. The Curie transition is followed by a small plateau  or a 
minor Hopkinson peak (sample CA19), before a huge “hump” peaking at ca. 
325–345°C or ∼430°C (sample CA13) [(titano)magnetite to (titano)maghe-
mite conversion?].

6.4. Anisotropy of Magnetic Susceptibility and Image Analysis

The output of the AMS measurements is an ellipsoid, whose principal 
axes are classically labeled K1 ≥ K2 ≥ K3, that can be used to represent the 
magnetic fabric associated with the AMS. Similarly, IA provides an ellipsoid 
that characterizes a given shape subfabric, here the shape fabric of the mafic 
minerals. In the present study, the long, intermediate and short axes of this 
shape ellipsoid are labeled λ1, λ2, and λ3, respectively.

Mean AMS and IA data are given and compared in Table 2. Raw data with 
Schmidt plots are provided, sample by sample, in Supplementary Table 6 for 
AMS and Supplementary Table 7 for IA provided at https://doi.org/10.17632/
jd8m75cbsm.1.

6.4.1. Bulk Magnetic Susceptibility

The bulk magnetic susceptibility, Km = (K1 + K2 + K3)/3, varies from 20.1 
to 282.8 × 10 −6 SI for the individual AMS specimens (n = 88), the sample 
mean values ranging from 23.2 to 99.7 × 10 −6 SI (n = 20), with one outlier 
value of 266.4 × 10 −6 SI for CA19 (Table 2; Figure 11a). These Km values 
are lower than 500 × 10 −6 SI, the cutoff point below which rock magnetic 
susceptibility is classically considered to be controlled by paramagnetic 
minerals (Bouchez,  2000; Rochette,  1987). However, the thermomagnetic 
data demonstrate that the ferromagnetic contribution to susceptibility is far 
to be negligible in our samples, being up to ∼75% in CA19 which has the 
highest magnetite content and, accordingly, the highest mean Km value. The 
paramagnetic minerals that may contribute here to susceptibility in addition 
to magnetite (+ secondary hematite in some samples) are biotite (unaltered 
or chloritized), as well as muscovite (primary and secondary) and cordierite, 
both ferriferous according to Amenzou (1988), and Fe-Ti oxides [ilmenite, 
rutile (ferro)pseudobrookite]. The contribution of the paramagnetic oxides 
is negligible, since they are found in trace amounts, and that of muscovite 
and cordierite is obviously minor compared to biotite, given their lower iron 
content [wt. % FeOt is 2.16 ± 0.58 for muscovite (n = 31) and 6.25 ± 1.27 for 
cordierite (n = 8) versus 22.58 ± 0.81 for biotite (n = 17); as calculated using 
electron-microprobe analyses of Amenzou,  1988]. Moreover, cordierite is 

generally heavily altered, with only scarce relicts subsisting within pinitized grains. The paramagnetic susceptibil-
ity component is thus carried mostly by biotite, and to a much lesser extent by primary and secondary muscovite, 
as well as other secondary minerals such as chlorite. The mean Km value of the Bt granite (65.4 ± 17.3 × 10 −6 
SI, excluding sample CA19 [n = 8]) is higher than that of the Crd microgranite and granite which are not signif-
icantly different from each other (respectively, 32.5 ± 5.4 × 10 −6 [n = 5] and 38.1 ± 6.2 × 10 −6 SI [n = 7]), 

Figure 10. Magnetic susceptibility versus temperature curves. For each 
experiment, susceptibility measurements were normalized based on the 
volume (see Supporting Information S1).
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which confirms that biotite is the main contributor to paramagnetic susceptibility and may also be taken as a 
confirmation that the few grains of magnetite evidenced through the thermomagnetic analysis occurs mostly as 
inclusions in biotite.

6.4.2. Strength and Shape Parameters

The strength of the magnetic fabric, as described by the corrected anisotropy degree Pj (Jelínek, 1981) is very low 
(Table 2; Figures 11a and 11b): Pj is lower than 1.07, with mean values ranging from 1.010 to 1.027 (n = 20) and 
a mean of 1.018 ± 0.005 (i.e., 1.8% of anisotropy on average) for almost all samples. Sample CA19 stands out 
from the data set, as for Km, with a higher mean Pj value (1.060). Pj and Km are therefore positively correlated for 
CA19, but there is no obvious relationship between the two parameters for the other samples (Figure 11a). The 
very low anisotropy degrees that are found here are typical of undeformed to weakly deformed “paramagnetic” 
granitoids (see, e.g., numerous examples amongst the Variscan granitoids from the Pyrenees, as recently reviewed 
by Porquet et al., 2017). The positive correlation between Pj and Km, as observed for sample CA19, reflects the 
influence of the magnetite grains on the fabric strength (Bouchez, 2000). Shape fabrics of the mafic minerals are 
systematically stronger than the magnetic fabrics, with Pj values in the interval 1.040–1.117 (n = 10) and a mean 
of 1.079 ± 0.023 (i.e., 7.9% of anisotropy on average) (Table 2; Figure 11c).

The fabric prolateness or oblateness is described here using the shape parameter Tj (Jelínek, 1981), with −1 
𝐴𝐴 ≤ Tj 𝐴𝐴 𝐴 0 indicating prolate fabrics and 0 𝐴𝐴 𝐴 Tj 𝐴𝐴 ≤ 1 oblate fabrics. The Tj values for both the magnetic and mafic 

shape fabrics are quite variable, but indicate predominantly moderately prolate to moderately strongly oblate 
shapes (Table 2; Figures 11b and 11c). For the magnetic fabric, the Tj values of the samples are in the interval 
−0.831–0.455 (n = 21), with a mean value of 0.149 ± 0.320. For the mafic shape fabric, Tj varies from −0.303 
to 0.639 (n = 10), with a mean value of 0.027 ± 0.313. There is no correlation between Tj and Pj for both kinds 
of fabrics (Figures 11b and 11c).

It is safer to take the Pj and Tj parameters of the shape fabric as proxies for, respectively, the strength and shape 
of the petrofabric, since the eccentricity and shape of the magnetic ellipsoid may be strongly influenced by the 
mineralogy. In particular, both vary according to mineral proportions when more than one mineral species with 
coaxial fabrics and different intrinsic anisotropies and shapes contribute to AMS (Borradaile & Jackson, 2004; 
Rochette et al., 1992). This applies to the Camarat granite, where susceptibility is carried by several mineral 
species.

6.4.3. Directional Data

The K1K2 plane, perpendicular to the K3 axis, defines a magnetic foliation and the K1 axis represents a magnetic 
lineation. The λ1λ2 plane of the shape ellipsoid, perpendicular to the λ3 axis, and the λ1 axis define fabric elements 
referred here to as shape foliation and shape lineation, respectively.

Table 1 
Thermomagnetic Data

Sample Km

TV TC Usp(%) TN Ilm(%) Ferro(%)

LTw HTw HTc HTw HTc HTw LTw HTw

CA12 38.8 – 557 562 3.6 2.7 666 1.6 (40) a (76) a

CA13 34.6 – (521) a 556 (9.6) a 3.6 657 2.6 (66) a (107) a

CA17 57.3 – 569 576 1.5 0.3 – – 45 45

CA19 266.4 −161 570 578 1.4 0.0 – – 75 77

Note. Km: magnitude of the bulk magnetic susceptibility (in 10 −6 SI), from Table 2; TV: temperature of the Verwey transition 
(in °C), estimated as corresponding to the highest value of the curve slope in the transition interval; TC and Usp(%): Curie 
temperature (in °C) estimated using the method of Petrovský and Kapička  (2006) and corresponding mole fraction of 
ulvospinel (in %) in titanomagnetite calculated after Clark (1997); TN and Ilm(%): Néel temperature (in °C) estimated using 
the method of Petrovský and Kapička (2006) and corresponding mole fraction of ilmenite (in %) in titanohematite calculated 
after Clark (1997); Ferro(%): ferromagnetic contribution (in %) to the low-field magnetic susceptibility, as estimated from 
about −190°C or −150°C (sample CA19) to ∼10°C using the iterative procedure of Richter and van der Pluijm  (1994) 
and from room temperature to ∼200°C through the fitting method of Hrouda (1994); LTw, HTw, and HTc: value for low-T 
(warming), high-T warming and high-T cooling curve, respectively.
 aUnreliable or aberrant value. This concerns TC and Usp(%) for sample CA13, and Ferro(%) for CA12 and CA13.
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Table 2 
Anisotropy of Magnetic Susceptibility (AMS) and Image Analysis (IA) Data (Sample Mean Values)

Sample # Lat(N) Lng(E) Rock facies Data type n Km Pj Tj

A C

Dec/Inc Conf σ1/σ2 Dec/Inc Conf σ1/σ2

CA01 43°12′19.62″ 06°40′16.11″ Bt granite AMS 4 64.2 1.012 −0.198 40/25 0.94 27/5 137/13 0.94 24/16

CA02 43°11′32.42″ 06°39′09.28″ Bt granite AMS 4 68.1 1.010 −0.166 6/12 0.76 48/31 276/3 0.50 77/39

CA03 43°11′19.99″ 06°38′57.98″ Bt granite AMS 4 63.4 1.024 0.412 203/15 0.77 55/14 110/13 0.89 36/14

CA04 43°11′05.62″ 06°38′33.90″ Crd(?) granite AMS 4 30.5 1.014 −0.297 329/33 0.86 42/13 143/57 0.78 45/32

CA05 43°10′48.89″ 06°38′25.68″ Crd granite AMS 4 37.3 1.016 0.238 345/36 0.84 38/25 244/14 0.88 39/8

CA06A 43°11′41.13″ 06°39′50.37″ Crd microgranite AMS 4 36.2 1.023 0.314 31/22 0.86 43/12 206/68 0.89 38/8

CA06B 43°11′41.67″ 06°39′49.95″ Bt granite AMS 4 36.5 1.018 0.455 46/20 0.97 21/6 163/52 0.92 26/20

CA07 43°12′05.41″ 06°40′23.92″ Bt granite AMS 4 66.7 1.021 0.202 9/8 0.91 34/6 125/71 0.95 23/11

CA08 43°10′51.80″ 06°38′10.88″ Crd granite AMS 4 35.0 1.010 −0.168 341/23 0.93 28/11 157/67 0.84 42/21

CA09 43°10′45.12″ 06°38′14.90″ Crd microgranite AMS 4 32.9 1.020 0.262 11/28 0.89 38/11 143/52 0.89 33/19

IA – – 1.040 0.090 46/12 – 43/17 244/77 – 31/16

Δ – – 0.020 0.172 36 – – 42 – –

CA10 43°10′39.87″ 06°38′18.90″ Crd microgranite AMS 4 35.8 1.014 −0.831 28/14 0.94 26/9 286/40 0.55 84/3

IA – – 1.095 −0.035 40/34 – 10/4 248/53 – 10/4

Δ – – 0.081 0.796 23 – – 29 – –

CA11 43°10′44.11″ 06°38′26.76″ Crd(?) granite AMS 4 34.2 1.024 0.425 13/13 0.97 20/6 209/77 0.94 26/10

CA12 43°10′31.86″ 06°38′27.41″ Crd granite AMS 4 38.8 1.015 0.354 208/10 0.75 50/32 306/35 0.75 47/35

IA – – 1.072 −0.282 24/9 – 17/10 259/74 – 25/10

Δ – – 0.057 0.636 19 – – 45 – –

CA13 43°10′08.31″ 06°38′44.88″ Crd microgranite AMS 4 34.6 1.016 0.130 7/8 0.93 29/5 250/74 0.90 34/14

IA – – 1.086 0.512 23/22 – 48/11 260/54 – 17/6

Δ – – 0.070 0.382 21 – – 20 – –

CA14 43°10′5178″ 06°37′32.06″ Crd granite AMS 4 49.9 1.021 0.109 25/32 0.92 32/6 262/42 0.90 37/7

CA15 43°10′56.06″ 06°37′22.15″ Crd granite AMS 3 40.8 1.027 0.245 302/35 0.99 13/4 55/30 0.97 18/1

IA – – 1.053 0.639 249/63 – 65/20 62/27 – 25/19

Δ – – 0.026 0.394 43 – – 7 – –

CA16 43°10′55.57″ 06°37′46.35″ Crd microgranite AMS 4 23.2 1.026 0.453 15/28 0.96 22/7 120/26 0.96 22/4

IA – – 1.068 −0.093 3/18 – 19/5 115/50 – 12/8

Δ – – 0.042 0.546 15 – – 24 – –

CA17 43°12′13.02″ 06°40′36.35″ Bt granite AMS 7 57.3 1.015 0.373 12/10 0.71 62/18 124/65 0.91 30/15

IA – – 1.092 −0.038 15/19 – 7/4 130/51 – 12/4

Δ – – 0.077 0.411 10 – – 14 – –

CA18 43°12′00.17″ 06°40′51.37″ Bt granite AMS 6 99.7 1.014 0.279 48/44 0.93 28/14 178/33 0.97 17/9

IA – – 1.071 −0.106 21/32 – 16/7 139/37 – 19/7

Δ – – 0.057 0.385 24 – – 32 – –

CA19 43°11′45.66″ 06°40′32.78″ Bt granite AMS 4 266.4 1.060 0.131 350/48 0.99 14/1 167/42 0.96 23/7

IA – – 1.095 −0.117 22/5 – 14/5 115/30 – 13/8

Δ – – 0.035 0.248 51 – – 43 – –

CA20 43°11′46.50″ 06°40′11.84″ Bt granite AMS 4 67.3 1.013 0.400 307/6 0.62 73/21 117/84 0.86 34/27
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The magnetic foliations are relatively regularly orientated in the Camarat Cape–Escalet bodies and more dispersed 
in the Tourraque–Taillat Cape bodies (Figure 12a), with average orientations of, respectively, N58°E/35°NNW 
(weighted mean for individual, mostly Bt granite specimens; n = 45) and N86°E/19°N (weighted mean for indi-
vidual, Crd granite and microgranite specimens; n = 43). The magnetic lineations are predominantly gently to 
moderately plunging to the north or NE (Figure 12a), with similar average orientations (weighted means of indi-
vidual axes) in the Camarat Cape–Escalet (N22°E/23°NNE; n = 45) and Tourraque–Taillat Cape (N3°E/23°N; 
n = 43) bodies.

We have calculated an integrated shape ellipsoid for the northern and southern parts of the granite, by recombin-
ing the 2D raw data of the analyzed samples (Figure 12a). The result highlights the concordance, at pluton scale, 

Table 2 
Continued

Sample # Lat(N) Lng(E) Rock facies Data type n Km Pj Tj

A C

Dec/Inc Conf σ1/σ2 Dec/Inc Conf σ1/σ2

IA – – 1.117 −0.303 5/24 – 13/4 232/57 – 20/8

Δ – – 0.104 0.703 58 – – 36 – –

Note. Lat(N) and Lng(E): latitude (north) and longitude (east); n: number of specimens used in the AMS measurements; Km: magnitude (in 10 −6 SI) of the bulk magnetic 
susceptibility; Pj and Tj: Jelinek's (1981) anisotropy degree and shape parameter; A and C: long and short principal axis of the magnetic fabric (K1 and K3) and the 
shape fabric (λ1 and λ3); Dec/Inc: declination/inclination of the axes; Conf: 2σ confidence level (in %) of the axis measurement (AMS data only); σ1/σ2: dimensions (in 
degrees) of the 2σ confidence cone expressing the scattering of individual axis measurements; Δ: difference (absolute value) between IA and AMS data.

Figure 11. Scalar parameters Km, Pj, and Tj, for the magnetic and mafic shape fabrics. (a) Plot of Pj versus Km; (b) and (c) 
plots of Tj versus Pj. The individual anisotropy of magnetic susceptibility (AMS) data (n = 88) are those from the small 
specimens which were used to calculate the 21 mean magnetic ellipsoids (see text and Supplementary Table 6 provided at 
https://doi.org/10.17632/jd8m75cbsm.1). The individual image analysis (IA) data (n = 640) correspond to combinations of 
2D raw data used in the reconstruction process of the 10 shape ellipsoids (64 combinations for each sample; see analytical 
procedure in the Supporting Information S1 and Supplementary Table 7 provided at https://doi.org/10.17632/jd8m75cbsm.1).
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Figure 12. Directional data for the magnetic and mafic shape fabrics (lower hemisphere, equal-area plots). (a) Separately for the Camarat Cape–Escalet and Tourraque–
Taillat Cape bodies, (1) K1–K3 axes of the individual anisotropy of magnetic susceptibility (AMS) specimens (n = 45 and 43, respectively), with average orientations 
(weighted means), and (2) contouring [contours at 6-9-12-15(-18-21)% and 6-9-(12)%, respectively] and averaging of λ1–λ3 axes calculated through recombination 
of the image analysis (IA) 2D raw data (respectively, 4,096 combinations for four samples and 13,824 combinations for six samples; see text and Supporting 
Information S1); (b) site by site, mean K1–K3 axes (and K1K2 planes), together with the λ1–λ3 axes (and λ1λ2 planes) obtained by IA for 10 samples out of the 21.

 19449194, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022T

C
007310 by Portail B

ibC
N

R
S IN

SU
, W

iley O
nline L

ibrary on [06/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Tectonics

BOLLE ET AL.

10.1029/2022TC007310

21 of 35

between shape fabric of the mafic minerals and magnetic fabric, with average shape foliations and lineations at 
N36°E/41°NW and N9°E/21°N in the Camarat Cape–Escalet bodies (integrated means for four samples, CA17 
to CA20; n = 4,096; 15° and 12° of angular deviation with the average magnetic foliation and lineation, respec-
tively) and at N153°E/23°ENE and N13°E/15°NNE in the Tourraque–Taillat Cape bodies (integrated means for 
six samples, CA09-10, CA12-13, and CA15-16; n = 13,824; 23° and 12° of angular deviation with the average 
magnetic foliation and lineation, respectively).

A site-by-site comparison of the AMS and IA directional data (Table 2; Figure 12b) shows that, with a few excep-
tions, dispersion of the individual measurements around the mean axes is lower for the shape ellipsoids than for 
magnetic ellipsoids. The comparison also shows that at sample scale, (a) orientation of the shape foliations and 
lineations is a bit more homogeneous than that of the magnetic foliations and lineations, and (b) angular depar-
tures are from 7° to 45° (mean of 29°; n = 10) between shape and magnetic foliations, and from 10° to 58° (mean 
of 30°; n = 10) between shape and magnetic lineations.

It is suggested that the slightly higher variability in the orientation of the magnetic foliations and lineations 
reflects the occurrence of secondary minerals with no shape-/lattice-preferred orientation (SPO/LPO) or display-
ing a SPO/LPO not coaxial with that of the primary minerals controlling AMS. This also probably explains the 
higher uncertainty on the AMS measurements, at least partly. One of the most significant secondary minerals 
is probably hematite which contributes substantially to rock susceptibility in some samples, as revealed by the 
thermomagnetic data. It is also worth noting that the role of minerals with an inverse intrinsic anisotropy may 
be ruled out here. This concerns (a) cordierite (Amice,  1990) which, as already outlined above, only occurs 
as scarce relicts, strongly reducing its contribution to susceptibility, hence to the magnetic fabric, and (b) SD 
magnetite  (Potter & Stephenson, 1988; and references therein) which is likely not abundant enough to affect 
significantly the magnetic fabric.

Foliation and lineation maps have been drawn by combining the AMS and IA data (Figure 13). For sampling 
sites where the two sets of data are available, the results with the best accuracy, that is, the less dispersed indi-
vidual measurements, were selected. In case of similar dispersions of the measurements, the AMS data were 
preferred since the magnetic analysis concerns a larger number of grains than the direct textural quantification 
(for AMS, the analyzed rock volume varies from ∼30 to ∼70 cm 3, depending on the sample, whereas IA uses 
2D measurements of the SPO of grains made on three ∼10 × 10 cm sections). The selected foliations have an 
average orientation (weighted mean) of N62°E/26°NNW and are organized around a roughly defined zone axis 
orientated at N9°E/21°N, subparallel (deviation of only 4°) to the weighted mean of the corresponding lineations 
(N13°E/21°NNE).

We observe a steepening of the foliations close to the western margin of the Camarat Cape body, which is 
concordant with the ca. N-S steeply dipping gneissic foliations and the similarly oriented CTSZ (Figure 13a). 
The foliations in the Escalet body are also steep and concordant with both the gneissic foliations and the CTSZ, 
at least close to the probable offshore extension of the latter. The foliation trajectories in the Tourraque body are 
dominantly at high angle with the gneissic structure of the country rocks. Moreover, they indistinctly crosscut 
the various facies of the Camarat granite, in particular the dyke-like bodies of Crd microgranite in the Tourraque 
body.

The lineations, which display a homogeneous pattern with a dominantly northerly shallow plunge, are concordant 
with the mostly D3-related lineations in the gneisses (Figure 13b). In places, in particular in the Tourraque body, 
lineation trajectories even cut across the granite margins. Accordingly, the mean lineation in the Camarat granite 
(N13°E/21°NNE) is very close (11°) to the mean lineation of the migmatitic gneisses in the area (N8°E/11°N; 
Figure 2). The lineation trajectories, as for the foliations, crosscut the internal contacts of the pluton.

7. Discussion
7.1. Geochronological Data

The results of zircon U-Pb dating revealed that in addition to a dominant population of late Carboniferous grains, 
samples CA13 and CA17 also contained zircon cores with pre-Carboniferous crystallization ages. A zircon core 
from sample CA13 yielded a  207Pb/ 206Pb age of 1,840 ± 10 Ma, reminiscent of already documented Proterozoic 
inherited zircons in the MTM, namely 1,930 ± 28 to 1,296 ± 14 Ma (Moussavou, 1998), ∼1,003–1,010 and 
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Figure 13. Composite map of the (a) foliations and (b) lineations in the Camarat granite, combining mean directional data 
from the magnetic and mafic shape fabrics. Structures in the country rocks are from Figure 2. Lower hemisphere, equal-area 
projections are also shown (white star, for both the foliations and lineations: weighted mean; great circle and black diamond, 
for the foliations only: best-fit girdle and its pole).
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∼1,800–2,500 Ma (Tabaud et  al.,  2022) in the Bormes orthogneiss, and 1,010 ± 52 Ma in the leucogranitic 
component of a composite dyke from the Pinet Cape located just to the east of the felsic dykes dated here by Ar/
Ar geochronology (Duchesne et al., 2013). In other granitoids and orthogneisses of the Variscan realm, inherited 
Proterozoic zircons are generally interpreted as reflecting the incorporation of detrital zircons from metased-
imentary source or surrounding rocks, rather than the presence of igneous crust of that age (e.g., Castiñeiras 
et  al., 2008; Laurent et  al., 2017; Pereira et  al., 2010; Schnapperelle et  al., 2020). A similar interpretation is 
preferred here. Consistently, spectra of detrital zircon U-Pb ages found in Precambrian to early Palaeozoic sedi-
mentary rocks from Peri-Gondwanan continental units extending from Central Iberia to China, and the adja-
cent Sahara Metacraton and Arabian–Nubian Shield (see compilations in Couzinié et  al.,  2019; and Stephan 
et al., 2019) show four main populations at 3.0–2.5 Ga, 2.1–1.7 Ga, ∼1.0 Ga, and 800–550 Ma. The inherited 
zircons found in the MTM match the 2.1–1.7 Ga and the ∼1.0 Ga populations.

The  206Pb/ 238U zircon date of 482 ± 16 Ma (sample CA17) is slightly older than zircon and monazite U-(Th-)Pb ages 
of ∼455 to ∼405 Ma obtained on a metabasite and calc-alkaline orthogneisses from the MTM Internal Zone, which 
date emplacement of oceanic subduction-related magmatic rocks, possibly followed by eclogitic metamorphism 
(M0) (Demoux et al., 2008; Moussavou, 1998; Oliot et al., 2015). It falls, however, within the time span known for a 
widespread Ordovician arc-related magmatic event recognized in the Corso–Sardinian Block (∼485–440 Ma; U-Pb 
zircon ages of the protoliths of calc-alkaline meta-igneous rocks; Casini et al., 2023; and references therein), which 
was followed by an early Devonian subduction-related HP metamorphism dated at ∼420-400 Ma on mafic eclogites 
whose protoliths are penecontemporaneous with the calc-alkaline rocks (U-Pb zircon dating; references in Oliot 
et al., 2015). It falls also between ∼505 and ∼460 Ma, an interval of U-Pb dates obtained on overgrow rims of zircons 
from the Bormes orthogneiss, probably related to an Ordovician tectono-metamorphic event (Tabaud et al., 2022).

The  206Pb/ 238U date of 376 ± 14 Ma, as found in the rim of the Proterozoic zircon from sample CA13 and the 
dates in the range 340–320  Ma, as displayed by concordant zircons from sample CA17 may be ascribed to 
metamorphism or partial melting during the Variscan evolution of the MTM. Specifically, the former age corre-
lates with the D1/M1 phase, lasting from ∼380 to ∼345 Ma, and the latter with the D2/M2 and D3/M3 phases, 
lasting from ∼345 to ∼325 Ma and ∼325 to ∼300 Ma, respectively, according to published monazite and zircon 
U-(Th-)Pb ages (Moussavou, 1998; Oliot et al., 2015; Simonetti et al., 2020), as well as amphibole, biotite and 
muscovite  40Ar/ 39Ar ages (Buscail, 2000; Corsini et al., 2010; Morillon et al., 2000), as discussed in Schneider 
et al. (2014) and Gerbault et al. (2018), and in the next section. These zircons thus likely represent xenocrysts 
from the country rocks sampled by the Camarat granite magmas upon ascent and emplacement.

The dominant population of youngest zircon and monazite dates of ∼300–305 Ma, as found in samples CA13 
and CA17 may reasonably be interpreted as emplacement ages of the granitic bodies. As already outlined above, 
for CA13, the zircon lower intercept date of 299.8 ± 6.0 Ma (MSWD = 2.6; n = 9) and the monazite Concordia 
date of 303.5 ± 4.0 Ma (MSWD = 0.9; n = 16) are identical within uncertainties. However, the latter is more 
precise and defined by only concordant dates. We retain therefore 303.5 ± 4.0 Ma as the best approximation of 
the emplacement age of the magmatic pulse represented by sample CA13 (Crd microgranite, Taillat Cape body). 
For CA17, we consider also the zircon Concordia date (304.5 ± 3.3; MSWD = 1.1; n = 19) as the emplacement 
age of the Bt granite in the Camarat Cape body. Although the zircon lower intercept date (303.0 ± 3.1 Ma; 
MSWD = 1.3; n = 37) is identical within uncertainties and calculated using more data points, many of them are 
indeed strongly discordant.

The ages of the Crd microgranite (303.5 ± 4.0 Ma) and the Bt granite (304.5 ± 3.3 Ma) are identical within 
uncertainties and considered to constrain emplacement and crystallization of the Camarat granite. These ages 
confirm and improve the precision of two previously published dates of 301 ± 10 Ma (Rb-Sr age on whole-rocks 
and alkali feldspars from the Camarat Cape and Tourraque bodies; Roubault et  al.,  1970, recalculated) and 
298 ± 8 Ma (Rb-Sr age on whole rocks from the Camarat Cape and Escalet bodies; Amenzou, 1988). They are 
close to  39Ar/ 40Ar plateau ages of 300.2 ± 0.6 and 299.4 ± 0.6 Ma obtained by Morillon et al. (2000), respec-
tively, on muscovite and biotite from one sample of the Camarat Cape body.

For sample CA21 (mylonitized Gigaro granodiorite), the two concordant zircon  206Pb/ 238U dates at 313 ± 8 and 
297 ± 8 Ma fall within the interval of concordant monazite  206Pb/ 238U dates, from 321 ± 8 to 281 ± 7 Ma. 
Such a large spread of dates probably reflects disturbance of the U-Pb system during mylonitization, through 
recrystallization, fluid-assisted dissolution-precipitation, and/or crystallization of new zircon and mona-
zite grains (Harlov et al., 2011; Langone et al., 2018; Wawrzenitz et al., 2012; Wayne & Sinha, 1988), and/or 
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the early Permian thermal anomaly, which is a regional-scale feature according to Casini, Cuccuru, Puccini, 
et al. (2015). In absence of any in situ geochronological data, it is not possible to discriminate between magmatic 
and deformation/fluid-related ages. In the same way, it is not easy to interpret the lower intercept date defined by 
the zircons (293.2 ± 4.6 Ma; MSWD = 2.0; n = 9), comparable to the monazite probability peak at ∼295 Ma as 
already outlined above, which could be related to a younger event that affected the granodiorite (possibly the early 
Permian thermal peak). We note, however, that the monazite and zircon Concordia dates found for the Camarat 
granite fall within the interval of dates obtained for the mylonitized Gigaro granodiorite, which could indicate 
that emplacement of the Camarat granite is coeval with deformation of the Gigaro granodiorite. Conversely, this 
would indicate that the  Gigaro granodiorite is potentially older than the Camarat granite, with the oldest dates 
obtained on both zircon (313 ± 8 Ma) and monazite (321 ± 8 Ma) providing minimum crystallization ages for 
the Gigaro granodiorite.

 39Ar/ 40Ar muscovite ages of 302.43 ± 2.62 Ma and 298.11 ± 2.38 Ma obtained, respectively, on a pegmatitic tabu-
lar body and on an aplitic dyke from the Pinet Cape area (samples MA04-02A and MA04-02B) are not significantly 
different from each other. The felsic component of the neighboring Pinet composite dyke has revealed a statistically 
undistinguishable U-Pb zircon date of 310 ± 10 Ma but, as discussed by the authors (Duchesne et al., 2013), this 
date corresponds to inherited zircon cores and instead of dyke emplacement, most probably dates the migmatiti-
zation of the host rocks. In the Tanneron Massif, a ca. E-W leucocratic dyke crosscutting the main N-S-trending 
D3 tectonic structures (S3, L3) of the Cannes–La–Bocca migmatitic orthogneiss yielded an U-Pb monazite date of 
297.1 ± 4.9 Ma (Demoux et al., 2008), similar to the  39Ar/ 40Ar muscovite ages of our samples MA04-02A and 
MA04-02B. A late Pennsylvanian to earliest Permian age may therefore be retained for the late felsic dykes.

Collectively, previously published and new geochronological data argue in favor of a penecontemporaneous 
emplacement for the Camarat granite and the swarm of ca. E-W late dykes crosscutting the Internal Zone, most 
probably in a short period of time between ∼305 and ∼298 Ma. Dolerite dykes from this swarm are not dated, 
but at least some of them are also penecontemporaneous with the Camarat granite (dykes of this composition 
cutting across the Camarat Cape body have undulating margins, which suggests they were emplaced before 
complete crystallization of the granitic magma; Duchesne et al., 2013). The 301.8 ± 3.6 and 301 ± 2 Ma ages 
found, respectively, by Demoux et al. (2008) (monazite U-Pb dating) for the Rouet granite in the Tanneron Massif 
and by Duchesne et al. (2013) (zircon and monazite U-Pb dating) for the Moulin-Blanc leucogranite, a strongly 
foliated tiny body displayed along the coast to the east of St-Tropez (MBG in Figure 1b), fall within the same 
age interval. All these granites and dykes are witness to a thermal event that affected the MTM at the end of its 
late-Variscan evolution, in the context of a crustal hot zone according to Duchesne et al. (2013). The Plan-de-la-
Tour granite, dated at 329 ± 3 Ma (monazite U-Th-Pb age; Oliot et al., 2015) and 324 ± 5 Ma (zircon U-Pb age; 
Moussavou, 1998), and potentially the Gigaro granodiorite (minimum ages of 313 ± 8 and 321 ± 8 Ma on zircon 
and monazite respectively; see above) represent slightly older magmatic pulses in that late evolution.

7.2. Tectonic Control of the CGC Emplacement

Fabric studies using the AMS technique, as conducted worldwide on granitoids from orogens of various ages 
repeatedly concluded that these granitoids are syntectonic despite they are generally nearly isotropic (Archanjo 
et al., 1994; Benn, 2010; Benn et al., 1998; Benn et al., 2001; Bolle et al., 2018; Bouchez et al., 1990; Gleizes 
et al., 1998; Gébelin et al., 2006; among many others). These syntectonic granitoids have in common to display 
signs of weak but widespread intracrystalline deformation and recovery, locally with dynamic recrystallization, 
as well as a fabric consistent with the regional pattern, such as lineations parallel to regional stretching directions 
and fold axes or fabric deflection by tectonic shearing. In agreement with these works, inconspicuous micro-
structural evidence of ductile deformation (Figure 5) and continuity of lineations across the intrusive contacts 
(Figure 13b), as observed here, testify to the emplacement of the Camarat granite in a regional tectonic strain 
field. The syntectonic nature of the granite is also supported by its association with main strike-slip shear zones, 
in particular the CTSZ toward which there is a steepening of the magmatic foliation (Figure 13a). It cannot be 
excluded, moreover, that the shear zones controlled the ascent and emplacement of the granitic magmas (Brown 
& Solar, 1998; Hutton, 1988; D'Lemos et al., 1992; Ferré et al., 1997; Gébelin et al., 2006). The E-W elongation 
of the Tourraque body and its termination against ca. N-S strike-slip shear zones to the east (CTSZ) and to the 
west, as well as the intercalation of ca. E-W-trending dyke-like bodies of Crd microgranite within the Crd granite 
in the area (Figure 2) further point to emplacement either in a pull-apart structure or in a large-scale, box-shaped 
tension fracture. The fabric of the Gigaro granodiorite was not studied here in details. However, location between 

 19449194, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022T

C
007310 by Portail B

ibC
N

R
S IN

SU
, W

iley O
nline L

ibrary on [06/12/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Tectonics

BOLLE ET AL.

10.1029/2022TC007310

25 of 35

two shear-zones (Figure 2) suggests that the ascent and emplacement of this part of the CGC were also tecton-
ically controlled. This agrees with the emplacement model of the Plan-de-la-Tour–Rouet granitic complex in a 
pull-apart domain, along the Grimaud–Joyeuse Fault, as proposed by Onézime et al. (1999).

It is also worth noting that the local concordance between fractures and either aplite dykes or dyke-like bodies in 
the Camarat granite (Figure 3d) suggests that the fracture system may have controlled, at least locally, emplace-
ment of the latest magma batches, in a same deformation context. In addition, the presence of abundant chlorite 
associated with quartz in these fractures, as well as in the CTSZ points to significant fluid circulation related to 
the emplacement of the granitic magmas at rather shallow depths.

Agreement between the average orientation of the D3 lineation from the migmatitic host rocks and the average orienta-
tions of the magmatic lineation, aplite dykes and fracture system from the Camarat granite, as well as the WNW-ESE 
trend of the Crd microgranite dyke-like bodies (Figures 2 and 13b) demonstrate that the Camarat granite has recorded, 
from its emplacement to cooling down to relatively low temperatures, the ca. N-S direction of maximum stretching of 
the D3 phase. The D3 lineations are subhorizontal and ca. N-S-trending not only in the vicinity of the granite, but also 
in the whole MTM Internal Zone where their strike falls in the interval ∼N0°–15°E (Corsini & Rolland, 2009). The 
orientation of the late dykes in the Internal Zone is also consistent with the D3 ca. N-S stretching direction material-
ized by these lineations, as demonstrated by our structural data from the Pinet–Capon section (Figure 6d).

Since emplacement of the Camarat granite and associated late dykes is coeval with the D3 tectonics, their crys-
tallization age of ∼305-298 Ma directly date the D3 event. Other constrains on the D3 timing come from the 
crystallization ages of: (a) the Plan-de-la-Tour–Rouet granitic complex (329 ± 3 Ma; Oliot et  al.,  2015; and 
324 ± 5 Ma; Moussavou, 1998; for the Plan-de-la-Tour granite; 301.8 ± 3.6 Ma; Demoux et al., 2008; for the 
Rouet granite) that was emplaced along the Grimaud–Joyeuse Fault in a strike-slip context (Figure 1; Onézime 
et  al.,  1999), concomitantly with the D3 transpressive shearing (Corsini et  al.,  2010; Schneider et  al.,  2014); 
and (b) the Moulin-Blanc leucogranite (301 ± 2 Ma; Duchesne et al., 2013) whose fabric mimics the structural 
pattern of the surrounding gneisses, as shaped by the D3 phase. Furthermore, D3 transpression has been recently 
dated at 327 ± 3 and 325 ± 5 Ma along the La Garde-Freinet–Cavalaire Fault using U-Th-Pb in situ monazite 
geochronology (Simonetti et al., 2020). In short, the present geochronological data and published U-(Th-)Pb ages 
collectively indicate that the D3 event lasted from ∼325 to ∼298 Ma.

7.3. Transition of Strain Regime Near the Carboniferous–Permian Boundary

The stretching direction of the late Carboniferous–earliest Permian (D3) transpressive phase and the extension direction 
of the (D4) rifting phase which initiated in early Permian times also compare very well. According to Toutin-Morin and 
Bonijoly (1992) which have studied the Permian basins from the MTM area, focusing on the rift between the Maures 
and Tanneron massifs (Figure 1b), the Permian extensional tectonics was polyphasic with (a) a minor NNE-SSW 
extension phase leading to the formation of small basins to the east of the La Moure Fault (Argentière and Avellan 
basins; ArB and AvB in Figure 1b) and (b) a major N-S extension giving rise to the main basins between the Maures 
and Tanneron massifs (Bas-Argens and Estérel basins; BAB and EB), and other large basins further west (Le Luc and 
Toulon–Cuers basins; LLB and TCB). However, all the Permian grabens and normal faults are dominantly WNW-ESE 
in the focus area of Toutin-Morin and Bonijoly (1992)'s model (Figure 1b) and we consider therefore the D4 event in 
that area as a single extensional phase characterized by a NNE-SSW direction of extension. This direction is parallel to 
the previous (D3) lateral flow, as recorded in the Internal Zone, in particular in the Camarat granite.

Thus, the main evolution of the deformation regime between the D3 and D4 phases consisted in a progressive 
transition from transpression, associating folds, strike-slip shear zones and very localized transtension with small 
intramontane coal-bearing basins, to a regional extensional deformation in a same and persistent subhorizon-
tal, ca. N-S direction of stretching. In this context, the coexistence of sinistral and dextral senses of shearing 
in the migmatitc gneisses (Figures 3b and 3c) argues for a pure shear dominated tectonic regime (Passchier & 
Trouw, 2005), at least in the late stages of D3 and during the transition toward D4.

7.4. Comparison With Corsica and Sardinia

The Corso–Sardinian Block, overprinted by the Alpine collision in NE Corsica, was formerly closely facing the 
MTM, as demonstrated by a convincing body of evidence (references in Edel et al. (2014)). In the most widely 
accepted, late-Variscan palinspatic reconstruction of the area, the geological structures and the metamorphic 
zoning of the MTM and the Variscan basement of northern Sardinia are continuous (Figure 14a). In particular, 
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Figure 14. The SE European Variscan Belt. (a) Late Paleozoic palinspastic reconstruction, in present-day coordinates, highlighting the geological correlation between 
the Maures–Tanneron Massif and the Corso–Sardinian Block (from Edel et al. (2014) and Gueguen (1995)). The geological map of the Maures–Tanneron Massif is a 
simplified version of Figure 1. Geology of the Corso–Sardinian Block was simplified from Cocherie et al. (2005) for Corsica and Carmignani et al. (2016) for Sardinia, 
with additional information from Casini, Cuccuru, Puccini, et al. (2015), and modification from Orsini et al. (2011) and Casini, Cuccuru, Maino, et al. (2015) for 
S. Corsica and N. Sardinia, respectively, to fit with Figure 15a. (b) Paleogeographic evolution starting in early Permian times, that is, just after emplacement of the 
Camarat granite and showing the successive large-scale rotations that led to the current relative position of the Maures–Tanneron Massif and the Corso–Sardinian Block 
(from Edel et al. (2018) and Martínez Catalán et al. (2021)). BM, Bohemian Massif; EVSC, East Variscan Shear Zone; FMC, French Massif Central; SM, Scharzwald 
Massif; VM, Vosges Massif.
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the Posada–Asinara Line in northern Sardinia (Cappelli et al., 1992; Carosi et al., 2012; Carosi & Palmeri, 2002) 
and the La Garde-Freinet–Cavalaire Fault in the MTM can be considered as two sections of the same large-scale 
high-strain zone which separates two main contrasted tectono-metamorphic domains (Simonetti et al., 2020). The 
Corso–Sardinian Block has been separated from the MTM in Oligo-Miocene times, during rifting and opening 
of the Liguro-Provençal back-arc oceanic basin (e.g., Jolivet et al., 2020), through a counterclockwise rotation 
of ∼50° (30° for Corsica and 60° for Sardinia after Westphal et al.  (1976); 55° for the two islands following 
Gueguen, 1995; 45° for Sardinia after Gattacceca et al. (2007); ∼50° for the two islands when the mean trend of 
transversal faults is compared, as calculated in the present study).

Magmatism in the Variscan basement of Corsica and Sardinia is mostly represented by the Corsica–Sardinia Batho-
lith, a 400-km-long versus 50-km-wide plutonic-volcanic province, elongated along a N-S direction (Figure 14a). 
Based on field relationships, as well as petrological and geochemical arguments, three main magmatic suites have 
been recognized in this batholith (e.g., Rossi & Cocherie, 1991). The earliest suite (U1), found only in NW Corsica, 
is defined by high-Mg-K calc-alkaline granites and subordinate ultrapotassic mafic rocks, emplaced between 347 
and 328 Ma (Mississippian) (Li et al., 2014; Paquette et al., 2003). The second magmatic suite (U2) has emplace-
ment ages in a large interval, ∼320-280 Ma (Pennsylvanian–early Permian) (Casini, Cuccuru, Maino, et al., 2015; 
Padovano et al., 2014; Paquette et al., 2003; Rossi et al., 2015). It encompasses calc-alkaline products with a lower 
Mg-K content, namely granitoids making up the bulk of the batholith and subordinate volcanic rocks (mostly early 
Permian rhyolites). The U2 granitoid suite has been further subdivided in Corsica into two successive compo-
nents, U2a and U2b. The youngest magmatic suite (U3), well defined only in Corsica, is partly coeval with the 
U2 suite (290–278 Ma, i.e., early Permian) (Cocherie et al., 2005; Paquette et al., 2003; Renna et al., 2007; Rossi 
et al., 2015). It comprises A-type (per)alkaline granitoids and dominantly rhyolitic volcanic rocks, as well as (ultra)
mafic complexes and related dykes. The ∼335 Ma dominantly tonalitic intrusions and the ∼325–300 Ma granitoids 
(e.g., the Camarat granite) of the MTM are equivalent, respectively, to the U1 and U2 suites (Gerbault et al., 2018). 
The alkaline volcanism in the Permian grabens cutting and bordering the MTM is comparable to the U3 magma-
tism of Corsica (references in Durand, 2008). The progression from U1 to U2 and finally U3 recorded the evolu-
tion from a contractional to an extensional tectonic setting, through a transition from contraction to extension in a 
strike-slip-dominated regime (Casini, Cuccuru, Puccini, et al., 2015; Gerbault et al., 2018; Paquette et al., 2003).

We will focus here on AMS data acquired by Gattacceca et al. (2004) and Edel et al. (2014) on U2 (and possibly 
U3; Casini, Cuccuru, Puccini, et al., 2015) plutons of the Corsica–Sardinia Batholith in southernmost Corsica 
and northernmost Sardinia. The structure and magmatic evolution of the batholith in these two areas have been 
constrained recently by geological mapping, geochemical analyses and U-Pb zircon and monazite dating (Casini, 
Cuccuru, Maino, et al., 2015; Orsini et al., 2011) that may be coupled with other recent geochronological data 
(Casini et al., 2012; Padovano et al., 2014; Oggiano et al., 2014, 2015; and references in Casini, Cuccuru, Maino, 
et al., 2015). Two groups of intrusions have been identified, their equivalence from one area to another (S. Corsica 
vs. N. Sardinia) being, however, not certain (Figure 15a). Intrusions of the first group (attributed to the U2a suite 
in S. Corsica) have a Pennsylvanian to early Permian age (∼320–290 Ma). Their dominant orientation is NW-SE 
to WNW-ESE and, in N. Sardinia, some of them occur as partly to completely foliated elongated bodies emplaced 
along or within strike-slip shear zones. Intrusions of the second group (U2b in S. Corsica) are early Permian in 
age (∼290–280 Ma). They have a NE-SW orientation in S. Corsica, and their counterparts in N. Sardinia form 
ca. E-W-trending igneous complexes. Contrasted modes of emplacement have been proposed for the two groups 
of granitoids: emplacement controlled by conjugate, NW-SE dextral and E-W sinistral strike-slip shear zones for 
the oldest group (>290 Ma), at least for several Sardinian intrusions (Casini et al., 2012) and emplacement within 
large-scale NE-SW tension fractures for the youngest group (<290 Ma), both in S. Corsica and N. Sardinia (Casini, 
Cuccuru, Maino, et al., 2015; Gattacceca et al., 2004). These interpretations were integrated by Casini, Cuccuru, 
Puccini, et al. (2015) into a model of geodynamic evolution of the Corso–Sardinian Block, which considers, for 
the U2 and U3 events, a progressive transition from (a) a 325–300 Ma (late Carboniferous) transpressive phase 
during which strike-slip shear zones channeled ascent and emplacement of crustal melts to (b) a 300–270 Ma (early 
Permian) extensional phase during which crustal melting produced magmas that were emplaced as shallow plutons 
and volcanic complexes in extensional domains equivalent to the Permian post-orogenic continental basins.

We have combined the AMS data of Gattacceca et  al.  (2004) and Edel et  al.  (2014) and calculated average 
(weighted mean) magnetic lineations for the two groups of granitoids (ages >290  Ma vs. <290  Ma) taking 
into account the recent works on S. Corsica and N. Sardinia, as described above (e.g. the data of Gattacceca 
et al. (2004) from the northernmost tip of Sardinia were interpreted by these authors “in a single block,” while 
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they cover actually three different units, two from the oldest group of intrusions and one from the youngest 
group). For the >290 Ma granitoids, the average magnetic lineation is gently plunging to the ESE, implying 
a dominantly subhorizontal, WNW-ESE stretching direction, ca. N-S if Corsica and Sardinia are rotated back 
into their late Paleozoic position (respectively, red and yellow stars in Figure 15b). These results agree with the 
predominance of WNW-ESE to NW-SE, gently plunging lineations measured in the field by Casini et al. (2012) 
in some of the oldest granitoids from N. Sardinia. For the <290 Ma granitoids, the average magnetic lineation has 
a similar orientation, but only in N. Sardinia (Figure 15b): in S. Corsica, the lineations are dominantly parallel 
to the well-defined NE-SW elongation of the plutons. According to Gattacceca et al. (2004), this peculiar orien-
tation is due to the narrowness of the large-scale tension fractures into which the magmas were emplaced, these 
fractures being, however, roughly orthogonal to the stretching direction. It is also worth to note that some NE-SW 
magnetic lineations occur in the >290 Ma units, particularly in S. Corsica (Figure 15b).

The AMS data published for representatives of the Corsica–Sardinia Batholith from S. Corsica and N. Sardinia 
therefore suggest the persistence of the same stretching direction, ca. N-S in present-day coordinates, during the 
transition from late Carboniferous transpression to early Permian extension, as seen for the MTM. As for the 
MTM, this model is also supported by the orientation of dykes (not shown in Figures 14a and 15a). Swarms 

Figure 15. Anisotropy of magnetic susceptibility (AMS) data from late-Variscan granitoids of southernmost Corsica and northernmost Sardinia. (a) Geological map of 
the Corsica–Sardinia Batholith in S. Corsica and N. Sardinia, simplified from Orsini et al. (2011) and Casini, Cuccuru, Maino, et al. (2015), respectively (ages are U-Pb 
dates from references listed in the text). MC in the map legend stands for metamorphic complex (see Figure 14a). “Plutons” of interest in S. Corsica (more probably 
subunits of large plutons, by analogy with S. Sardinia), >290 Ma (“U2a”): BO, Bocca di l’Oru; Che, Chera; FA, Figari–Arapa; PCC, Pianotolli–Caldarello–Chevanu; 
PVC, Porto-Vecchio–Chitebbiu; Sot, Sotta; Tar, Tarabucceta; <290 Ma (“U2b”): Nas, Naseo; Sua, Suartone. Plutons in N. Sardinia, >290 Ma: Bar, Barrabisa; LM, 
La Maddalena; ST, Santa Teresa; TDA, Trinità d’Agultu; <290 Ma: PF, Punta Falcone; PLE, Punta La Ettica. (b) Equal-area plots (lower hemispheres) with mean 
magnetic lineations in the granitoids located in part (a) of the Figure (BO, Che, etc.), recalculated from AMS data of Gattacceca et al. (2004) and Edel et al. (2014). N, 
number of igneous units covered by the AMS data; n, number of AMS sites; red star, average lineation (weighted mean) in present-day coordinates; yellow star, id. after 
a clockwise rotation of ∼50° to correct for rifting and opening of the Liguro-Provençal basin.
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of basaltic to rhyolitic, steeply dipping dykes are indeed widespread in the Corsica–Sardinia Batholith and its 
metamorphic basement. They are late Carboniferous to middle Triassic in age, the oldest dykes being products 
of the U2 and U3 magmatic events (Traversa et al., 2003). Dyke swarms are predominantly ∼N0-30°E-trending 
in S. Corsica (Orsini et al., 2011), as well as in N. Sardinia where this ca. N-S orientation rotates progressively 
southwards up to ∼N40°E (Carmignani et al., 2016). As already stressed by Gattacceca et al. (2004), such an 
orientation, NNE-SSW in average and the steep attitude of the dykes indicate a WNW-ESE, subhorizontal direc-
tion of opening, parallel to the average stretching direction revealed by the AMS data from the granitoids.

7.5. Significance at the Scale of the Southern European Variscan Belt

In the MTM and Corso–Sardinian Block, large-scale orogen-parallel ductile strike-slip shear zones were responsi-
ble for the exhumation of the orogenic crust in a transpressional context at ∼325–300 Ma (Schneider et al., 2014; 
Gerbault et al., 2018 and references therein). As discussed by Simonetti et al. (2020), these strike-slip structures, the 
La Garde-Freinet–Cavalaire, Grimaud–Joyeuse and La Moure faults in the MTM, and the Posada–Asinara Line and 
other shear zones in the Corso–Sardinian Block, belong to the crustal-scale high-strain zone which affects the eastern 
segment of the SE Variscides (the East Variscan Shear Zone of Corsini & Rolland, 2009; EVSZ in Figure 14b). Sinis-
tral ductile shear zones developed at first within amphibolite facies metamorphic conditions associated with partial 
melting, followed by dextral shear zones within brittle-ductile conditions (Carosi et al., 2012; Frassi et al., 2009; 
Giacomini et al., 2008). The progression from Devonian–early Carboniferous to early Permian reflects the evolution 
from a contractional to extensional tectonics in a strike-slip regime (Casini, Cuccuru, Puccini, et al., 2015; Gerbault 
et al., 2018). We show here that during this transition, a striking feature is the persistence of a ca. N-S stretching direc-
tion, which supports a strong horizontal crustal flow developed parallel to the orogen coeval with HT-LP metamor-
phic conditions and partial melting. This pattern is typical of transpressional zones particularly in ancient orogenic 
belts characterized by a hot, buoyant lithosphere (Cagnard et al., 2006; Duclaux et al., 2007; Pelletier et al., 2002).

According to the paleogeographic reconstructions of Domeier and Torsvik  (2014), the northwest margin 
of the European Variscan Belt was accreted to Laurussia at ∼355–335  Ma (Mississippian) following the 
southeast-dipping subduction of the Rheic Ocean, contemporaneously with the Paleotethys opening. After conti-
nental collision, the European Variscan Belt and Laurussia moved eastward in accordance with the westward drift 
of Gondwana. Consequently, during the late Carboniferous–early Permian, the boundary between the southern 
European Variscan Belt and the NW Gondwana became transcurrent with the development of significant strike-
slip shear zones, syntectonic emplacement of granites and intracontinental basins opening. Considering paleo-
magnetic data and tectonic constraints, Edel et al. (2018) emphasized that the European Variscan Belt suffered 
a transtensional event from ∼325 to ∼310 Ma with the development of conjugate dextral NW-SE- and sinistral 
N-S-trending shear zones. Then, at ∼310-300 Ma, a NNE-SSW compressive event, responsible for the formation 
of the Cantabrian orocline in the SW Variscides, occurred in the whole European Variscan Belt.

During the NNE-SSW late Carboniferous compressive event (Figure 14b-A), the MTM, Corsica and Sardinia were 
located to the east of the Vosges/Scharzwald Massif, between the French Massif Central and the Bohemian Massif 
(Edel et  al.,  2018). The stretching direction in the Internal Zone of the MTM and Corso–Sardinian Block was 
parallel to the main tectono-metamorphic zonation of the belt, whose mean attitude in its SE part is NE-SW (Edel 
et al., 2018; Martínez Catalán et al., 2021). Between ∼300 Ma and ∼260 Ma, a major ∼90° clockwise rotation of 
the MTM and the Corso–Sardinian Block (Edel et al., 2014) coincides with a N-S extension and transtensional shear 
zones development, which could be related to the onset of Permo-Triassic opening of the Neotethys Ocean (Edel 
et al., 2018). Following this clockwise rotation, the MTM and the Corso–Sardinian Block acquired a NE-SW position 
resulting in a ca. N-S orientation of the tectono-metamorphic zonation (Figure 14b-B). Finally, in Oligo-Miocene 
times (Figure 14b-C), the ∼50° counterclockwise rotation of Corsica and Sardinia (e.g., Gattacceca et al., 2007), 
linked to rifting and opening of the Liguro-Provençal basin led to the current position of the Corso–Sardinian Block. 
These successive rotations resulted in major obliquities between the late-Variscan stretching direction, as recorded 
in the MTM and Corso–Sardinian Block and the NE-SW mean attitude of the SE Variscides at that time.

8. Conclusions
Fabric study and dating of the CGC and associated dykes highlight their emplacement in late Pennsylvanian 
to earliest Permian times (∼305–298 Ma) in accordance with the deformation of the surrounding migmatitic 
gneiss. Very strong stretching induced thinning of the continental crust associated with partial melting, granitic 
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intrusions and the exhumation of the lower continental crust. The MTM and the Corso–Sardinian Block reveal a 
quite similar tectonic evolution at the transition between late Carboniferous and early Permian. For at least 25 Ma, 
between ∼325 and ∼300 Ma, the tectonic setting is strongly marked by a strike-slip regime with heterogeneous 
deformation, which progressively evolves from transpression to extension with very strong stretching parallel to 
the orogen that produces lateral flow, thinning and exhumation of the ductile lower crust during the vanishing of 
the European Variscan orogeny.

Data Availability Statement
Additional methodological information and metadata for LA-ICP-MS U-Pb isotopic analyses of zircon and mona-
zite (Supplementary Table 1), the entire zircon and monazite U-Pb data set, including both samples and reference 
materials (Supplementary Tables 2 and 3), raw muscovite Ar/Ar data (Supplementary Tables 4 and 5), specimen 
and mean AMS data, with Schmidt plots (Supplementary Table 6) and IA data, with Schmidt plots showing 
the individual measurements (Supplementary Table 7) are available at https://doi.org/10.17632/jd8m75cbsm.1. 
Details about the softwares utilized for processing raw data are given in the analytical methods (see Supporting 
Information S1). The Stereonet program by R. W. Allmendinger (available at https://www.rickallmendinger.net/
stereonet) was used for plotting structural data and the figures were (re)drawn using Adobe Illustrator.
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