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Abstract Despite the Mediterranean sector of the Variscan Belt being fragmented and reworked during
Alpine orogenesis, evidence for the activity of a right‐lateral strike‐slip shear zone has been reported in
Paleozoic fragments of the belt such as the Sardinian Variscan Basement, the Maures Massif of southern
France, and in the Western Alps. To improve this correlation with new structural data, we performed a
structural andmicrostructural analysis incorporating study of the kinematics of flow and petrochronology of
a high‐strain zone in the Aiguilles Rouges Massif (External Crystalline Massifs, Western Alps). The results
higlight a dextral pure‐shear dominated transpression initiated under amphibolite‐facies metamorphic
conditions (~630°C, 0.4 GPa) during Variscan time. The structural evolution of the high‐strain zone is
similar to the Ferriere‐Mollières shear zone in the Argentera Massif; both are transpressive shear zones
active at the same time (~320 Ma) under similar metamorphic conditions. These two high‐strain zones
represent well‐preserved segments of a system of ductile shear zones in the External Crystalline Massifs. The
data presented in this study provide improved constraints on the extent, kinematics, and timing of the East
Variscan Shear Zone in the Variscan basement of the Western Alps, with implications for refining the
correlation between structures in fragments of the southern Variscan Belt. The data also better constrain a
segment of a major pre‐Alpine shear zone which may have played an important role during post‐Variscan
tectonics as an inherited discontinuity.

1. Introduction

The longevity of orogenic belts is controlled by factors such as erosion and isostatic equilibration,
post‐collisional extension, and both indentation and transpressional tectonics. Indentation tectonics (Davy
& Cobbold, 1988; Tapponnier & Molnar, 1977) caused by continuing convergence after collision strongly
affects the evolution of the lateral portions of the indented belt. A classical example of indentation tectonics
is provided by the collision between India and Asia. In the Himalaya, the Chaman Fault on the west and the
Sagaing Fault on the east act as tracks facilitating the northward indentation of India into Eurasia
(Tapponnier et al., 1982; Tapponnier & Molnar, 1977).

Fundamental parameters that control these phenomena include rheology of the colliding blocks and the
dimension and state of confinement. The kinematics of deformation along the regional‐scale structures
are variable, depending on the sector of the indented belt in which they are developed. Typically, faults
and shear zones developed at the two lateral margins of the indenter are characterized by transpressional
deformation and opposite senses of shear. The consequence of this process is the formation of large‐scale
orogenic curvature known as an orocline (Bajolet et al., 2013; Carey, 1955; Rumelhart et al., 1999). Several
mountain belts, such as the New England Orogen (Glen & Roberts, 2012; Li et al., 2012; Li &
Rosenbaum, 2014), the Wyoming Salient (Johnston et al., 2013) in the Sevier thrust belt (United States),
the Carpathian‐Balkan segment (Shaw & Johnston, 2012) of the Alpine orogen (southeastern Europe),
and the European Variscides (García‐Navarro & Fernández, 2004; Matte, 1986a, 1986b; Pastor‐Galán
et al., 2012; Pastor‐Galán, Ursem, et al., 2015; Pastor‐Galán et al., 2015; Pereira et al., 2008), exhibit
large‐scale orogenic curvatures. The shape of the Variscan Belt in Europe (Figure 1a), the result of
Devonian‐Carboniferous continent‐continent collision between Laurentia‐Baltica and Gondwana
(Arthaud & Matte, 1977; Burg & Matte, 1978; Matte, 1986b, 2001; Tollmann, 1982), is characterized by a
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composite orocline containing two large‐scale arcs (Matte, 1986a, 1986b; Matte & Ribeiro, 1975): a western
branch known as the Ibero‐Armorican arc (Brun & Burg, 1982; Dias et al., 2016; Dias & Ribeiro, 1995;
Fernández‐Lozano et al., 2016; Matte & Ribeiro, 1975), and a smaller eastern branch (Ballèvre et al., 2018;
Bellot, 2005; Matte, 2001) delimited by a regional‐scale dextral transpressive shear zone, known as the
East Variscan Shear Zone (EVSZ; Carosi et al., 2012; Corsini & Rolland, 2009; Guillot & Ménot, 2009;
Padovano et al., 2014, 2012; Rolland et al., 2009; Simonetti et al., 2018). This has led some authors (Dias
et al., 2016; Kroner & Romer, 2009, 2013; Matte, 2001; Rolland et al., 2009; Simonetti, Carosi, &

Figure 1. (a) Variscan units in Europe and (b) sketch map of the Aiguilles Rouges and Mont Blanc Massifs located on the north and south sides of the Chamonix
Valley, respectively (modified after Compagnoni et al., 2010); (c) sketch map of the Emosson Lake area and measured structural elements; (d) sketch map of the
Val Bérard area and measured structural elements (modified after Von Raumer & Bussy, 2004).
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Montomoli, 2018) to hypothesize that the Variscan Belt in Europe evolved in a manner analogous to the
indentation model for the Himalaya.

The EVSZ is imperfectly understood, especially in those sectors of the Variscan Belt now preserved in the
Alps (Figure 1a), and its role during Variscan and post‐Variscan times is still debated. According to some
authors, the EVSZ is related to the transition from Pangea B to Pangea A that started during Permian
(Muttoni et al., 2009, 2003).

The Wegenerian configuration of Pangea (Pangea A) is the widely accepted post‐Variscan paleogeographic
scenario (van der Voo, 1993), but paleomagnetic analysis concluded that, with this reconstruction, overlap of
continental crust between Gondwana and Laurentia‐Baltica occurred in the Early Permian. Muttoni
et al. (1996) proposed placing Gondwana to the east, maintaining the coherence of the paleomagnetic poles
and in agreement with the Irvinian Pangea B configuration. According to this model, Pangea B finally trans-
formed into Pangea A by the end of the Permian and the movement of Gondwana was accomodated by a
crustal‐scale system of dextral strike‐slip structures. However, it is not clear which structures would have
allowed the movement of Gondwana and if their remnants are still recognizable. Some authors proposed
as evidence the extensive presence of pre‐Alpine dextral shear in the fragments of the Variscan Belt such
as the Alpine External Crystalline Massifs (ECM) and the formation of Early Permian basins.

Geochronological data from pre‐Alpine shear zones in the Western Alps point to an older deformation still
related to the Variscan orogeny (Pohl et al., 2018; Simonetti, Carosi, & Montomoli, 2018), suggesting that
activity on the EVSZ is not related to post‐Variscan events. A detailed structural and geochronological ana-
lysis of the shear zones in the Variscan basement of the Western Alps is therefore necessary to address this
problem.

Another remaining question concerns the lateral relationships between the Corsica‐Sardinia Block (CSB),
the Maures‐Tanneron Massif, and the Variscan basement of the Western Alps. The correlation between
those sectors is debated and is mostly based on lithological and stratigraphic affinities and paleomagnetic
data. In particular, it is not clear if the CSB was connected to Iberia (Stampfli et al., 2002; Turco et al., 2012)
or to southern France (Advokaat et al., 2014; Rosenbaum et al., 2002) during late Carboniferous times. A
deeper knowledge of the different phases of Variscan deformation, and their ages, is of fundamental impor-
tance for improving correlation between the dispersed fragments of the Variscan Belt in the Mediterranean
area.

In the Western Alps, the ECM are cross‐cut by km‐scale shear zones whose age(s) of tectonic activity and
deformation regime are not always clear. In the present work, we focus on two areas within the Aiguilles
Rouges Massif (ARM) where rocks are strongly sheared along a thick belt of mylonites (Von Raumer &
Bussy, 2004) and Alpine deformation is very weak (Dobmeier & von Raumer, 1995; Pilloud, 1991). The
aim of this study is to clarify both the kinematics of the flow and to constrain the age of the deformation
in order to verify if they are similar to tectonic interpretations previously proposed for the Argentera
Massif and for other fragments of the Variscan Belt in the Mediterranean area. We carried out a kinematic
vorticity analysis and a U‐Th‐Pb petrochronological study on monazites, combined with structural and
microstructural analyses of sheared rocks recognized by Von Raumer and Bussy (2004) and Genier
et al. (2008).

2. Geological Setting of the Aiguilles Rouges Massif

The ARM is located on the boundary between Switzerland and France and belongs to the ECM of the
Western Alps (Figure 1a) that represent fragments of the Moldanubian internal zone of the Variscan Belt
caught up in subsequent Alpine orogenesis.

An Alpine greenschist‐facies overprint (∼⃒0.5 GPa, 400°C) is recognized in the nearby Mont Blanc Massif
(Figure 1b) where a network of shear zones reworked the Late Variscan Mont Blanc granite (Rolland
et al., 2003; Rossi et al., 2005). In contrast, in the ARM, Alpine metamorphism remained very localized
and reached temperatures lower than ~320°C (Boutoux et al., 2016), thus above the brittle‐ductile transition
zone and thereby allowing widespread preservation of the Variscan shear zones and their microstructures
and crystal fabrics.

10.1029/2020TC006153Tectonics

SIMONETTI ET AL. 3 of 24



The ARM (Figure 1b) is composed of metamorphosed pelitic schists, paragneiss, orthogneiss, and migmatite
intruded by Carboniferous age granitoids (Von Raumer & Bussy, 2004).

Most of the Variscan tectono‐metamorphic evolution of the ARM occurred during a time span of ~25 Myr
(Von Raumer et al., 2003). A first stage of thrusting induced prograde Barrovian metamorphism (Von
Raumer et al., 1999) and nappe stacking during collision and crustal thickening (Dobmeier, 1998).
Subsequently, the massif underwent strike‐slip transpression followed by gravitational collapse (Von
Raumer & Bussy, 2004). Peak Variscan metamorphism in the ARM reached high amphibolite‐facies condi-
tions. A U‐Pb age onmonazite of 327 ± 2Ma is interpreted to date the near‐peak conditions. Locally anatexis
occurred at ~320 Ma during high T decompression (Bussy et al., 2000; Genier et al., 2008). The
tectono‐metamorphic evolution of the massif is also characterized by two magmatic pulses at ~330 Ma
and ~307 Ma (Bussy et al., 2000; Von Raumer & Bussy, 2004). The first pulse is represented by high‐K
calc‐alkaline to shoshonitic plutons that crop out in the southern part of the massif (Pormenaz monzonite
and Montées Pélissier granite; Bussy et al., 2000); the second pulse was responsible for syn‐tectonic empla-
cement of sheet‐like peraluminous granites (Vallorcine granite, Fully granodiorite, Montenverse granite;
Bussy et al., 2000; Genier et al., 2008; Von Raumer & Bussy, 2004).

The crystalline basement rocks of the massif are overlain by late Carboniferous coarse‐grained clastic sedi-
mentary rocks deposited in a post‐collisional strike‐slip tectonic regime and affected by Alpine deformation
(Capuzzo et al., 2003). Volcanic deposits within the sediments are dated to the late Carboniferous (Capuzzo
& Bussy, 2001), with an age of 308 ± 3 Ma for basal dacitic flows and of 295 ± 3 Ma for a tuff layer from the
upper levels of the basin sequence. The Carboniferous rocks are overlain by a Mesozoic sedimentary
sequence.

Shear deformation represents an important feature of Variscan basement in this area. The Angle Fault
(Figure 1b) is a major shear zone that divides the massif into two portions, each with its own sedimentary
cover: an internal portion, essentially granitic, located to the east, and a more composite external portion
to the northwest (Epard, 1990). The Angle Fault probably developed as a shear zone during late Variscan
strike‐slip shearing and was later brittly reactivated during the Alpine orogeny (Von Raumer &
Bussy, 2004). In the northwest portion of the massif several steeply dipping strike‐slip ductile shear zones,
striking NNE‐SSW, are present (Genier et al., 2008; Von Raumer & Bussy, 2004). Some of these shear zones
were probably active during late Carboniferous sedimentation and volcanism (Capuzzo & Bussy, 2001).

In the Emosson Lake area and along its SW extension (Figures 1b–1d), the Val Bérard area, a ~500 m thick
high‐strain mylonitic zone developed in metasediment and orthogneiss (Genier et al., 2008; Von Raumer &
Bussy, 2004). Mylonites truncate the late Variscan Vallorcine granite (Figures 1b and 1c). The southeastern
side of the same granite is truncated by another ductile shear zone (Figure 1b) known as the Miéville
Ultramylonite (Kerrich et al., 1980; Von Raumer & Bussy, 2004). Subvertical N‐S to NE‐SW trending folds,
with hinges oriented parallel to themain foliation of the high‐strain zone, occur in the unsheared rocks (Von
Raumer, 1984; Von Raumer & Schwander, 1985). Partial melting at the expense of micaschists and metape-
lites within the shear zone has been interpreted to be induced by the addition of channeled external water
(Genier et al., 2008; Von Raumer & Bussy, 2004).

3. Structural and Microstructural Analysis

We performed a meso‐structural analysis, combined with microstructural studies on field‐oriented samples
collected along two parallel NW‐SE transects across the Emosson‐Bérard shear zone: One transect is in the
Lake Emosson area (Figure 1c), and the other is in the Val Bérard area (Figure 1d). Samples were cut per-
pendicular to the main foliation and parallel to the mineral stretching lineation (assumed XZ section of
the finite strain ellipsoid).

3.1. Emosson Lake Area

In the Lake Emosson area the high‐strain zone, oriented NE‐SW, is made of micaschist and metagraywake
alternating with orthogneiss (Figure 1c). The main subvertical foliation Sp, both in the metasediment and in
the orthogneiss, strikes NE‐SW (Figure 1c). In the metagraywake (Figure 2a) foliation is a fine‐grained con-
tinuous cleavage (Figure 2b) defined mainly by white mica and chloritized biotite. The micaschist
(Figure 2c) is characterized by a spaced foliation with zonal cleavage domains (Figure 2d) defined by
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chloritized biotite and fibrolitic sillimanite; microlithons are mainly made of quartz and feldspar. Garnet
porphyroclasts are present. A mineral lineation Lp, plunging gently toward the NE (Figure 1c), occurs on
the foliation and is defined by aligned biotite and sillimanite crystals. In the orthogneiss (Figure 2e) an
anastomosing disjunctive foliation (Figure 2f) defined by partially chloritized dark‐brown biotite is
observed. Microlithons are mainly made of quartz and feldspar. A mineral lineation Lp, made by
elongated feldspar, plunges gently toward the NE (Figure 1c). Close to the Vallorcine granite, granitic
dikes (Figure 2g), composed of quartz, plagioclase, feldspar, and white mica, are intruded along the main
foliation in the metagraywacke and are cut by a poorly developed subvertical N‐S foliation. Kinematic

Figure 2. (a) Mylonitic metagraywacke (Emosson Lake); (b) continuous cleavage in metagraywacke (parallel nicols);
(c) S‐C‐C′ fabric in micaschist (Val Bérard); (d) S‐C‐C′ fabric in micaschist (parallel nicols); (e) S‐C‐C′ fabric and
σ‐type K‐feldspar porphyroclast in orthogneiss (Val Bérard); (f) anastomosing disjunctive foliation in orthogneiss
(parallel nicols); (g) granitic dike (Grn) intruded along main foliation cutting metagraywacke (Mgw); (h) white mica
micafish in the metagraywacke (crossed nicols). Mineral abbreviations after Kretz (1983).
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indicators such as C‐ and C′‐type shear bands (Figures 2c and 2d) and micafish (Figure 2h) in the metasedi-
ments and σ‐type mantled feldspar porphyroclasts in both micaschist and orthogneiss indicate a dextral
sense of subhorizontal shear viewed geographically downwards.

3.2. Val Bérard Area

Similarly to the Lake Emosson area, sheared garnet‐bearing micaschist, interlayered with orthogneiss,
occurs (Figure 1d). Quarztite and amphibolite bodies embedded within the sheared micaschist are also pre-
sent. The main subvertical foliation Sp in the micaschist and orthogneiss strikes NE‐SW (Figure 1d). The
micaschists, very similar to those observed in the Lake Emosson area, are characterized by a spaced foliation
with zonal cleavage domains defined by chloritized biotite and fibrolitic sillimanite. Microlithons defined by
quartz and feldspar and garnet porphyroclasts are present. In the orthogneiss the main foliation is an ana-
stomosing disjunctive foliation defined by biotite, while microlithons are mainly composed of quartz and
feldspar. A mineral lineation Lp, defined by biotite and elongated feldspars, plunges gently to the NE
(Figure 1d). Kinematic indicators such as S‐C and S‐C′ fabrics in the micaschists and σ‐type cm‐scale
mantled K‐feldspar porphyroclasts in the orthogneiss (Figure 2e) indicate a dextral sense of shear viewed
geographically downwards.

3.3. Quartz Microstructures and Fabrics

In the analyzed samples, collected in both the orthogneiss and the metasedimentary rocks, quartz is gen-
erally coarse‐grained with lobate grain boundaries (Figures 3a and 3b) and locally developed window
structures (Figure 3c). These quartz microstructures indicate that grain boundary migration (GBM) is
the dominant mechanism for dynamic recrystallization. Some grains are bounded by tilt walls
(Figure 3d) and in a few grains incipient chessboard extiction microstructures are present (Figure 3e).
Especially in the metasedimentary rocks, quartz subgrains are also observed, with new quartz grains
of smaller size surrounding the larger grains (Figure 3f) forming a “core and mantle structure”
(White, 1976) and generating a weakly bimodal grainsize. These microstructures are indicative of incipi-
ent subgrain rotation recrystallization (SGR) overprinting the grain boundary migration (GBM)
microstructures.

Plastically deformed quartz grains in granitic dikes display undulose extinction and have a weakly bimodal
recrystallized grainsize. A few grains have lobate grain boundaries (Figure 3g) while in most samples core
and mantle microstructures are observed (Figure 3h). These microstructures are indicative of SGR as the
main mechanism of dynamic recrystallization. Quartz c‐axis fabrics were measured in samples AIG3,
AIG6, AIG7, and AIG8 (Figure 4a), from Lake Emosson area, and in samples AIG16, AIG17, and AIG18
(Figure 4b), from Val Bérard area. Fabrics were measured using a universal stage, with a minimum of 500
grains analyzed in each thin section.

Sample AIG6 is characterized by a fabric that is transitional between a Type‐I and a Type‐II cross‐girdle fab-
ric (Lister, 1977). Samples AIG3, AIG7, AIG8, AIG16, AIG17, and AIG18 are characterized by Type‐II cross‐
girdle fabrics. Most of the fabrics are asymmetrical in terms of density distribution and a leading edge of the
fabric skeleton is recognizable (Law, 2014; Xypolias et al., 2013). All measured quartz fabrics have a weak
external asymmetry with respect to foliation and lineation highlighted by the different magnitudes of the
angles C1 and C2 (Figure 4), measured in the XZ plane, between the foliation pole (Z) and the leading
and trailing edges, respectively, of the fabric skeleton (Law, 2014).

These fabric asymmetries are all indicative of a non‐coaxial deformation (Law, 1990; Schmid & Casey, 1986),
with a prevalent pure shear component, associated with a dextral sense of shear viewed vertically down-
wards on to the subhorizontal XZ plane, in agreement with all microstructural shear sense indicators. The
topology of the transitional Type‐I to Type‐II cross‐girdle c‐axis fabrics suggests that shearing occurred under
conditions close to plane strain (Lister & Hobbs, 1980; Schmid & Casey, 1986).

4. Temperature of Deformation

To estimate deformation temperatures during shearing, we used a range of different techniques: the mineral
assemblage on the mylonitic foliation Sp, quartz microstructures (Stipp et al., 2002), and the opening angles
of quartz c‐axis fabric (Faleiros et al., 2016; Kruhl, 1998; Law et al., 2004). Experimental (Tullis et al., 1973)
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and numerical simulation studies (Lister & Dornisiepen, 1982; Lister & Hobbs, 1980) indicate that during
plastic deformation and dynamic recrystallization, the opening angle of quartz c‐axis fabrics increases
with rising deformation temperature, increasing hydrolytic weakening, and decreasing strain rate. The
opening angle is the angle between the two c‐axis girdles measured in the plane perpendicular to foliation
and parallel to lineation (Kruhl, 1998; see review by Law, 2014). At natural strain rates there is an
approximately linear increase in opening angle with temperature between approximately 300°C and
650°C, with a nominal uncertainty usually stated at ±50°C (Kruhl, 1998). Faleiros et al. (2016) proposed a
new calibration extending the correlation between opening angle and temperature above 650°C.

Figure 3. Quartz microstructures (crossed nicols) (a) coarse‐grained quartz with lobate grain boundaries in micaschists;
(b) detail of a lobate grain boundary; (c) window structure; (d) quartz grain with internal tilt walls; (e) quartz grain with
incipient chessboard extinction pattern; (f) quartz subgrains (green arrow) and small new grains (pink arrow)
around older coarser grains; (g) quartz in granitic dike with lobate grain boundaries (violet arrows); (h) bimodal grainsize
of quartz in granitic dike.
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The syn‐kinematic minerals on the mylonitic foliation include biotite and fibrolitic sillimanite in the micas-
chist and dark‐brown biotite in the orthogneiss. In the Emosson Lake area the metagraywakes contain
syn‐kinematic biotite and white mica. Syn‐kinematic assemblages indicate amphibolite‐facies metamorphic
conditions. Quartz microstructures are indicative of grain boundary migration (GBM) as the dominant
recrystallization mechanisms in all the studied samples. Taken together, mineral assemblages and quartz
microstructures indicate a likely deformation temperature range of 500°C to 700°C.

Measured c‐axis fabric opening angles in samples collected in the Emosson Lake (Figure 4a) area indicate
moderately high‐temperature deformation conditions ranging from ~550°C to 630°C (Figure 4c). Samples
collected in the sector of the high‐strain zone affected by partial melting exhibit the highest opening angle
values and inferred deformation temperatures. The inferred deformation temperatures decrease slightly
traced toward the NW, away from the migmatitic zone (Figure 4a).

The opening angles of c‐axis fabrics for samples collected in the Val Bérard area are also indicative of mod-
erately high deformation temperatures of ~600°C (Figure 4b). Quartz fabrics also provide insights on crystal-
lographic slip systems active in the deforming crystal, with fabric point maxima in all the samples analyzed
indicating prism [a], romb [a], and basal [a] slip. We did not detect any fabric point maxima evidence for
higher temperature (>630°C to 650°C) prism [c] slip, although the presence of quartz chessboard extinction
microstructures in some samples (AIG16, AIG18; Figure 3e) indicates that prism [c] slip is at least locally
important.

Figure 4. Optically measured quartz c‐axis fabrics and recrystallization microstructures of samples from (a) Emosson Lake area and (b) Val Bérard area. Pole
figures and micrographs are oriented perpendicular to foliation and parallel to lineation. Trend and plunge of mineral lineation in individual samples and
distances from the Vallorcine granite are indicated. Dashed line is parallel to the shear plane, green line is parallel to the main foliation and green dots are parallel
to mineral lineations. Best‐fit fabric skeletons indicated by red lines; note that C1 < C2 in all fabrics, confirming dextral shear sense. (c) Faleiros et al. (2016)
quartz c‐axis fabric opening‐angle thermometer, blue squares are data with pressure information used to define the thermometer, while green square are data used
by Faleiros et al. (2016) that have no pressure information. Equations that describe linear fits are reported.
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5. Kinematic Vorticity

Kinematics of flow, that is, the components of pure and simple shear acting simultaneously during defor-
mation (see Fossen & Cavalcante, 2017; Xypolias, 2010, for reviews) in the high‐strain zone, and expressed
by the kinematic vorticity number Wk, were estimated using two independent kinematic vorticity gauges:
the C′ shear band method (Gillam et al., 2013; Kurz & Northrup, 2008) and the stable porphyroclast
method (Passchier, 1987; Wallis et al., 1993). For a description of the methods and their assumptions
(Jeffery, 1922; Platt & Vissers, 1980; Simpson & de Paor, 1993), see supporting information S1. Analyses
were performed on thin section cut perpendicular to foliation and parallel to lineation (i.e., the inferred
XZ plane of the finite strain ellipsoid). Pure shear is indicated by Wk = 0, and simple shear by Wk = 1.
Simple and pure shear contribute equally to flow for a value of Wk = 0.71 (Law et al., 2004;
Xypolias, 2010).

The nominal error for vorticity analysis is ±0.1 (Tikoff & Fossen, 1995). Comparison of different possible
systematic error sources indicates that for medium to low vorticity numbers (Wm < 0.8), vorticity data are
strongly biased and that a minimum systematic error of 0.2 is more realistic (Iacopini et al., 2011). It is
also important to consider the possible error caused by volume loss on kinematic vorticity analysis,
although this is likely to be minor with respect to the error in the vorticity method itself (Fossen &
Cavalcante, 2017). In order to check the type of deformation we calculated the angles θ between the max-
imum Instantaneous Stretching Axis (ISA max) in the horizontal plane and the shear zone boundary.
This parameter is fundamental for distinguishing between transpression and transtension (Fossen
et al., 1994; Fossen & Tikoff, 1993). The calculation was performed using the formula θ = (arcsin Wk)/2
(Xypolias, 2010).

5.1. Results of Vorticity Analysis

Full datasets are reported in supporting information (Figure S1). An example of a polar histogram showing
the measured angle ν between the C′ and the C planes parallel to the shear zone boundaries is shown in
Figure 5a. The histograms were used to derive the angle 2ν between the apophyses A1 and A2.

An example of a preliminaryMulchrone test (Mulchrone, 2007a, 2007b), which is needed to determine if slip
occured between clasts and matrix (Iacopini et al., 2011, and reference therein; see supporting
information S1), and a graph showing porphyroclasts distribution used in the stable porphyroclasts method
are reported in Figures 5b and 5c, respectively. From the compiled Mulchrone diagrams, our data do not fit
the theoretical curve calculated for a system in which slip between porphyroclasts and matrix occurs.
Furthermore, selected feldspars are free to rotate in the matrix without mutual interference because the dis-
tance between porphyroclasts is larger than their maximum long axis.

Vorticity analysis with the C′ shear band method gives Wk values varying between 0.34 and 0.74 (Figure S1).
In general, Wk may vary according to the rock type but is quite constant for samples of the same rock type
collected in our two study areas. Samples AIG8 and AIG12, micaschists of the Emosson Lake area, yield Wk
values of 0.55 and 0.52. Samples AIG2 and AIG3, metagraywakes from the same area, yield Wk value of Wk
of 0.55 and 0.66, respectively. Samples AIG14 and AIG16 from the garnet‐bearing micaschists of the Val
Berard area yield Wk values of 0.58 and 0.61, respectively.

In contrast to the micaschist samples, Wk values from the orthogneisses are slightly lower. Samples AIG9
and AIG6, from the Emosson Lake area, yield Wk of 0.40 and 0.34, respectively (Figure S1) while in samples
AIG15, AIG17, and AIG18 from the Val Bérard area, Wk values are estimated at 0.43, 0.40, and 0.46,
respectively.

Wk values are all indicative of a general shear deformation with synchronous components of both pure and
simple shear. The estimated percentage of pure shear component varies between 77% and 53% (Figure 5d).
In the orthogneiss the percentage of pure shear is always higher compared to the micaschists and the meta-
graywakes (Figure 5d).

Vorticity analysis using the stable porphyroclasts method on the orthogneiss of the Emosson Lake area yield
an estimated Wm value of 0.54 (Figure S1) whereas the Wm value obtained on the orthogneiss of the Val
Bérard area is 0.44 (Figure S1). These values are indicative of a percentage of pure shear component between
62% and 70%. The datasets collected in the orthogneiss using the two methods are well comparable.

10.1029/2020TC006153Tectonics

SIMONETTI ET AL. 9 of 24



Calculated θ angles between the maximum Instantaneous Stretching Axis (ISA max) in the horizontal plane
and the shear zone boundary (Figure 5e) vary between ~20° and 9° (Figure 5f). These values, combined with
the vorticity numbers estimated above, are indicative of a pure shear‐dominated transpression (Figure 5f).

6. Petrochronology

In situ U‐Th‐Pb dating was performed, following the procedure outlined byMontomoli et al. (2013), on eight
monazites selected in three sheared samples of micaschist collected within the high‐strain zones.
Thirty‐eight individual spots were analyzed on polished thin sections. Analytical methods used in this

Figure 5. (a) Example of polar histogram used with the C′ shear band method. Yellow bars represent number of data; (b) Mulchrone test for dataset collected in
the Val Bérard, blue lines represent the expected distribution of data at different vorticity numbers in the presence of a clast/matrix slipping interface;
(c) example of graph used to determine the critical axial ratio (stable porphyroclast method); (d) results of vorticity analyses, arrow points to Wk = 0.71 (equal
contribution of simple and pure shear); (e) orientations of the instantaneous flow elements in a dextral shear zone with non‐coaxial deformation. θ: Angle between
ISAmax and shear zone boundaries; (f) relationships between angle θ and Wk.
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study follow those outlined in Kylander‐Clark et al. (2013) with modifications outlined in McKinney et al.
(2015). The full procedure of data normalization (Aleinikoff et al., 2006) and data accuracy control
(Horstwood et al., 2003) is described in supporting information S1 as well as the used decay constants
(Amelin & Zaitsev, 2002; Jaffey et al., 1971). Samples AIG8 and AIG11 were collected in the Emosson
Lake area while sample AIG14 was from the Val Bérard area. A fundamental requirement for interpreting
the REE patterns in monazite is the presence of garnet in the rock. This allows us to use chemical proxies,
like Y + HREE zoning and REE patterns, coupled with grain textural position and zoning in order to guide
the interpretation of monazite data with respect to the prograde and/or retrograde stages of metamorphism.

Garnet has a major control on the HREE and Y budget in these systems (Engi et al., 2017 and references
therein), and in a closed system, its growth will consume HREE and Y from the environment and thus
reduce the avaibility of these elements for monazite growth (Buick et al., 2006; Foster et al., 2002;
Hermann & Rubatto, 2003; Rubatto et al., 2006). In contrast, garnet breakdown will release HREE and Y,
which can then be redistributed in monazite growing at the same time. Therefore, during retrograde meta-
morphism, Y tends to preferentially be sequestered by monazite resulting in increasing values of HREE and
Y (Iaccarino et al., 2017; Pyle et al., 2001; Pyle & Spear, 1999; Williams et al., 2007).

Analysis of the microstructural monazite positions, and measured chemical composition of the monazite in
the petrologic system in which they are associated with adjacent garnet grains, allows us to determine the
tectono‐metamorphic history at which the two phases have grown. Because our microstructural studies indi-
cate that penetrative deformation occurred during decreasing temperature conditions (Von Raumer &
Bussy, 2004), we interpret the Y zoning in the monazite to reflect retrograde metamorphic conditions.

6.1. Monazites Characterization and U‐Th‐Pb Analysis Results

Datedmonazite grains are broadly divided in two groups: a first group composed of grains included in garnet
(Mnz10 in sample AIG11) or biotite porphyroclasts (spot position Mnz34 in sample AIG11) and a second
group of grains located within the main foliation (Mnz3, Mnz52, Mnz10, Mnz11 in sample AIG8; Mnz2 in
sample AIG14; Mnz37 in sample AIG11). The two groups differ in terms of chemical characteristics.
Chemical EPMA analysis and spots positions are reported in supporting informations (Table S1 and
Figure S2, respectively).

Y content is low in monazite included in porphyroclasts (Y2O3 between ~0.11 and ~0.18 wt%) and is higher
in grains located in the main foliation (Y2O3 between ~1.04 and ~2.74 wt%). Spot position Mnz37 in sample
AIG11 and Mnz2 in sample AIG14, both in grains located within the main foliation, have a Y zoning with
low‐Y cores (Y2O3 between ~0.17 and ~0.72 wt%) and high‐Y rims (Y2O3 between ~1.24 and ~1.82 wt%).
Core‐rim REE patterns (normalized to chondrite values of Mcdonough & Sun, 1995) within monazites are
reported in Figure 6a. Monazites included in pre‐tectonic porphyroclasts have a lower content in HREE
(Figures 6a and 6b) with respect to the grains located in the main foliation. Monazites in the main foliation
have low Eu content (Figure 6a). Ages derived from the U/Pb and Th/Pb systems are generally concordant.
Ages from each spot are reported in supporting information (Figure S3) in the compositional map of Y for
each grain. The full dataset is in supporting information (Table S2). Th‐Pb ages range from ~333 ± 5 Ma
to ~319 ± 3 Ma (Figure 6c), while U‐Pb ages range from ~329 ± 13 Ma to ~318 ± 7 Ma (Figure 6d).
Several age groups may be distinguished by considering microstructural position and chemical composition
(Figure 6b). Older ages (~340–330Ma) were obtained in the low‐Y grains included in the porphyroclasts, and
no significant age difference is recognized between core and rim of these grains (Figure 6b). Younger ages
(~320–310 Ma) were obtained from the high‐Y grains along the main foliation, where a slight difference
in age between cores and rims can be recognized (Figure 6b).

7. Discussion
7.1. Structural Framework and Deformation

In the Emosson Lake and Val Bérard areas interlayered metasedimentary rocks and orthogneiss contain a
subvertical NE‐SW striking foliation carrying gently NE plunging mineral lineations. Microstructural and
crystal fabric kinematic suggest a dextral sense of shear viewed geographically downwards on to the subhor-
izontal XZ plane. Granitic dikes were injected along the main foliation and subsequently deformed in the
Emosson Lake area.
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In the Emosson Lake area Von Raumer and Bussy (2004) and Genier et al. (2008) described the studied
high‐strain zone as a mylonitic belt with a thickness of ~500 m and confined within a migmatitic zone adja-
cent to the Vallorcine granite, considered as the southeastern limit of the shear zone. Microstructural and
quartz c‐axis fabric analyses revealed that shear deformation also affects the adjacent non‐migmatitic
micaschist that previously were not thought to be caught up in this shear deformation (Von Raumer &
Bussy, 2004). However, we detected evidence for shear deformation at up to ~800 m from the Vallorcine
granite. Accordingly, the thickness of the high‐strain zone ranges between 800 m and 650 m in the two
study areas.

The measured quartz c‐axis fabrics provide qualitative information on the likely 3‐D finite strain within the
shear zone. Type‐II cross‐girdle fabrics and clusters of c‐axes around the Y direction indicate almost plain
strain under high‐temperature conditions (Lister, 1977; Schmid & Casey, 1986). If the rocks sampled had
been deformed in the constrictional field, then the c‐axes would define a small circle girdle fabric centered
approximately about the lineation. In the case of flattening deformation c‐axes would define a small circle
girdle centered about the pole to foliation. Furthermore, studied samples are both foliated and lineated in
agreement with a deformation close the plain strain.

Kinematic vorticity analyses allow us to define, for the first time, the flow regime of the sheared rocks in the
ARM that involves a dominant component of pure shear acting together with simple shear. The estimated
percentages of pure shear, obtained with the C′ shear band method, range between 51% and 79%, while
the stable porphyroclast method indicates ~60% pure shear. The topology of the measured quartz fabrics
is also indicative of a deformation with a prevalent component of pure shear. Calculated θ angles range
between 20° and 9° and combined with the vorticity data indicate a transpressional deformation because
the maximum ISA measured in the horizontal plane is oriented at an angle θ lower than 45° to the macro-
scopic shear zone boundary observed in the field. These values indicate a pure shear‐dominated transpres-
sion because the θ angle is less than 22.5° (Fossen, 2016; Tikoff & Fossen, 1995; Xypolias, 2010). The
orthogneisses always record a larger component of pure shear than the metasedimentary rocks, indicating

Figure 6. Chemistry of dated monazite crystals. (a) REE distribution; (b) age versus Y content (ppm); (c) average age diagrams for Th‐Pb systematic.
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a partitioning of deformation between the two lithotypes probably controlled by differences in their rheolo-
gical properties. Preexisting structural weaknesses are one of the factors that can trigger deformation parti-
tion within a shear zone (Jones & Tanner, 1995).

7.2. Deformation Temperature

The syn‐kinematic mineral assemblage associated with themylonitic foliation in the study areas is indicative
of amphibolite‐facies conditions of metamorphism. In the Emosson Lake area, two superposed mineral
assemblages in the metapelites have been described in the literature. Observed garnet zoning indicates early
medium‐high pressure conditions (8–10 kbar, 550°C) followed by decompression and a thermal peak at 4–
6 kbar, 630–650°C (Von Raumer, 1983; Von Raumer & Schwander, 1985). In the same area Genier
et al. (2008) described a partial melting episode that was synchronous with shearing and occurred at P
and T conditions close to the vapor‐presentminimummelting curve for granite (approximately 3.1 ± 1.1 kbar
and 650 ± 20°C).

Microstructures in quartz indicate grain boundary migration (GBM) as the dominant recrystallization
mechanisms. Chessboard extinction was occasionaly recognized in our samples as an incipient microstruc-
ture, but no direct corroborating evidence for high temperature prism [c] slip was recorded in the measured
quartz c‐axis fabrics. Locally thin section scale microstructural domains characterized by subgrain rotation
recrystallization partially overprinting these higher temperature microstructures are present, suggesting
that shearing progressively evolved under decreasing ambient temperatures.

Opening angles of the measured quartz c‐axis fabrics indicate deformation temperatures ranging between
629°C and 556°C based on the calibration of Faleiros et al. (2016). These estimated temperatures agree with
likely temperature ranges indicated by both the syn‐kinematic mineral assemblage and quartz microstruc-
tures and are in good agreementwith the results of previously published studies in the area (Bussy et al., 2001;
Genier et al., 2008; Von Raumer & Bussy, 2004), suggesting that the measured fabrics were not strongly
influenced by any lower temperature overprint. However, because of potential local low temperature over-
printing of quartz microstructures, these deformation temperatures are regarded as minimum temperatures.

Quartz microstructures (dominanted by subgrain rotation) in the dikes, injected along the shear zone folia-
tion, suggest relatively low temperature deformation conditions. These dikes are very close to the
syn‐tectonic Vallorcine granite emplaced at 306.5 ± 1.5 Ma (Bussy et al., 2000), and even if field relations
are not visible in the study area, they could still be related to intrusion of the main granite body.
Microstructures in those dikes indicate that deformation was still ongoing under lower temperature condi-
tions during granite intrusion (Von Raumer & Bussy, 2004).

Greenschist‐facies conditions could also represent an Alpine imprint. This could lead to an underestimation
of pre‐Alpine deformation temperatures. However, the ARM remained at temperatures lower than 320°C
during Alpine collision (Boutoux et al., 2016) and away from the major Alpine structures. Alpine overprint-
ing was therefore not strong enough to obliterate the older microstructural and crystal fabric indicators for
Variscan deformation temperatures. Because of this, the possible presence of an Alpine overprint would
have had very little effect on our estimates of Variscan deformation temperatures, strain, and flow vorticity
in the study area.

7.3. Age of the Deformation

Petrochronology allows us to constrain the age of transpression in the ARM. We recognized two groups of
monazites: a first group composed of grains included in garnet or biotite porphyroclasts and a second group
composed of grains within the main foliation. The two groups have chemical differences. Grains included in
porphyroclasts have a lower content in HREE (heavy rare‐earth element) relative to grains in the main folia-
tion. The microstructural positions and chemical compositions reveal that monazite grains of the first group
grew before shearing, during prograde metamorphism, while monazite grains of the second group are syn‐
kinematic. Monazites in the main foliation have an anomaly in Eu content indicating synchronous growth
with feldspar during partial melting (Braden et al., 2017; Rubatto et al., 2013) and suggesting that transpres-
sional deformation occurred either at the same time or shortly after anatexis. Y content is lower in the mon-
azite grains included in porphyroclasts and higher in grains within the foliation, in agreement with the
growth of syn‐kinematic monazites during retrograde metamorphism and garnet breakdown. Two groups
of monazite ages are distinguished. Older ages of ~340–330 Ma are obtained in low‐Y grains included in
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porphyroclasts and grown during prograde metamorphism under near peak amphibolite‐facies conditions.
Younger ages of ~320–310 Ma are obtained from the high‐Y grains in the main foliation and represent the
onset of transpressional deformation. Older ages agree with the age of 327 ± 2 Ma (U‐Pb on monazite)
obtained by Bussy et al. (2000), which is considered to date near peak temperature conditions of
amphibolite‐facies metamorphism. Because the Vallorcine granite and its dikes are syn‐tectonic intrusions
emplaced at 306.5 ± 1.5 Ma (Bussy et al., 2000), we argue that transpressive deformation in the ARM is a
long‐lasting event of at least ~15 Myr.

7.4. Shear Deformation in the Aiguilles Rouges Massif in the Framework of the Variscan Belt

The structural evolution and age of deformation in the study areas are very similar to those recognized in the
Argentera Massif (Carosi et al., 2016a; Simonetti et al., 2017; Simonetti, Carosi, & Montomoli, 2018). Here
the Ferriere‐Mollières Shear Zone (FMSZ), cross‐cutting Variscan migmatites, is a steeply dipping dextral
transpressional shear zone, with a prevalent pure shear component, active at ~320 Ma and developed under
decreasing temperature conditions ranging from high amphibolite‐facies to greenschist‐facies. The age of
initiation of the FMSZ was inferred by Simonetti, Carosi, and Montomoli (2018) based on in situ U‐Th‐Pb
dating of syn‐kinematic monazites in the high‐grade protomylonites. They proposed that the shear zone
initiated in an interval between ~340 Ma and 330 Ma (ages of asymmetrical high‐Y rims in extensional sites
of monazite grains along the foliation in the protomylonites) and that exhumation of the lower crust started
in the same time interval. Recently, Jouffray et al. (2020) dated at ~339 Ma (40Ar/39Ar on amphiboles) the
re‐equilibration under amphibolite‐facies conditions of eclogites embedded within the migmatites, conferm-
ing the interval of ~340–330 Ma for retrogression and initial exhumation of the lower crust of the Argentera
Massif, in overall agreement with our findings.

The main difference from the study areas is that, in the FMSZ, vorticity changed in time and space along a
deformation gradient, with an increasing simple shear component during later deformation stages
(Simonetti, Carosi, & Montomoli, 2018). However, vorticity analyses from both massifs indicate ~60% pure
shear components at ~320 Ma. Vorticity analysis in the Maures Massif of southern France and in northern
Sardinia also revealed a very similar deformation regime at this time (Carosi & Palmeri, 2002; Simonetti
et al., 2018). Ages of ~320Ma in the Argentera and Aiguilles Rouges massifs are consistent with ages of trans-
pressional deformation in both the Maures‐Tanneron Massif (Cavalaire Fault; Rolland et al., 2009;
Schneider et al., 2014; Simonetti, Carosi, Montomoli, Langone, et al., 2018), also in agreement with the study
of Oliot et al. (2015), and in northern Sardinia (Carosi et al., 2012; Di Vincenzo et al., 2004; Posada‐Asinara
Shear Zone), dated at ~323 Ma and 320–310 Ma, respectively.

The ECM, the Maures‐Tanneron Massif, and the CSB all have a striking similar tectono‐metamorphic evo-
lution during Variscan times (Table 1). If the counterclockwise Oligo‐Miocenic rotation of the CSB
(Advokaat et al., 2014; Todesco & Vigliotti, 1993) and of the Western Alps (Collombet et al., 2002;
Maffione et al., 2008; Thomas et al., 1999) is restored, all these sectors lie in lateral continuity. By adding
new structural and geochronological constraints, our new data support and strengthen the model proposed
by Rosenbaum et al. (2002), Rollet et al. (2002), and Advokaat et al. (2014) of the CSB being both connected
to southern France and in continuity with theWestern Alps. Variscan shear deformation along steep belts in
Corsica‐Sardinia, in theMaures‐TanneronMassif, and in the ArgenteraMassif has been attributed tomotion
on a Variscan age continent‐scale shear zone, the East Variscan Shear Zone (EVSZ; Carosi et al., 2012;
Corsini & Rolland, 2009; Rolland et al., 2009; Schneider et al., 2014, Simonetti, Carosi, &
Montomoli, 2018, Simonetti, Carosi, Montomoli, Langone, et al., 2018). Our data indicate that the ARM
was also part of the EVSZ (Figure 7a).

7.5. Evolution of the East Variscan Shear Zone

The EVSZ is not a single shear zone but a network of interconnected transpressive shear zones that devel-
oped progressively and record a similar tectono‐metamorphic history. Its branches preserved in the various
fragments of the belt have nearly the same age, but some of them are slightly older (Figure 7b). This can be
explained by their progressive growth using a tectonic linkage model (Fossen & Cavalcante, 2017; Soliva &
Benedicto, 2004; Trudgill & Cartwright, 1994; Walsh et al., 2002). Shear zones grow in length as they accu-
mulate displacement and tend to connect with adjacent structures to form composite systems or networks
(Figure 8a). The result is that some of the branches were actived earlier than the others (Figure 8b) and
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therefore record a longer deformation history (e.g., the FMSZ in the Argentera Massif). On the other hand,
younger branches record a shorter history (i.e., the Posada‐Asinara Shear Zone in northern Sardinia). Based
on the age of transpression in the different fragments of the EVSZ, we can identify at least two generations of
branches: a first generation at around ~340–330 Ma and a second branch at ~320 Ma. A detailed
investigation of other shear zones, potentially linked to the EVSZ, could lead to the recognition of other
generations of branches.

It should be noted that the older branches, like the FMSZ (Argentera Massif), but unlike the shear zones in
the Maures‐Tanneron Massif, Aiguilles Rouges, and northern Sardinia, developed fully within migmatitic

Figure 7. Sketch maps of the Variscides during (a) early Carboniferous (modified after Faure et al., 2005; Guillot &
Ménot, 2009) and (b) late carboniferous (modified after Carosi et al., 2012; Guillot & Ménot, 2009; Simonetti, Carosi,
& Montomoli, 2018); (c) inferred lateral relationships between the branches of EVSZ.
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crust. Variscan transpression is considered to be synchronous with or to have initiate shortly after anatexis
(Genier et al., 2008; Padovano et al., 2014; Rolland et al., 2009; Simonetti, Carosi, & Montomoli, 2018;
Simonetti, Carosi, Montomoli, Langone, et al., 2018). It is therefore possible that transpressional
deformation along the EVSZ preferentially started to be accomodated in the lower crust which was easier
to deform because of ongoing anatexis and later migrated into the non‐migmatitic crust. Melt enhances
deformation and strain localization (Kellet et al., 2019; Rosenberg & Handy, 2005; Weinberg, 2016).
Partial melting in the lower crust decreases the resistance of the rocks by nearly 30% (Barboza &

Figure 8. (a) Sketch representing the evolution of a system of dextral shear zones based on the “growth by linkage”
model. In the left column is reported the evolution of proportion of high strain domains within the shear zone over
time; in the right column the colors represent the age of activation of the shear zone branches; (b) relation between
vorticity number and isotopic ages in the Argentera Massif, the Aiguilles Rouges Massif, the Maures Massif, and in
northern Sardinia.
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Bergantz, 1998; Diener & Fagereng, 2014; Misra et al., 2014; Vanderhaeghe & Teyssier, 2001), and only an
~7% melt fraction is needed to lower the rock strength by almost an order of magnitude (Rosenberg &
Handy, 2005).

A progressive increase in the simple shear component during transpressional deformation is recognized in
the high‐strain portions of shear zones in both northern Sardinia (Carosi et al., 2009; Carosi & Palmeri, 2002;
Graziani et al., 2020) and the Argentera Massif (Simonetti, Carosi, & Montomoli, 2018). In the ARM we did
not detect this temporal variation in vorticity of flow, probably because of the spatial partitioning of flow
within the shear zone. A general increasing component of simple shear during time, at the scale of the whole
EVSZ, can be recognized by comparing vorticity data and ages of the different branches (Figure 8b). This
reflects a change in the continent‐scale stress field, which could be due to a change in the relative conver-
gence angle between the plates over time or to rotation of the active structures during ongoing collision.

The transpressional deformation regime, the high temperature of deformation, and the late Carboniferous
age of shearing in the ECM all suggest that activity on the EVSZ is not related to post‐Variscan deformation
and a transition from Pangea B to Pangea A. Our study therefore demonstrates, at least in the Variscan frag-
ment of the Western Alps, that there are no geological or structural data that would support the dextral
movement of Gondwana in Early Permian time. This agrees with Pohl et al. (2018) who recognized that
Carboniferous age transpressive dextral shear zones occur in the external part of the Alps and are unrelated
to both Early Permian basin formation and Permian Pangea B to A transformation. Furthermore, shear in
the external part of Western Alps predates deposition of the Early Permian rocks that yielded the paleomag-
netic data (Muttoni et al., 2003) on which Pangea B is based.

Activation of the older branches of the EVSZ is coeval with the onset of sinistral transpressive deformation in
the western sector of the Iberian Massif dated at ~340 Ma (U‐Th‐Pb on monazite and zircon; Pereira
et al., 2008, 2010). Transpression in this sector of the Variscan Belt is interpreted to be a consequence of com-
plex polyphasic indentation of a Gondwana promontory (Dias et al., 2016) and to orogenic syntaxial bending
(Authemayou et al., 2019). The EVSZ may have contributed to this process during its early stages and sub-
sequently facilitated formation of a second arc that characterizes the eastern sector of the Variscan Belt.

Our data agree with the composite orocline model proposed by Matte (1986a, 1986b, 2001), Corsini and
Rolland (2009), Guillot et al. (2009), Carosi et al. (2012), and Simonetti, Carosi, and Montomoli (2018) and
confirm that reconstruction models for the European Variscan Belt should consider the presence of an arc
limited by the EVSZ located in the eastern part of the belt.

It is likely that the EVSZ also played a primary role as an inherited crustal discontinuity that influenced the
evolution of new structures during post‐Variscan and Alpine evolution (Ballèvre et al., 2018; Bergomi
et al., 2017). Jammes and Lavier (2019), using numerical models, discussed the influence of strength varia-
tions from inherited crustal fabrics on the mechanism of rifting during the formation of magma‐poor mar-
gins. Vertical fabrics favor initial formation of horst‐and‐graben structures whereas horizontal and shallowly
dipping fabrics favor the formation of core complexes.

During Variscan transpressive deformation, the development of vertical fabrics is predominant, and there-
fore, horst and graben formation would be facilitated during the initial stages of post‐Variscan extension
and subsequent rifting. The presence of the EVSZ also has implications for the original position and prove-
nance of the crustal blocks subsequently involved in rifting during Pangea break‐up and Alpine collision. As
pointed out by Ballèvre et al. (2018), the Helvetic Alpine basement was separated from the Penninic Alpine
basement by this shear zone during Carboniferous times, and these basement blocks may have had contrast-
ing geological histories during the initial stages of Variscan deformation. The juxtaposition of the basement
of these two Alpine domains could have started during late Carboniferous time because of motion on the
EVSZ.

8. Conclusions

This study demonstrates that the ARM (French Alps) is affected by Variscan dextral pure‐shear dominated
transpression that started under high‐temperature conditions and continued during retrograde metamorph-
ism. Partitioning of pure and simple shear components during deformation has been demonstrated. The
transpression commenced at ~320 Ma and continued for nearly ~15 Myr. Transpressional Variscan
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deformation in the ARM is similar to that recorded in the Argentera Massif (French and Italian Alps), in the
Maures Massif (southern France), and in the CSB, as all these sectors were in lateral continuity during
Variscan time. This further confirms that these massifs were all part of the same continent‐scale dextral
shear zone system (the EVSZ). Activity on the EVSZ is related to Carboniferous age transpression and not
to post Variscan deformation. The EVSZ had a long‐lasting history: It played a primary role during the poly-
phase indentation of Gondwana, in the shaping of the eastern sector of the Variscan Belt during late
Variscan time, and finally as an inherited discontinuity that influenced the post‐Variscan and Alpine evolu-
tion of western Europe.

A multidisciplinary approach is essential for obtaining useful results from the study of shear zones, espe-
cially at the regional scale. Independent analytical methods for constraining the kinematics, temperatures,
and absolute timing of deformation should always be systematically applied in different sectors of
regional‐scale structures in order to obtain data capable of addressing first‐order questions on
regional/continent‐scale tectonics and correlating between now widely separated fragments of once contin-
uous orogenic belts.

Software

Stable porphyroclasts analyses were performed with EllipseFit 3.2 (Vollmer, 2015). Geochronological data
were treated with Isoplot 3.0 (Ludwig, 2003), data reduction were carried out using Iolite 2.5 (Paton et al.,
2010).
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