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Abstract

To investigate the mechanism of exhumation of deep crustal rocks in hot orogens, we
focus on the southwestern part of the Variscan Canigou gneiss dome (Pyrenees) where
the transition between the middle and upper crust can be observed. On the basis of new
structural data, geological mapping, cross sections, microstructural analyses, and
petrologic observations, we propose that flat-lying foliation within the gneiss dome and
steep cleavage developed above it formed coevally. We note the presence of regional-
scale shear zones at the boundary between the middle crust (Nuria-Canigou Unit) and
upper crust (Puigmal unit). At this boundary, the E-W South Canigou Shear Zone is an
extensional shear zone showing top-to-the- southwest kinematics. Deformation, which
is localized within the andalusite-biotite transition zone, occurred under retrogressive
conditions, from high-grade ductile to brittle conditions during the main deformation
stage (D2). The tectonic contact was folded during a later stage (D3). We propose that
the shape of the Canigou dome resulted from the activation of extensional shear zones
at the top of the orthogneiss, leading to partial exhumation of high-grade rocks. The
Canigou gneiss dome can be considered an extensional dome that formed during late

Variscan (ca. 310-290Ma) transpression.
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1. Introduction

Gneiss domes are structural domes that have primarily high-grade gneissic rocks
(migmatite, orthogneiss) and granites at their cores; they are mantled by schists and gneiss,
mostly showing lower grade metamorphic facies. These gneiss domes are common features in
mountain belts, but their origin is still debated. It is known that, various mechanisms associated
with different geodynamical contexts produce dome-shaped structures. By studying them, we
increase our understanding of the exhumation of crustal metamorphic rocks (Whitney et al.,
2004 and references therein). The primary models can be summarized as follows: (i) post-
metamorphic folding (Matte et al., 1998); (ii) synorogenic extension (e.g., Lister et al., 1984;
Lister and Davis, 1989; Burg et al., 1994, and references therein), wrenching (e.g., in releasing
bends, Denéle et al.,, 2017), or transpression (e.g., Rabin et al.,, 2015). In the first case,
exhumation during folding is passive and is caused by erosion whereas active exhumation
results from strain localization at gneiss domes gneiss dome envelopes in the other cases
(wrenching & transpression). Exhumation also implies contrasting crustal rheology: i) a relatively
cold crust for post-metamorphic folding (e.g., Brun, 2002) and ii) a weak and partially molten

crust for the other models (Tirel et al., 2008).

The Variscan orogeny of western Europe is characterized by the formation of numerous gneiss
domes from the collision stage at ca. 360 Ma until the end of its collapse at ca. 300 Ma (e.g.,
Faure et al., 2009; Gapais et al., 2015 and references therein). In the hinterland of the belt, the
High Temperature/Medium Pressure (HT/MP) rocks were mostly exhumed under late-orogenic
extensional conditions, leading to the formation of Metamorphic Core Complexes (Armorican
massif, French Massif Central), (Van Den Driessche and Brun, 1992; Ledru et al. 2001; Gapais
et al. 2015), locally with strike-slip component (e.g. Montagne noire, Franke et al., 2011; Roger

et al., 2015). Although the late Variscan HT/LP metamorphic event reached the belt foreland
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at ~315 Ma, the mode of gneiss dome formation there continues to be debated, as in the

Pyrenees (Denéle et al. 2014).

In fact, the ascent of deep rocks leading to the formation of metamorphic domes (Figure 1) in
the Pyrenees has been explained by various mechanisms associated with different
geodynamical contexts. The first models proposed for the exhumation of these rocks involve
two primary mechanisms: (i) a post-metamorphic folding (Guitard, 1964; 1967; 1970) which
involves a post-metamorphic folding phase, or (ii) diapirism (Pouget,1987, 1991; Soula, 1982;
Soula et al., 1986) essentially related to extrusion by thrusting (Aguilar et al. 2015). Considering
that the mid-lower crust was partially molten, recent studies suggest that domal structures were
formed by folding after an initial stage of horizontal flow within the mid-lower crust under dextral
transpression (Vila et al., 2007; Denéle et al., 2007, 2009; Mezger, 2009). Alternatively, several
models propose exhumation with local extension as a result of strain localization in regional
shear zones (Bossost dome: Mezger and Passchier, 2003; Cochelin et al., 2017; Hospitalet
massif: Van den Eeckhout and Zwart, 1988; Basque and North Pyrenean massifs: de Saint

Blanquat, 1993; Saspiturry et al., 2019; Vanardois et al., 2020).

Whereas some relicts of Barrovian metamorphism suggest that moderate crustal thickening
occurred in the Pyrenees during the late Carboniferous convergence phase (Azambre and
Guitard, 2001; De Hoym de Marien et al., 2019), the existence of early Variscan nappes in the
Axial Zone was mostly inferred but the nature of these contacts remains highly disputed (e.qg.,
Bodin and Ledru, 1986; Losantos et al, 1986; Cochelin et al., 2017). In fact, new structural
studies highlight that i) the early convergence phase, called D1, was primarily characterized by
thin-skinned rather than thick-skinned tectonics and nappe formation a during Variscan time
(Cochelin et al., 2017), and ii) the main Variscan thrusts that were recognized show only minor

offset (i.e., no more than 1-2 km, see Cochelin et al., 2018a).
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To clarify the exhumation mode of crustal rocks that crop out within the Canigou gneiss dome,
we present in this work a structural and petrological study conducted in the southwestern part of
the Canigou gneiss dome, which was previously described as an early folded nappe (Guitard,
1970, Lagarde, 1978; Soliva et al., 1989, Laumonier and Autran, 2001). We provide a detailed
structural analysis of the orthogneiss and surrounding metasediments that leads us to propose
that the domal structure was formed by extension and strain localization at the top of a weak
mid-lower crust under regional transpression. This study is based on new geological maps of
the area drawn at a 1:50 000 scale (Prats de Mollo, Arles/Tech, and Mont-Louis).

Figure 1 here

2. Geological setting

2.1 Variscan Pyrenees

The Pyrenean orogeny resulted from the collision of the Iberian and Eurasian plates,
which occurred from the late Cretaceous to the Miocene (e.g., Choukroune, 1992; Mufioz,
1992). This orogeny exhumed the Proterozoic to Paleozoic basement and its Mesozoic
sediments. The main Paleozoic basement outcrops are located in the Axial Zone, between the
North Pyrenean fault and the South Pyrenean thrust. Other Paleozoic basement outcrops are
found in the North Pyrenean massifs and Basque massifs (Figure 1).

In the Pyrenees, the Variscan crust is composed of Ediacarian to Carboniferous
metasediments. Lower Paleozoic metasediments were intruded by Ordovician plutons (Deloule
et al., 2002 ; Cocherie et al., 2005 ; Casas et al., 2010; Liesa et al., 2011) and the entire
sedimentary pile was affected by a late Variscan HT-LP event responsible for the emplacement
of gneissic domes and Permo-Carboniferous granitoid intrusions (see Denéle et al. 2014 and
references therein, Figure 1). From a structural point of view, the Variscan crust of the Axial

Zone shows a strong structural contrast between (i) an upper crustal level, the so-called
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suprastructure (Zwart, 1979; Carreras and Capella, 1994), characterized by low-grade
metasediments with upright folds associated with vertical schistosity and stretching direction
(Cochelin et al. 2017; 2018a,b) and (ii) a lower crustal level, called the infrastructure, which
consists of medium to high grade HT/LP foliated metamorphic rocks that form regional domal
structures (Guitard et al., 1996, and references therein). These gneiss domes are affected by
pervasive longitudinal stretching and subhorizontal shearing (Cochelin et al., 2017, 2018b).
Recent U-Pb dating on various magmatic bodies in the Eastern Pyrenees suggest that
these domes formed between 310 and 290Ma, synchronously to the emplacement of large calc-
alkaline plutons in the upper crust (Aguilar et al. 2014; Denele et al. 2014 and references
therein, Druguet et al.,, 2014; Esteban et al., 2015; Kilzi et al 2016; Lemirre et al., 2019;
Poitrenaud et al., 2019, Vanardois et al., 2020). Locally, magmatism may have started earlier, at
330-340 Ma, as in the Central Pyrenees (Mezger & Gerdés, 2016, Schnaperelle et al., 2020) but
the significance of this earlier magmatism remains elusive (see the discussion in Denéle et al.,
2014; Lopez-Sanchez et al., 2018). Structural studies performed within the calk-alkaline plutons
show that they were synkinematic, and emplaced during a dextral transpressional phase, called
D2 (e.g., Bouchez and Gleizes, 1995; Gleizes et al. 1998). On the basis of these new
geochronological constraints and recent structural and petrological studies performed at the
Hospitalet, Aston, Bossost and Albéres gneiss domes, recent opinion has favored a gneiss
dome emplacement mode resulting from dextral transpression due to N-S horizontal shortening.
It this emplacement mode has become the consensus since the 2000's (Mezger and Passchier,
2003; Vila et al. 2007; Denéle et al, 2007, 2008, 2009; Mezger, 2009, Cochelin et al. 2017,
Vanardois et al., 2020, among others). The N-S shortening that caused D2 transpression
ultimately ended at ca. 290 Ma with the development of anastomosed transpressional shear
zones that formed under greenschist facies metamorphic conditions (e.g., Druguet, 2001;

Cochelin et al., 2017; Poitrenaud et al., 2019).
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The D2 phase followed an earlier D1 phase in the Pyrenees that is related to the
propagation of the Variscan front into the foreland of the belt between 325 and 310 Ma
(Delvolvé et al., 1993; Laumonier et al., 2014). Not many D1 structures survived the impact of
the primary D2 phase. Most of D1 structures can be observed in the upper crust and are
characterized by N-S to NW-SE trending recumbent or overturned folds associated with
westward/southwestward thrusting (Cochelin et al., 2017). In some places, relicts of MT/MP
metamorphism are present, suggesting moderate thickening of the crust during the D1 early
convergence phase (e.g., Azambre and Guitard 2001; Mezger and Passchier, 2003; De Hoym

de Marien et al., 2019).

This late Variscan event is followed by Permian extension/transtension that led to the
formation of half-grabens that were filled by continental sediments and volcanics (e.g., Perreira
et al., 2014, Gretter et al., 2015). Magmatism continued during Permian extension, highlighted
by pluton emplacement (Denéle et al., 2011), intrusion of leucogranite dykes in the Axial Zone
(Lemirre, 2018; Schnapperelle et al., 2020), and exhumation of migmatites and granulites from
the Basque and North Pyrenean massifs by activation of extensional shear zones/detachment
faults at the tops of metamorphic core complexes (de Saint Blanquat et al., 1990; de Saint

Blanquat, 1993; Saspiturry et al., 2019).

2.2 The Canigou gneiss dome

The Canigou gneiss dome is located in the Axial Zone of the Pyrenees (Figure 1)
between the Neogene Tét fault to the northwest and the Alpine Canigou thrust to the south
(Figure 2). Canigou gneisses (named G1; G2; G3 by Guitard, 1953; 1970) underlie the Canigou
massif and exhibit various petrological and geochemical characteristics. The Freser and Nuria

gneisses are located in the small gneissic complex that crops out in the Ndria valley (Figure 2).

Figure 2 here
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The Canigou dome consists of abundant augen-gneisses derived from porphyritic granitoids
that contain varying amounts of biotite, dated at 475+/-10Ma (U-Pb on zircons) in the Canigou
gneissic complex (Deloule et al., 2002 ; Cocherie et al., 2005 ; Casas et al., 2010; Liesa et al.,
2011) and ca. 457Ma in leucogranitic gneisses (Navidad et al., 2018) and the Ndria and Freser
gneissic complex (Martinez et al., 2010). Barbey et al. (2001) interpreted these granitic bodies
as laccoliths. The laccoliths are embedded in Proterozoic to lower Cambrian metapelites
(Cocherie et al., 2005 ; Castifieiras et al., 2008) attributed to the Canaveilles formation (Guitard,
1970; Laumonier et al., 2004), which are called Balatg micashists beneath the primary laccolith
in the Canigou dome (Figure 2). A recent study on the Balatg micaschists by de Hoym de
Marien et al. (2019) reveals the presence of two syntectonic metamorphic stages: (i) a first
tectono-metamorphic stage (D1-M1) associated with relict S1 foliation, preserved in the core of
the Canigou dome, and (ii) a second tectono-metamorphic stage M2 (associated with the main
S2 regional foliation) that records similar peak temperatures of 580C at different pressure
conditions of 5.5 for M1 and 3 kbar for M2. The whole sequence was subsequently intruded by
two types of granites: i) peraluminous, such as the Canigou leucogranite (“granite profond du
Canigou” (Guitard, 1970) and ii) calc-alkaline granitoids represented by the Costabonne Granite
in this area (Figure 2). These calc-alkaline granites were emplaced during the late
Carboniferous, according to LA-ICP-MS U/Pb in-situ dating on zircons: ca. 302 Ma for the
Costabonne granite (Laumonier et al., 2015) and ca. 303-305 Ma for Mont Louis (Romer and
Soler, 1995; Maurel et al., 2004; Perreira et al., 2014; Denéle et al., 2014). A similar age of ca.
305 Ma was obtained for peraluminous granites located at the northern part of the gneiss dome
(Caranca area, Denéle et al., 2014). The S2 foliation within the Canigou gneiss dome defines a
regional E-W fold (Figure 2b) and foliation planes exhibit L2 mineral-stretching lineations that
have a NE-SW trend (Guitard, 1964; Cochelin et al., 2018b, Figure 2a & b). Within the Canigou
dome country rock (i.e., the suprastructure), metasediments are affected by a pervasive N98E

axial plane cleavage dipping moderately to the north and displaying NNW-SSE stretching
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lineations (Figure 2b, see Cochelin et al., 2017; 2018a). These L2 lineations are associated with
south-southeastward thrusting or dextral kinematics, which is typical of deformation related to
D2 dextral transpression in the Axial Zone (e.g., Denéle et al., 2008; Cochelin et al., 2018a;

Poitrenaud et al., 2019).

Figure 3 here

Several models have been proposed to explain the emplacement of the Canigou gneissic
complex (Figure 3). Barbey et al. (2001) described the Canigou dome as a laccolith, intruded
during the Ordovician and later affected by weak Variscan deformation (Figure 3c). This model
does not take into account the activity of shear zones in the Canigou gneiss dome during the
Variscan orogeny, as proposed by Laumonier and Autran (2001) (e.g. the Puigmal contact,
location in Figure 2). Unlike the crustal extension model (Gibson, 1991, Gibson and Bickle,
1994), which considers the predominant regional foliation to be related to retrograde
metamorphism, other models invoke nappe stacking to explain the emplacement of the Canigou
dome, described as a large recumbent fold (Autran & Guitard, 1969; Guitard, 1970) (Figure 3a)
or related to the thrust development with a top-to-the-SW sense of shear at the base and roof of
the orthogneiss (Figure 3b) (Geyssant et al.,, 1978; Lagarde and Millot, 1978; Soliva, 1992).
Laumonier and Autran (2001) proposed that the Canigou’s dome shape resulted from late
Variscan folding (i.e. after regional metamorphism) during N-S convergence.

To clarify the tectonic environment that led to the formation of the Canigou dome, we present
new results based on (i) recent structural mapping and a reinterpretation of published maps of
the southern part of the Canigou massif (Figure 4), (ii) systematic measurements of foliation and
stretching lineations (Figure 5), (iii) recognition of shear criteria (Figure 5), and (iv) identification

of strain gradients.
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Figure 4 here

Figure 5 here

3. Structural data

Based on a new cartographic study and the recognition of the Puigmal contact first
described by Laumonier and Autran (2001), we define two main units in terms of their structural
and metamorphic characteristics (Figure 4): (i) A lower unit, called the Naria -Canigou Unit and

(ii) an upper unit, called the Puigmal Unit.

From bottom to top, we note:

(i) The Nuria-Canigou unit, which consists of the Nuria orthogneiss (Santanach, 1972, Robert,
1980, Sebastian et al., 1982) overlain by biotite-bearing micaschists and marble attributed to the
Canaveilles formation (Laumonier et al., 2015),

(i) The Puigmal tectonic contact, described as a major Variscan thrust by Laumonier and Autran
(2001). Our structural study reveals new structural data on the geometry and kinematics of this
major contact. We introduce the term South Canigou Shear Zone (SCSZ), to describe the high
strain zone. The Puigmal tectonic contact is located in the uppermost part of the SCSZ. In fact,
the SCSZ is well developed at the contact between the Canigou orthogneiss and micaschist,
whereas the Puigmal contact, located near the Naria dome and at/to the south of the Canigou

dome, is always present at the top of the SCSZ.

(i) The Puigmal unit, which consists of weakly metamorphosed (at most in the chlorite zone)
metasiltstones, metapelites and schists, identified as the Cabrils to Jujols formations; it has well-

preserved stratigraphy (Padel et al., 2017; 2018).

3.1 The Nduria-Canigou Unit (Lower unit)

3.1.1 High temperature deformation



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

The Canigou gneiss dome defines an elliptical map shape, and has a WSW-ENE axial
trend (Figure 2). It is characterized by a pervasive shallowly dipping schistosity (S2) that
parallels the contact between the Canigou orthogneiss and metasediments (Figures 5, 6a & b).
This primary foliation is marked by quartz, feldspars (plagioclase grains and Kfs porphyroclasts)
aggregates and biotite in the orthogneiss. In the Canigou gneiss dome micaschists, we observe
a decreasing temperature gradient from the core of the dome shown by the following:
sillimanite-bearing micaschists (Figure 7a), then andalusite-staurolite bearing micaschists
(Figure 7b) followed by biotite micaschists (Figure 7c, d, e, f). These parageneses correspond to
the M2 metamorphic assemblage in the lower unit of the study area. Large garnets contain
numerous micrometric inclusions and larger inclusions of muscovite, quartz, and plagioclase
that define a sigmoidal internal foliation (S1) (Figure 7c). S2 foliation displays mineral-stretching
lineation (L2) (Figure 6b) that consists of alignment and stretching of biotite, plagioclase, and
muscovite grains. In detail, L2 measurements] show a spread from E-W to N-S, despite a main
trend approximately NE-SW (mean lineation: 225717°) (Fig. 5b). L2 is approximately E-W at the
base of the orthogneiss on the eastern side of the dome (Figure 2) and in the Ndria area, and
shifts to N-S at the southern boundary of the Canigou gneiss dome near the contact with
Canaveilles micaschists (roof of the laccolith) (Figures 2 & 5). In fact, though these stretching
lineations are regularly oriented in the dome core, we observed a radial lineation distribution
towards the Canigou dome margins (Figure 2). This main S2 foliation is affected by discrete
shear bands that show stretching lineation parallel to mineral lineation lying on S2 planes.
These shear bands exhibit a mainly downdip sense of shear in the core of the dome, with top-
to-the-WSW kinematics in the western part of Canigou and the Nuria massif, and top-to-the-
ENE kinematics at the eastern part of the Canigou gneiss dome (Figure. 2). Similarly, the sense
of shear follows the radial distribution of L2, with top-to-the-NNW on the north flank of the gneiss

dome and top-to-the-SSW on its southern flank (Figures 2, 5 & 6a,b,e).
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Figure 6 here

In several thin sections we observed the development of oriented chlorite, formed at the
expense of biotite, parallel to the main foliation S2. Chlorite occurrences appear to be located in
a meter-scale mylonitic zone parallel to the S2 regional foliation (Figure 7d,e,f), suggesting that
deformation occurred under retrogressive conditions (herein named D2b and M2b) with

progressive retrogression of biotite to chlorite.

Figure 7 here

3.1.2 The South Canigou Shear Zone

At the southern boundary of the Canigou dome, we observed a progressive transition
upwards from augen-gneisses to fine-grained, augen-free mylonites (Figure 6c, d). The upper
boundary thus corresponds to a hundreds of meters thick mylonitic zone at the contact with the
metasediments (Figure 8), called here “the South Canigou Shear Zone” (SCSZ). Stretching
lineations observed on the mylonitic foliation are parallel to the L2 observed below the contact,
within foliated augen-gneiss, that plunges to the south/southwest along the southern limb of the
Canigou gneiss dome. C’ shear bands and sigma-clasts in the SCSZ indicate a top-to-the-SW
sense of shear, which is compatible with the sense of shear observed at greater depth in the
lower unit (Figure 6d). Above the contact between orthogneiss and micaschist, we observed
several thin (around 10 meters thick) boudinaged marble layers within biotite, which are present
at various levels of the SCSZ. This marble has isoclinal folding (Figure 6e), which may explain
why carbonate layers are present throughout the metasedimentary sequence as sheared fold
hinges and stretched fold limbs (Figure 8). In these metasediments, we observed a thin sheet of
mylonitic leucocratic gneiss, called the “Bassibés sill,” which is mapped from Cambre d’Aze to
Pic de I'Enfer (Autran, 1986; Laumonier et al., 2015) (Figure 4). Similar sheets of mylonitic

orthogneiss have been mapped in the same structural position, in the metasedimentary
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sequence above Setcases (“Baga de Carboner sill”) and above La Preste (Location Fig. 2;
Laumonier et al., 2015). In the La Preste area (east of our study area), the southern boundary of
Canigou orthogneiss appears to be less deformed. There, the SCSZ described above should be
located in the micaschist and marble or may have been shifted or obliterated by later normal
faulting and by Alpine thrusting (i.e., the “chevauchement frontal du Canigou”, Guitard, 1970),
which has reworked the southeastern boundary of the Canigou gneiss dome (Figure 2).

Figure 8 here

3.2 The Puigmal tectonic contact

This contact is well exposed on the western side of Nuria Valley (Figure 4). At the top of the
lower unit, a zone of dark schists (phyllonites), approximately 30 m thick exhibits pervasive
schistosity. This is the Puigmal contact which can also be observed in the valley of Coma de
I'Embut (Figure 9) and above Fontalba (Figure 10). In many places, carbonates (dolomites) are
associated with this black schist and are tectonically brecciated as observed above Fontalba
(Figures 9a & 10a,b). A few meters above the contact, this schistosity becomes a discrete
crenulation cleavage, an axial plane of folds that deformed an earlier planar fabric defined by a
guartz-muscovite-plagioclase assemblage (S0-1) (Figure 7f). At the Puigmal contact, the SO-1 is
completely obliterated, with only rare relics preserved (Figures 7e, 9). A strain gradient can be
observed, especially in the upper unit. Strain increases downwards, as indicated by the
progressive development of increasingly more pervasive schistosity (Figure 9c¢) (dipping 30°to
the north), which is the N100 axial plane of folds (Figure 9a,b). At the contact, these folds are

isoclinal and S2 schistosity is pervasive (Figure 7e).

In this highly deformed zone, stretching lineations are primarily highlighted by quartz aggregates
or recrystallized limestones, that are oriented parallel to those in lower units. From a kinematic
point of view, drag folds, C' shear bands with top-to-south or southwest sense of shear, are

present.
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Figure 9 here

Figure 10 here

3.3 The Puigmal Unit (Upper unit)

In the study area, metasedimentary rocks are affected by open to tight E-W trending folds that
show well-preserved stratigraphy, except in the vicinity of the Puigmal contact. These folds are
associated with a discrete N96E axial plane cleava ge (Figure 5b), which we will hereafter call
primary S2 “schistosity”. In detail, approaching the Puigmal contact, cleavage tends to parallel
the regional schistosity (i.e., S2) observed in the lower unit (Figure 10a,b). The dip of S2
changes from ~ 80°to the north at the top of the upper unit, to 40N a few hundred meters from
the contact and it becomes subhorizontal towards the contact (Figures 8 & 11). This S2
schistosity corresponds to the primary regional fabric in the remainder of the upper unit and is
parallel to the main regional schistosity S2 described in the lower unit (compare stereograms
from Figures 2b and 5b), forming one single fabric from the top to the bottom of the exposed
crust (Figures 8 & 11). S2 bears a steeply plunging stretching lineation L2 marked by quartz
aggregates or recrystallized calcite ribbons in limestones. In domains of shallowly dipping
schistosity — i.e. near the Puigmal contact — L2 has a N-S to NNW-SSE trend (Figure 5). Near
the contact, meter-size folds have deformed carbonates and schists (Fig. 10). Associated with
these folds, reverse faults showing top-to-the-south displacement seem to merge into the flat

basal contact between the Puigmal and Nuria-Canigou units (Fig. 10).
Figure 11 here

3.4 Late deformation

3.4.1 Crenulation of regional schistosity
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In the upper and lower units, the primary schistosity (S2) was crenulated during late
deformation. Crenulation lineations trend WNW-ESE (Figure 5). Although crenulation can be
seen in all lithologies, it preferentially affects the micaschists and fine-grained leucocratic
orthogneiss (Caranca gneisses) at the top of the gneiss dome (Figure 6f). Strain was not strong
enough to form a new regional schistosity during this stage but it is present as centimeter to
millimeter-scale crenulation folds with E-W axes and vertical axial planes (Figure 7b). In some
places, L2 is reoriented parallel to this new fabric or is partially obliterated, suggesting local

strain localization within narrow zones.

On a larger scale, this late folding phase produced kilometer-scale open folds with E-W fold
axes and vertical axial planes, parallel to the main axis of the Canigou gneiss dome (Figures 2b
and 5b). These folds may have generated the folding of the contact and the amplified dome
shape (i.e. the vertical or overturned southern limb of the gneiss dome, see Figure 8). Because
these late folds are crosscut by the normal and reverse faults described below, we propose that
they are late Variscan in age and can be called F3, as proposed by Laumonier et al., (2010).
This crenulation must not be confused with the crenulation cleavage observed in the western
Axial Zone affecting the post-Variscan cover, which is indisputably Alpine in age (e.g., Muller
and Roger, 1977, Izquierdo-Llavall et al. 2013; Rodriguez-Méndez et al. 2013, Cochelin et al.

2017).

3.4.2 Post-Variscan faulting

The entire Canigou massif is affected by several steeply dipping late normal faults, which are
everywhere associated with quartz veins of thicknesses between 50 cm and 30 m. These faults,
which can have vertical offsets of hundreds of meters, affect both the orthogneiss and
micaschist within the gneiss dome (Figures 8 and 12). The late Carboniferous Costabonne

granite, which was not deformed during the three events described above, experienced only the



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

development of 10 to 20 meter scale greenschist facies mylonites, as described by Casas
(1982, 1986), as a result of this normal faulting. In several places, the Puigmal contact is
concealed by late faults that are (i) normal faults associated with quartz veins, and (ii) reverse
faults that are Alpine in age (Laumonier et al., 2015). Thus, these normal faults postdate the
emplacement of the Costabonne granite and are shifted or reworked during Alpine thrusting.
These faults were later cut by Neogene normal faults (e.g., the Tét fault) (see geologic maps of
the Mont-Louis and Prades area, Autran, 1986; Guitard et al., 1992). On the basis of these
observations, the early set of normal faults should be Permian in age (Laumonier et al., 2015)
as proposed for the western Axial Zone (e.g., Rodriguez-Méndez et al. 2016) or alternatively,
Cretaceous in age.

Figure 12 here

4. Discussion

4.1 Nature, tectonic significance of the South Canigou Shear Zone and local

implications

4.1.1. Nature of the contact

The structural continuity between the schistosity along the Puigmal contact, the schistosity
within the upper unit and the primary schistosity of the lower unit (S2) (Figures 9 & 11) lead us
to interpret these structures as contemporaneous, that is formed during the same tectonic
episode. The primary and regional schistosity in the upper unit, which is axial plane of
recumbent to open folds, is thus contemporaneous with the activity/activation of the Puigmal
contact. This contact is part of the SCSZ because forms the top of the shear zone where brittle-
ductile deformation was localized (Figures 9 and 11). The top of the Canigou gneiss dome, i.e.,
the upper transition between orthogneiss and micaschists, is thus characterized by a high strain

zone, the SCSZ. Although the protoliths of the Canigou and Ndria orthogneisses were initially
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intruded within metasedimentary rocks, the Variscan mylonitization observed at this contact
totally reworked the early historical link to the Ordovician intrusion. These new observations do
not support the model proposed by Barbey et al.,, (2001) that proposes that the magmatic
contacts of the Ordovician laccolith were remnants of the Variscan deformation. They reported
examples of a metamorphic stage prior to the development of the main regional schistosity and
interpreted them to be the result of contact metamorphism of the Ordovician intrusion. Based on
our structural observations and the lack of contact metamorphism evidence, these relics more
likely form the witnesses of a first Variscan metamorphic stage during hypothetical thickening,
as proposed by Laumonier and Autran (2001), probably as a result of southwestward or
westward thrusting (Cochelin et al., 2017). Nevertheless, except within the Balatg micaschists
(De Hoym de Marien et al., 2019), this first Variscan event is almost completely obliterated
throughout the entire Canigou massif, thus preventing better identification of early macro to
microstructures and the strain regime and precluding an interpretation of the real significance of

this previous event.

4.1.2. Tectonic significance of the South Canigou Shear Zone

According to Laumonier and Autran (2001), the Puigmal contact corresponds to a Variscan
south-verging thrust. However, this interpretation is not supported by our structural and
petrological observations. First, the regional stretching direction in the lower unit and the SCSZ
is primarily E-W (e.g., in Naria area) to NE-SW, which is hardly compatible with southward
thrusting. Second, the shear band kinematics observed within the SCSZ and the lower unit,
which are consistent with microstructures, always correspond to a downdip sense of shear,
mainly with a top-to-the-W or SW kinematics. Third, our petrological observations highlight/show
that deformation occurred under retrogressive conditions, which is not compatible with thrusting
and crustal thickening, which would record prograde metamorphism. As a result, we interpret

the SCSZ as a single regional-scale extensional shear zone. In fact, this contact shows the
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juxtaposition of a low-grade metamorphic unit (Upper unit-Puigmal unit) with well-preserved
stratigraphy on top of a metamorphic unit (Lower Unit-Ndria Unit) defined by mylonitic
andalusite or biotite micaschists and marble. A similar interpretation was made on the other
side, on the northern flank of the Canigou gneiss dome, where Cochelin et al. (2017) reported a

regional extensional shear zone synchronous with peak metamorphism.

4.1.3. Implications for stratigraphy

New geological mapping and structural data presented in this study raise questions about the
previous lithostratigraphic characterization of the Puigmal area. Interpretation of the Puigmal
tectonic contact (Laumonier and Autran, 2001) was based on an earlier lithostratigraphic model
(Laumonier et al., 2004; Laumonier et al., 2015), in which the Puigmal contact is responsible for
the truncation of lower Paleozoic sequences, inferred from the absence of the Cabrils formation
between the Canaveilles and Evol formations. In our view, the metamorphism and strong
deformation of the lower unit (i.e., the Ndria Unit) rule out any correlation with the previous
lithostratigraphy. Marble layers in the lower unit exhibit isoclinal folds, with no evidence of
preserved bedding, and yet a pervasive schistosity has developed. No real constraint exists to
assign these micaschists and marbles to the Canaveilles formation or the Nyer formation (Padel
et al.,, 2018), which are supposed to be Ediacarian in age (Laumonier et al.,2015). The
Canaveilles formation appears to be a tectonometamorphic unit rather than a lithostratigraphic
unit because the Canaveilles has been described only within metamorphic gneiss domes in the
western Axial Zone. Therefore, we suggest that the Canaveilles formation no longer be
considered of Ediacarian age over the entire Axial Zone of the Pyrenees, or at least that

extreme caution be taken in describing this formation in future studies.

4.2 Synconvergence extension recorded in the Canigou gneiss dome

4.2.1 Tectonic history of the Canigou gneiss dome
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To explain the formation of the Canigou gneiss dome, we propose the following model
(Table 1 and Figure 13). After an early NE-SW or E-W convergence phase D1 responsible for
Barrovian metamorphism (M1) and formation of recumbent folds in the upper crust (Figure 13a),
the middle crust was affected by HT-LP metamorphism (M2a). In response to N-S convergence,
this metamorphism induced E-W to NE-SW directed longitudinal crustal flow of the entire
metamorphic pile with dominant top-to-the-west to southwest shearing during the D2a stage
(Figure 14b). Within the Canigou gneiss dome, the stretching direction during longitudinal
crustal flow follows a NE-SW trend, coupled to/with a divergent pattern from the core to the
limbs of the domal structure. At the scale of the Canigou dome, the divergence of the stretching
direction can be considered to be a second-order variation because most stretching lineations
are strictly NE-SW (see Cochelin et al., 2018b, Figure 2b). We interpret this pattern to be the
result of exhumation beginning in the middle crust and the development of domal geometry,
highlighted by a downdip sense of shear associated with penetrative shear planes at peak
metamorphism (i.e., M2a). At the same time, the upper crust was subjected to regional-scale
folding with the formation of steep E-W axial plane cleavage (Figure 13b). Exhumation of the
metamorphic pile was enhanced by strain localization within a regional-scale shear zone similar
to the SCSZ, located at the limbs of the nascent gneiss dome. The stretching direction during
strain localization (D2b) remained similar to the previous stage, with E-W to NE-SW trends at
the top of the dome and in its core, to approximately N-S trends at the southern and northern
limbs of the dome (Figure 13b). The progressive exhumation of the rising hot crust is shown by
retrogressive paragenesis within the shear zones. Ultimately, strain was localized at the top of
the regional shear zone (i.e. at the biotite-chlorite transition), forming the Puigmal contact, which
shows kinematics similar to the SCSZ (Figure 13c). In the upper crust, regional folds and steep
cleavage are amplified and flattened towards the Puigmal contact. Locally steep south-verging
thrusts merged at the transition between the upper crust and the Puigmal contact, compatible

with N-S horizontal shortening as recorded in the remainder of the upper crust (Figure 2b). The
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progressive cooling of the entire crust, still under N-S horizontal shortening, induced large scale
folding of earlier structures (e.g., the Canigou dome and the Puigmal contact) due to increased
coupling within the crust. This later stage (D3), called the “doming phase” (see Denéle et al.,
2014) is responsible for the amplification of the dome shape, the folding of the SCSZ, and

crenulation of the S2 regional schistosity (Figure 13d).

Table 1 here

4.2.2 Mechanism of dome formation in the Variscan Pyrenees

Although gneiss domes in the Axial Zone resemble folds (e.g., the Canigou gneiss
dome), a detailed structural and petrological study shows that the dome shape does not result
from fold interference but rather by ductile deformation at the upper-middle crust transition. In
our model, we propose that the Canigou gneiss dome is an “a-type” gneiss dome (Jolivet et al.,
2004) formed in response to lateral horizontal flow of the middle crust at ca. 310-290Ma. The

reasons are as follows:

(1) Extension and strain localization were observed at the top of the gneiss dome.

(2) The deformation recorded in the SCSZ during D2 is retrogressive, in agreement with
PT calculations by de Hoym de Marien (2019), who suggest exhumation of the lower unit from 6

to 3 kbar during this tectonic phase.

(3) Stretching lineations are primarily parallel to the elongation of the gneiss dome, which
is typical of “a-type” dome morphology (see Jolivet et al., 2004). Furthermore, evidence of N-S
horizontal shortening (i.e., orthonormal to the direction of stretching in the lower crust) during
the formation of the Canigou dome suggests constriction, which is commonly invoked to explain

the formation of “a-type” domes.
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The ascent of the deeper rocks leading to the formation the Canigou dome was probably
favored by gravity instabilities within the partially molten middle crust as a result of HT
metamorphism between 310 and 290 Ma (Denéle et al., 2014; Lemirre et al., 2019). Indeed, HT
metamorphism coupled with the melt accumulation near the brittle-ductile transition induces a
strong rheological contrast between the two domains (Chardon et al. 2009). Affected by such
instabilities, the weak and low buoyant middle crust tends to rise, assisted by strain localization
within the rheological boundary, which acts as an extensional shear zone or a detachment fault
(Vanderhaeghe and Teyssier 2001). Divergence of stretching lineations from the core to the
limbs may reflect progressive exhumation of the buoyant and partially-molten middle crust, as in
other “a-type” gneiss domes (Jolivet et al., 2004; Augier et al., 2005; Le Pourhiet et al., 2012;
Cochelin et al., 2018b; Saspiturry et al., 2019). In the study area, this rheological contrast is
illustrated by strain localization immediately above the orthogneiss, i.e., within micaschist-
marble layers. The model of exhumation of deep crustal rocks favored by extensional shear
zones that we propose here is contradicts models proposed by Guitard (1970); Soliva et al.
(1989), Laumonier and Autran, (2001) , Denéle et al., (2009) and Aguilar et al., (2015) in the
eastern Pyrenees; these authors contend that exhumation is mainly controlled by folding and
thrusting. The presence of extensional shear zones at the roof of nascent gneiss domes is well
known in the Axial Zone, as described previously in the Hospitalet dome (Van den Eeckhout,
1986; Van den Eeckhout and Zwart, 1988), Bossost dome (Mezger and Passchier, 2003), and
more recently in the Bossost, Lys-Caillaouas, Chiroulet, and Lesponne massifs (Cochelin et al.
2017, Lemirre et al., 2019). Within these domes, strain localization occurred mainly between
Ordovician orthogneiss and their country rocks and/or within the andalusite-in isograd, as in the

Canigou gneiss dome.

In the study area, primary deformation (D2) is compatible with regional EW to NE-SW

extension. In the Pyrenees, most of the known extensional shear zones have been described in
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the North Pyrenean massifs. In fact, south-verging detachment faults compatible with crustal
thinning during early to mid-Permian times have been observed in the Saint Barthélémy, the
Agly or the Ursuya massifs (e.g., de Saint Blanquat, 1993; Olivier et al., 2004, Saspiturry et al.,
2019). The latter was recently interpreted as an E-W-elongated “a-type” metamorphic core
complex (Saspiturry et al., 2019), quite similar to the Canigou dome. Therefore, the extensional
phase recorded in the Canigou dome may reflect the final exhumation stage of the middle crust
under dominant vertical thinning and horizontal stretching, as observed in the North Pyrenean

massifs.

Alternatively, the following observations may suggest that extension recorded in mid-
crustal rocks at the Canigou occurred in Late Carboniferous time, under transpressional

conditions:

(1) Continuous fabrics from the lower unit to the upper unit, the latter characterized by
folds oriented N100° steeply dipping axial plane cleavage, and steep stretching lineations.
These steep lineations are associated with reverse-dextral kinematics throughout the entire

Axial Zone (Fig. 2b; see Cochelin et al., 2018a,b).

(2) The activation of south-verging thrusts locally within the Puigmal contact, coupled
with the folding of the SCSZ and the gneiss dome parallel to its elongation, which are both

compatible with N-S horizontal shortening.

This interpretation is also supported by [available] geochronological data. The S2 fabrics
observed in the Canigou dome were probably formed at ca. 305 Ma, the age of the youngest
magmatic rocks affected by D2 (Deneéle et al.,, 2014) and the age obtained on syn-D2
metamorphic minerals (de Hoym de Marien et al., 2019). The S2 fabric does not affect the
Costabonne granite, which intruded the Canigou dome at ca. 302 Ma (Laumonier et al., 2015)).

This interpretation is consistent with previous work characterizing gneiss domes, plutons, and
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upper crustal rocks in the Axial Zone of the Pyrenees (Denéle et al., 2014; Cochelin et al., 2017

and references therein).

Under transpressional conditions, rocks within gneiss domes experience only limited
exhumation, likely because the cold upper crust is not affected by significant vertical movement,
which does not favor the formation of a topographic load at the origin of a syntectonic, flexural
sedimentary basin (Cochelin et al. 2017). Here we have an examples of a limited exhumation
with an estimated exhumation at approximately 2-3 kbar in the Canigou dome, significantly less
exhumation than what is recorded in North Pyrenean massifs (i.e., from 6 to 2 kbar, see
Saspiturry et al.,, 2019 and reference therein). Thus, crustal flow within the middle crust as
recorded in the Canigou and other Axial Zone domes is mainly lateral (i.e. orthogonal to NS

horizontal shortening) under N-S convergence.

Figure 13 here

5. Conclusion

Our structural study of the southwestern part of the Canigou-Ndria gneiss dome leads us to
propose a new tectonic model for gneiss dome emplacement (Table 1 and Figure 13). In our
three-stage model, the primary schistosity within the Canigou dome formed during the D2
deformation phase, which is coeval with LP-HT metamorphism (M2) and plutonism at ca 310-
290 Ma. S2 schistosity reworked an earlier S1 fabric that is preserved only as sparse relics. A

third deformation phase caused late large-scale folding of the S2 foliation.

On the basis of our work, we argue that the dome shape of the Canigou massif developed
during the main tectonometamorphic (D2-M2) event, as a result of the activation of a
retrogressive extensional shear zone located at the top of the gneiss dome. This extensional

shear zone highlights the transition between the weak middle crust and the upper crust. We
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propose that the Canigou gneiss dome is an “a-type” gneiss dome that formed in response to

lateral horizontal flow of the middle crust during Late-Variscan transpression.

This model is not consistent with previous models that characterize the Canigou gneiss dome
as a recumbent fold, an Ordovician laccolith essentially undisturbed by Variscan deformation, or

the result of late Variscan folding during convergence.
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Table and figure captions

Table 1. Summary of the deformation history of the southern Canigou gneiss dome.

Sources of petrological and geochronological data are acknowledged in the text.

Figure 1. Sketch map of the Variscan crust of the Pyrenees (Axial Zone). Location of

figure 2 is shown. Ca stands for Canigou dome.

Figure 2. a) Simplified tectonic map of the Eastern Pyrenees. Shear senses measured
on S2 schistosity are represented by black arrows. Location of the maps in figures 4
and 5 are shown. b) Stereograms of schistosity poles and stretching lineations in the
middle and upper crust, extracted from the structural database from Cochelin et al.,

2017, 2018D).

Figure 3. This figure synthetizes the primary earlier models used to explain Canigou
dome emplacement (Barbey et al., 2001). A) The recumbent fold of Guitard (1970), the
Balatg micaschists (at the base of the orthogneiss) are the equivalent of micaschists
that overlie the orthogneiss, orthogneiss boundaries are interpreted as stratigraphic
contacts; B) Canigou Nappe with mylonitic zones, orthogneiss boundaries are tectonic
contacts (thrusts) with a top-to-the-southwest sense of shear (Lagarde, 1978; Soliva,
1992); C) Laccolith intrusion of Ordovician granites homogeneously deformed during
Variscan orogeny, orthogneiss boundaries are interpreted as early intrusive contacts

(Barbey et al., 2001).
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Figure 4. Geological map of the southwestern part of the Canigou massif. This map is a

simplified map drawn on the basis of BRGM 1/50 000 sheets (Mont-Louis, Prats de

Mollo). Map shows the location of the cross section in figure 5.

Figure 5. Structural data of the southwestern Canigou dome shown on (a) map and (b)

stereograms, representing main phase schistosity S2, lineation L2, D3 crenulation fold

axes, and shear sense.

Figure 6. Examples of various deformation patterns in the lower unit of the Puigmal

tectonic contact.

a)

b)

d)

e)

Deformation in the Canigou orthogneiss from an outcrop located in the
northwestern part of the dome (BLB1555, Cambre d’Ase). C' Shear bands and
pressure shadows around Kfs porphyroclasts indicate a top to the W-NW sense
of shear, with top-to-the-N295°

Deformation in the Canigou Orthogneiss (G1), E-W stretching lineation defined
by aligned biotite and stretched quartz and feldspar.

Strain gradient in the orthogneiss. Mylonites in the Caranca orthogneiss (Orri
Valley; BLB1314-BLB1315), at the contact with metasediments (micaschists and
marble of the Canaveilles formation). C' Shear bands and pressure shadows
around Kfs porphyroclasts indicate a top-to-the-SSW sense of shear (top-to-the-
N2059.

Regional schistosity (S2) in micaschist (BLB1336) with shear bands oriented top-
to-the-N210°

Isoclinal F2 folds in marble (BLB 1541) reworking an SO-1 fabric.
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f) Canaveilles micaschist/paragneiss (BLB1257, Nuria Valley). The main schistosity

(S2) is crenulated with E-W fold axes (F3).

Figure 7. Photomicrographs of samples from the lower unit (Nuria-Canigou unit:
PRA13b, 35a, 36a,39a, and 55a) and the upper unit (Puigmal unit: PRA47 and PRA48).
a) Sillimanite-bearing (fibrolite patches) micaschists from the core of the dome; b)
andalusite-staurolite-biotite micaschist with late chlorite growth; c) micaschist with
helicitic garnet porphyroclast deformed by S2 schistosity; d) chloritized garnet and late
chlorite-bearing shear bands; e) S2 schistosity defined by quartz-plagioclase-chloritized
biotite paragenesis; f) chlorite growth in pressure shadow during retrograde
metamorphism (M2b); g) low-grade mylonite at the Puigmal tectonic contact; h) folds

and development of S2 schistosity in schists at the Puigmal tectonic contact.

Figure 8. Simplified S-N cross section (for location see figure 2). This cross section
shows the Puigmal contact and the South Canigou Shear Zone at the southern

boundary of the Canigou Dome. Metamorphic isograds are outlined in red.

Figure 9. Geological panorama of the northern flank of Coma del’Embut illustrating the
contact of the Puigmal unit (Upper unit), consisting of abundant schists, with the Nuria
unit (Lower unit) made up of biotite-bearing micaschists and highly deformed marble.
Photos a,b, and c illustrate the deformation gradient towards the tectonic contact. a)
Photograph of outcrop BLB1262: SO-1 is folded (crenulation folds), b) Photograph of
outcrop BLB1384: development of S2 crenulation cleavage, and c) Photograph of
outcrop BLB1383: black schists along the Puigmal tectonic contact. S2 (axial plane of

folds) is parallel to and contemporaneous with the Puigmal tectonic contact.



967 Figure 10. Geological panorama as seen from the hiking trail close to Fontalba towards

968 the Puigmal peak.

969 a) Photograph of outcrop BLB1588: Puigmal tectonic contact between brecciated
970 carbonates and schists. Sigmoids indicate a top-to-the-southwest sense of shear.
971 b) Photograph of outcrop BLB1587: brecciated carbonates.

972 c) And d) Photographs of outcrop BLB1589: highly deformed marble.

973  Figure 11. Simplified S-N cross section of the Coma del Embut showing the Puigmal
974  tectonic contact and the deformation gradient, with development of S2 crenulation

975 cleavage in the upper unit.

976  Figure 12. (a) This geological panorama was taken from the Bastiments summit and
977  shows two late normal faults, with a quartz vein. The southern normal fault reveals the
978 roof of the Canigou dome with marble and micaschist; (b) geological panorama taken
979 from Col du Geéant, a late normal quartz-filled fault can be seen crosscutting the South

980 Canigou Shear Zone.

981  Figure 13. Simplified 2D-model summarizing three stages of the late-Variscan tectonic

982  evolution of the southern Canigou gneiss dome.

983

984

985
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Highlights

» Strain localization within extensional shear zones confined to the roof the
dome

 Local NE-SW extension induce exhumation of metamorphic rocks during
regional cooling

» The dome shape was acquired during the main tectonic phase (D2), under

transpression
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