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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 regionalscale shear zones at the boundary between the middle crust (Núria-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.

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) postmetamorphic folding [START_REF] Matte | La zone axiale hercynienne de la Montagne Noire n'est pas un "metamorphic core complex" extensif mais un anticlinal post-nappe à coeur anatectique[END_REF]; (ii) synorogenic extension (e.g., [START_REF] Lister | Metamorphic core complexes of cordilleran type in the Cyclades, Aegean Sea[END_REF][START_REF] Lister | The origin of metamorphic core complexes and detachment faults formed during Tertiary continental extension in the northern Colorado River region[END_REF]Burg et al., 1994, and references therein), wrenching (e.g., in releasing bends, [START_REF] Denèle | Strikeslip metamorphic core complexes : Gneiss domes emplaced in releasing bends[END_REF], 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., [START_REF] Brun | Deformation of the continental lithosphere: Insights from brittle-ductile models[END_REF] and ii) a weak and partially molten crust for the other models [START_REF] Tirel | Dynamics and structural development of metamorphic core complexes[END_REF].

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., [START_REF] Faure | A review of the pre-Permian geology of the French Massif Central[END_REF]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), [START_REF] Van Den Driessche | Tectonic evolution of the Montagne Noire (French Massif Central): a model of extensional gneiss dome[END_REF][START_REF] Ledru | The Velay dome (French Massif Central): melt generation and granite emplacement during orogenic evolution[END_REF][START_REF] Gapais | Extensional tectonics in the Hercynian Armorican belt (France). An overview[END_REF], locally with strike-slip component (e.g. Montagne noire, [START_REF] Franke | Hot metamorphic core complex in a cold foreland[END_REF][START_REF] Roger | Timing of formation and exhumation of the Montagne Noire double dome, French Massif Central[END_REF]. Although the late Variscan HT/LP metamorphic event reached the belt foreland J o u r n a l P r e -p r o o f at ̴ 315 Ma, the mode of gneiss dome formation there continues to be debated, as in the Pyrenees [START_REF] Denèle | Timing of granite emplacement, crustal flow and gneiss dome formation in the Variscan segment of the Pyrenees[END_REF].

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 [START_REF] Guitard | Un exemple de structure en nappe de style pennique dans la chaîne hercynienne : les gneiss stratoïdes du Canigou (Pyrénées Orientales)[END_REF][START_REF] Guitard | Phases de plissement dans les terrains métamorphiques de la zone axiale pyrénéenne du Canigou durant l'orogenése hercynienne[END_REF][START_REF] Guitard | Le métamorphisme hercynien mésozonal et les gneiss oeillés du massif du Canigou (Pyrénées-Orientales)[END_REF] which involves a post-metamorphic folding phase, or (ii) diapirism (Pouget,1987[START_REF] Pouget | Strain partitioning along the anatectic front in the Variscan Montagne Noire massif (southern French Massif Central)[END_REF][START_REF] Soula | Characteristics and modes of emplacement of gneiss domes and plutonic domes in central-eastern Pyrenees[END_REF][START_REF] Soula | A dynamic model of the structural evolution of the Hercynian Pyrenees[END_REF] essentially related to extrusion by thrusting [START_REF] Aguilar | P-T-t-d evolution of orogenic middle crust of the Roc de Frausa Massif (Eastern Pyrenees): a J o u r n a l P r e -p r o o f result of horizontal crustal flow and Carboniferous doming?[END_REF]. 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 [START_REF] Vilà | LPHT metamorphism in a late orogenic transpressional setting, Albera Massif, NE Iberia: implications for the geodynamic evolution of the Variscan Pyrenees[END_REF][START_REF] Denèle | The Hospitalet gneiss dome (Pyrenees) revisited: lateral flow during Variscan transpression in the middle cruste[END_REF][START_REF] Denèle | Decoupling between the middle and upper crust during transpression-related lateral flow: Cariscan evolution of the Aston gneiss dome (Pyrenees, France)[END_REF][START_REF] Mezger | Transpressional tectonic setting during the main Variscan deformation: evidence from four structural levels in the Bossòst and Aston-Hospitalet mantled gneiss domes, central Axial Zone, Pyrenees[END_REF]. Alternatively, several models propose exhumation with local extension as a result of strain localization in regional shear zones (Bossòst dome: [START_REF] Mezger | Polymetamorphism and ductile deformation of staurolite-cordierite schist of the Bossòst dome: indication for Variscan extension in the Axial Zone of the central Pyrenees[END_REF][START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF]Hospitalet massif: Van den Eeckhout and Zwart, 1988;Basque and North Pyrenean massifs: de Saint Blanquat, 1993;[START_REF] Saspiturry | Tectono-sedimentary evolution of a rift system controlled by Permian post-orogenic extension and metamorphic core complex formation (Bidarray Basin and Ursuya dome, Western Pyrenees)[END_REF][START_REF] Vanardois | Kinematics, deformation partitioning and late Variscan magmatism in the Agly massif, Eastern Pyrenees, France[END_REF].

Whereas some relicts of Barrovian metamorphism suggest that moderate crustal thickening occurred in the Pyrenees during the late Carboniferous convergence phase [START_REF] Azambre | Disthène et staurotide reliques dans les métapélites du Canigou (Pyrénées orientales). Relations avec les épisodes hercyniens de basse et moyenne pressions[END_REF][START_REF] Hoÿm De Marien | Two-stage Variscan metamorphism in the Canigou massif : Evidence for crustal thickening in the Pyrenees[END_REF], the existence of early Variscan nappes in the Axial Zone was mostly inferred but the nature of these contacts remains highly disputed (e.g., [START_REF] Bodin | Nappes hercyniennes précoces à materiel dévonien hétéropique dans les Pyrénées ariégeoises[END_REF][START_REF] Losantos | Considerations about hercynian thrusting in the Marimanya massif (Central Pyrenees)[END_REF][START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF]. 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 [START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF], 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).

J o u r n a l P r e -p r o o f

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 [START_REF] Guitard | Le métamorphisme hercynien mésozonal et les gneiss oeillés du massif du Canigou (Pyrénées-Orientales)[END_REF][START_REF] Lagarde | f orientales) et au complexe cristallophyllien de Champtoceaux (Massif armoricain)[END_REF]Soliva et al., 1989, Laumonier and[START_REF] Laumonier | Un chevauchement hercynien majeur dans les Pyrénes orientales : le chevauchement du Puigmal[END_REF]. 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

Geological setting

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., [START_REF] Choukroune | Tectonic evolution of the Pyrenees[END_REF][START_REF] Muñoz | Evolution of a continental colision belt:ECORS-Pyrenees crustal balanced cross-section[END_REF]. 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 [START_REF] Deloule | In-situ U-Pb zircon ages for Early Ordovician magmatism in the eastern Pyrenees, France: the Canigou orthogneisses[END_REF][START_REF] Cocherie | U-Pb zircon (ID-TIMS and SHRIMP) evidence for the early Ordovician intrusion of metagranites in the late Proterozoic Canaveilles Group of the Pyrenees and the Montagne Noire (France)[END_REF][START_REF] Casas | New insights into the Late Ordovician magmatism in the Eastern Pyrenees: U-Pb SHRIMP zircon data from the Canigo massif[END_REF][START_REF] Liesa | U-Pb zircon of Ordovician magmatism in the Albera Massif (Eastern Pyrenees)[END_REF] 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 [START_REF] Denèle | Timing of granite emplacement, crustal flow and gneiss dome formation in the Variscan segment of the Pyrenees[END_REF] 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 J o u r n a l P r e -p r o o f suprastructure [START_REF] Zwart | The geology of the Central Pyrenees[END_REF][START_REF] Carreras | Tectonic levels in the Palaeozoic basement of the Pyrenees: a review and a new interpretation[END_REF], characterized by low-grade metasediments with upright folds associated with vertical schistosity and stretching direction [START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF]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 [START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF](Cochelin et al., , 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 calcalkaline plutons in the upper crust [START_REF] Aguilar | Late Variscan metamorphic and magmatic evolution in the eastern Pyrenees revealed by U-Pb age zircon dating[END_REF][START_REF] Denèle | Timing of granite emplacement, crustal flow and gneiss dome formation in the Variscan segment of the Pyrenees[END_REF]references therein, Druguet et al., 2014;Esteban et al., 2015;[START_REF] Kilzi | Geochemistry and zircon U-Pb geochronology of the ultramafic and mafic rocks emplaced within the anatectic series of the Variscan Pyrenees: The example of the Gavarnie-Heas dome (France)[END_REF][START_REF] Lemirre | Origin and duration of late orogenic magmatism in the foreland of the Variscan belt (Lesponne-Chiroulet-Neouvielle area, French Pyrenees)[END_REF][START_REF] Poitrenaud | The polyphase evolution of a late Variscan W/Au deposit (Salau, French Pyrenees): insights from REE and U/Pb LA-ICP-MS analyses[END_REF][START_REF] Vanardois | Kinematics, deformation partitioning and late Variscan magmatism in the Agly massif, Eastern Pyrenees, France[END_REF]. Locally, magmatism may have started earlier, at 330-340 Ma, as in the Central Pyrenees (Mezger & Gerdès, 2016, Schnaperelle et al., 2020) but the significance of this earlier magmatism remains elusive (see the discussion in [START_REF] Denèle | Timing of granite emplacement, crustal flow and gneiss dome formation in the Variscan segment of the Pyrenees[END_REF][START_REF] Lopez-Sanchez | The significance of early Permian and early Carboniferous U-Pb zircon ages in the Bossòst and Lys-Caillaouas granitoids (Pyrenean Axial Zone)[END_REF]. Structural studies performed within the calk-alkaline plutons show that they were synkinematic, and emplaced during a dextral transpressional phase, called D2 (e.g., [START_REF] J O U R N A L P R E -P R O O F Bouchez | Two-stage deformation of the Mont-Louis-Andorra granite pluton (Variscan Pyrenees) inferred from magnetic susceptibility anisotropy[END_REF][START_REF] Gleizes | The main phase of the Hercynian orogeny in the Pyrenees is a dextral transpression[END_REF]. On the basis of these new geochronological constraints and recent structural and petrological studies performed at the Hospitalet, Aston, Bossòst and Albères 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 [START_REF] Mezger | Polymetamorphism and ductile deformation of staurolite-cordierite schist of the Bossòst dome: indication for Variscan extension in the Axial Zone of the central Pyrenees[END_REF][START_REF] Vilà | LPHT metamorphism in a late orogenic transpressional setting, Albera Massif, NE Iberia: implications for the geodynamic evolution of the Variscan Pyrenees[END_REF][START_REF] Denèle | The Hospitalet gneiss dome (Pyrenees) revisited: lateral flow during Variscan transpression in the middle cruste[END_REF][START_REF] Denèle | Progressive deformation of a zone of magma transfer in a transpressional regime: The Variscan Mérens shear zone (Pyrenees, J o u r n a l P r e -p r o o f France)[END_REF][START_REF] Denèle | Decoupling between the middle and upper crust during transpression-related lateral flow: Cariscan evolution of the Aston gneiss dome (Pyrenees, France)[END_REF][START_REF] Mezger | Transpressional tectonic setting during the main Variscan deformation: evidence from four structural levels in the Bossòst and Aston-Hospitalet mantled gneiss domes, central Axial Zone, Pyrenees[END_REF][START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF], 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., [START_REF] Druguet | Development of high thermal gradients by coeval transpression and magmatism during the Variscan orogeny: insights from the Cap de Creus (Eastern Pyrenees)[END_REF][START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF][START_REF] Poitrenaud | The polyphase evolution of a late Variscan W/Au deposit (Salau, French Pyrenees): insights from REE and U/Pb LA-ICP-MS analyses[END_REF].

J o u r n a l P r e -p r o o f

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 [START_REF] Delvolvé | Caractérisation d'un bassin d'avant-pays dans le Carbonifère des Pyrénées: faciès, chronologie de la tectonique synsédimentaire[END_REF][START_REF] Laumonier | Réconcilier les données stratigraphiques, radiométriques, plutoniques, volcaniques et structurales au Pennsylvanien supérieur (Stéphanien -Autunien p.p.) dans l'Est des Pyrénées hercyniennes (France, Espagne)[END_REF]. 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 [START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF]. In some places, relicts of MT/MP metamorphism are present, suggesting moderate thickening of the crust during the D1 early convergence phase (e.g., [START_REF] Azambre | Disthène et staurotide reliques dans les métapélites du Canigou (Pyrénées orientales). Relations avec les épisodes hercyniens de basse et moyenne pressions[END_REF][START_REF] Mezger | Polymetamorphism and ductile deformation of staurolite-cordierite schist of the Bossòst dome: indication for Variscan extension in the Axial Zone of the central Pyrenees[END_REF][START_REF] Hoÿm De Marien | Two-stage Variscan metamorphism in the Canigou massif : Evidence for crustal thickening in the Pyrenees[END_REF]. 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., [START_REF] Perreira | Chronological link between deep-seated processes in magma chambers and eruptions: Permo-Carboniferous magmatism in the core of Pangaea (Southern Pyrenees)[END_REF][START_REF] Gretter | The late Palaeozoic-early Mesozoic from the Catalan Pyrenees (Spain): 60Myr of environmental evolution in the frame of the western peri-Tethyan palaeogeography[END_REF]. Magmatism continued during Permian extension, highlighted by pluton emplacement (Denèle et al., 2011), intrusion of leucogranite dykes in the Axial Zone [START_REF] Lemirre | Origine et développement de la thermicité dans les Pyrénées varisques[END_REF][START_REF] Schnapperelle | Polyphase magmatic pulses along the Northern Gondwana margin: U-Pb zircon geochronology from gneiss domes of the Pyrenees[END_REF], 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 [START_REF] J O U R N A L P R E -P R O O F De Saint | Petrological arguments for high-temperature extensional deformation in the Pyrenean Variscan crust (Saint Barthélémy Massif, Ariège, France)[END_REF][START_REF] De Saint Blanquat | The ductile normal fault of the Saint Barthélémy Massif Variscan evolution of the north-pyrenean catazonal massifs considered from the viewpoint of their thermal history[END_REF][START_REF] Saspiturry | Tectono-sedimentary evolution of a rift system controlled by Permian post-orogenic extension and metamorphic core complex formation (Bidarray Basin and Ursuya dome, Western Pyrenees)[END_REF].

The Canigou gneiss dome

The Canigou gneiss dome is located in the Axial Zone of the Pyrenees (Figure 1) between the Neogene Têt fault to the northwest and the Alpine Canigou thrust to the south (Figure 2). Canigou gneisses (named G1; G2; G3 by [START_REF] Guitard | La structure du massif du Canigou[END_REF][START_REF] Guitard | Le métamorphisme hercynien mésozonal et les gneiss oeillés du massif du Canigou (Pyrénées-Orientales)[END_REF] underlie the Canigou massif and exhibit various petrological and geochemical characteristics. The Freser and Núria gneisses are located in the small gneissic complex that crops out in the Núria valley (Figure 2). 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 [START_REF] Deloule | In-situ U-Pb zircon ages for Early Ordovician magmatism in the eastern Pyrenees, France: the Canigou orthogneisses[END_REF][START_REF] Cocherie | U-Pb zircon (ID-TIMS and SHRIMP) evidence for the early Ordovician intrusion of metagranites in the late Proterozoic Canaveilles Group of the Pyrenees and the Montagne Noire (France)[END_REF][START_REF] Casas | New insights into the Late Ordovician magmatism in the Eastern Pyrenees: U-Pb SHRIMP zircon data from the Canigo massif[END_REF][START_REF] Liesa | U-Pb zircon of Ordovician magmatism in the Albera Massif (Eastern Pyrenees)[END_REF] and ca. 457Ma in leucogranitic gneisses [START_REF] Navidad | Ordovician magmatism in the Eastern Pyrenees: Implications for the geodynamic evolution of northern Gondwana[END_REF] and the Núria and Freser gneissic complex [START_REF] Martinez | U-Pb SHRIMP zircon ages and Nd signature of Variscan basement, eastern Pyrenees (France) and Catalan Coastal Ranges (Spain): rift-related granitoids above cryptic Cadomian basement[END_REF]. [START_REF] Barbey | The Canigou orthogneisses (Eastern Pyrenees, France, Spain): an early Ordovician rapakivi granite laccolith and its contact aureole[END_REF] interpreted these granitic bodies as laccoliths. The laccoliths are embedded in Proterozoic to lower Cambrian metapelites [START_REF] Cocherie | U-Pb zircon (ID-TIMS and SHRIMP) evidence for the early Ordovician intrusion of metagranites in the late Proterozoic Canaveilles Group of the Pyrenees and the Montagne Noire (France)[END_REF][START_REF] Castiñeiras | U-Pb zircon ages (SHRIMP) for Cadomian and Early Ordovician magmatism in the Eastern Pyrenees: New insights into the pre-Variscan evolution of the northern Gondwana margin[END_REF] attributed to the Canaveilles formation [START_REF] Guitard | Le métamorphisme hercynien mésozonal et les gneiss oeillés du massif du Canigou (Pyrénées-Orientales)[END_REF][START_REF] Laumonier | Conséquences de l'absence de socle cadomien sur l'âge et la signification des séries pré-varisques (anté-Ordovicien supérieur) du sud de la France (Pyrénées, Montagne Noire)[END_REF], which are called Balatg micashists beneath the primary laccolith in the Canigou dome (Figure 2). A recent study on the Balatg micaschists by de Hoÿm de [START_REF] Hoÿm De Marien | Two-stage Variscan metamorphism in the Canigou massif : Evidence for crustal thickening in the Pyrenees[END_REF] 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 580°C 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" [START_REF] Guitard | Le métamorphisme hercynien mésozonal et les gneiss oeillés du massif du Canigou (Pyrénées-Orientales)[END_REF] 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 [START_REF] J O U R N A L P R E -P R O O F Laumonier | Carte géologique France (1/50 000[END_REF] and ca. 303-305 Ma for Mont Louis [START_REF] Romer | U-Pb age and lead isotopic characterization of Aubearing skarn related to the Andorra granite (central Pyrenees, Spain)[END_REF][START_REF] Maurel | U-Pb emplacement and 40Ar/39Ar cooling ages of the eastern Mont-Louis granite massif (Eastern Pyrenees, France)[END_REF][START_REF] Perreira | Chronological link between deep-seated processes in magma chambers and eruptions: Permo-Carboniferous magmatism in the core of Pangaea (Southern Pyrenees)[END_REF][START_REF] Denèle | Timing of granite emplacement, crustal flow and gneiss dome formation in the Variscan segment of the Pyrenees[END_REF]. A similar age of ca.

305 Ma was obtained for peraluminous granites located at the northern part of the gneiss dome (Carança area, [START_REF] Denèle | Timing of granite emplacement, crustal flow and gneiss dome formation in the Variscan segment of the Pyrenees[END_REF]. 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 [START_REF] Guitard | Un exemple de structure en nappe de style pennique dans la chaîne hercynienne : les gneiss stratoïdes du Canigou (Pyrénées Orientales)[END_REF]Cochelin et al., 2018b, Figure 2a & b). Within the Canigou dome country rock (i.e., the suprastructure), metasediments are affected by a pervasive N98°E axial plane cleavage dipping moderately to the north and displaying NNW-SSE stretching J o u r n a l P r e -p r o o f lineations (Figure 2b, see [START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF]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., [START_REF] Denèle | Progressive deformation of a zone of magma transfer in a transpressional regime: The Variscan Mérens shear zone (Pyrenees, J o u r n a l P r e -p r o o f France)[END_REF]Cochelin et al., 2018a;[START_REF] Poitrenaud | The polyphase evolution of a late Variscan W/Au deposit (Salau, French Pyrenees): insights from REE and U/Pb LA-ICP-MS analyses[END_REF].

Figure 3 here Several models have been proposed to explain the emplacement of the Canigou gneissic complex (Figure 3). [START_REF] Barbey | The Canigou orthogneisses (Eastern Pyrenees, France, Spain): an early Ordovician rapakivi granite laccolith and its contact aureole[END_REF] 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 [START_REF] Gibson | Hercynian low-pressure-high-temperature regional metamorphism and subhorizontal schistosity development in the Canigou massif, Pyrenees, France-Evidence for crustal extension[END_REF][START_REF] Gibson | Thermobarometric constraints on the conditions of metamorphism in the Canigou massif, Pyrenees: implications for Hercynian geothermal J o u r n a l P r e -p r o o f gradients[END_REF], 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 [START_REF] Autran | Mise en évidence de nappes hercyniennes de style pennique dans la série métamorphique du massif du Roc-de-France[END_REF][START_REF] Guitard | Le métamorphisme hercynien mésozonal et les gneiss oeillés du massif du Canigou (Pyrénées-Orientales)[END_REF] (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) [START_REF] Geyssant | La terminaison de la nappe des gneiss du Canigou au nord-est du massif du Roc de France (Pyrénées orientales) et ses replissements tardifs[END_REF][START_REF] Lagarde | Analyse du sens de déversement d'une nappe gneissique. Application à la nappe hercynienne du Canigou (Pyrénees Orientales)[END_REF][START_REF] Soliva | Les Déformations Ductiles Dans La Zone Axiale Des Pyrénées Orientales: la convergence varisque, la mise en place des granites tardi-hercyniennes, la convergence pyrénéenne[END_REF]. [START_REF] Laumonier | Un chevauchement hercynien majeur dans les Pyrénes orientales : le chevauchement du Puigmal[END_REF] 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. 

J o u r n a l P r e -p r o o f

Structural data

Based on a new cartographic study and the recognition of the Puigmal contact first described by [START_REF] Laumonier | Un chevauchement hercynien majeur dans les Pyrénes orientales : le chevauchement du Puigmal[END_REF], we define two main units in terms of their structural and metamorphic characteristics (Figure 4): (i) A lower unit, called the Núria -Canigou Unit and (ii) an upper unit, called the Puigmal Unit.

From bottom to top, we note:

(i) The Núria-Canigou unit, which consists of the Núria orthogneiss [START_REF] Santanach | Estudio tectónico del Paleozoico inferior del Pirineo entre la Cerdaña y el río Ter[END_REF][START_REF] Robert | Étude géologique et métallogenétique du val de Ribas sur le versant espagnol del Pyrénées Catalanes[END_REF][START_REF] Sebastián | Petrología y geoquímica de los gneises de Queralbs-Núria (Provincia de Gerona)[END_REF] overlain by biotite-bearing micaschists and marble attributed to the Canaveilles formation [START_REF] J O U R N A L P R E -P R O O F Laumonier | Carte géologique France (1/50 000[END_REF], (ii) The Puigmal tectonic contact, described as a major Variscan thrust by [START_REF] Laumonier | Un chevauchement hercynien majeur dans les Pyrénes orientales : le chevauchement du Puigmal[END_REF]. 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 Núria dome and at/to the south of the Canigou dome, is always present at the top of the SCSZ.

(iii) 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 wellpreserved stratigraphy [START_REF] J O U R N A L P R E -P R O O F Padel | Cadomian volcanosedimentary complexes across the Ediacaran-Cambrian transition of the Eastern Pyrenees, southwestern Europe[END_REF][START_REF] Lemirre | Origine et développement de la thermicité dans les Pyrénées varisques[END_REF]. 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: 225°/17°) (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 Núria 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. 

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 "Bassibès sill," which is mapped from Cambre d'Aze to Pic de l'Enfer [START_REF] Autran | Carte géologique de France (1/50 000[END_REF][START_REF] J O U R N A L P R E -P R O O F Laumonier | Carte géologique France (1/50 000[END_REF] (Figure 4). Similar sheets of mylonitic orthogneiss have been mapped in the same structural position, in the metasedimentary J o u r n a l P r e -p r o o f sequence above Setcases ("Baga de Carboner sill") and above La Preste (Location Fig. 2; [START_REF] J O U R N A L P R E -P R O O F Laumonier | Carte géologique France (1/50 000[END_REF]. 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", [START_REF] Guitard | Le métamorphisme hercynien mésozonal et les gneiss oeillés du massif du Canigou (Pyrénées-Orientales)[END_REF], which has reworked the southeastern boundary of the Canigou gneiss dome (Figure 2). 

The Puigmal tectonic contact

This contact is well exposed on the western side of Núria 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 l'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 quartz-muscovite-plagioclase assemblage (S0-1) (Figure 7f). At the Puigmal contact, the S0-1 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. show well-preserved stratigraphy, except in the vicinity of the Puigmal contact. These folds are associated with a discrete N96°E 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 40°N 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 and5b), 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 Núria-Canigou units (Fig. 10). 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 (Carança 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.

J o u r n a l P r e -p r o o f

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 and5b). 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 [START_REF] Laumonier | Polymétamorphisme et évolution crustale dans les Pyrénées orientales pendant l'orogenèse varisque au Carbonifère supérieur[END_REF]. 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., [START_REF] Müller | L'Évolution structurale des Pyrénées (domaine central et occidental). Le segment hercynien, la chaîne de fond alpine[END_REF]Roger, 1977, Izquierdo-Llavall et al. 2013;[START_REF] Rodríguez-Méndez | Geological map of the central Pyrenees between the Tena and Aragon valleys (Huesca)[END_REF][START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF].

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 and12). The late Carboniferous Costabonne granite, which was not deformed during the three events described above, experienced only the J o u r n a l P r e -p r o o f development of 10 to 20 meter scale greenschist facies mylonites, as described by [START_REF] Casas | Pseudo-two-girdles c-axis fabric patterns in a quartz-feldspar mylonite (Costabona granodiorite, Canigó massif)[END_REF][START_REF] Casas | Shear bands and related extensional structures in a mylonitized quartz Dyke[END_REF], 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 [START_REF] J O U R N A L P R E -P R O O F Laumonier | Carte géologique France (1/50 000[END_REF]. 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 Têt fault) (see geologic maps of the Mont-Louis and Prades area, [START_REF] Autran | Carte géologique de France (1/50 000[END_REF]Guitard et al., 1992). On the basis of these observations, the early set of normal faults should be Permian in age [START_REF] J O U R N A L P R E -P R O O F Laumonier | Carte géologique France (1/50 000[END_REF] as proposed for the western Axial Zone (e.g., [START_REF] Rodríguez-Méndez | Post-Variscan basin evolution in the central Pyrenees: Insights from the Stephanian-Permian Anayet Basin[END_REF] or alternatively, Cretaceous in age. 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 brittleductile deformation was localized (Figures 9 and11). 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 Núria orthogneisses were initially J o u r n a l P r e -p r o o f 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 [START_REF] Barbey | The Canigou orthogneisses (Eastern Pyrenees, France, Spain): an early Ordovician rapakivi granite laccolith and its contact aureole[END_REF] 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 [START_REF] Laumonier | Un chevauchement hercynien majeur dans les Pyrénes orientales : le chevauchement du Puigmal[END_REF], probably as a result of southwestward or westward thrusting [START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF]. Nevertheless, except within the Balatg micaschists (De Hoÿm de [START_REF] Hoÿm De Marien | Two-stage Variscan metamorphism in the Canigou massif : Evidence for crustal thickening in the Pyrenees[END_REF], 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.

Tectonic significance of the South Canigou Shear Zone

According to [START_REF] Laumonier | Un chevauchement hercynien majeur dans les Pyrénes orientales : le chevauchement du Puigmal[END_REF], 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 Núria 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 2017) reported a regional extensional shear zone synchronous with peak metamorphism.

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 [START_REF] Laumonier | Un chevauchement hercynien majeur dans les Pyrénes orientales : le chevauchement du Puigmal[END_REF] was based on an earlier lithostratigraphic model [START_REF] Laumonier | Conséquences de l'absence de socle cadomien sur l'âge et la signification des séries pré-varisques (anté-Ordovicien supérieur) du sud de la France (Pyrénées, Montagne Noire)[END_REF][START_REF] J O U R N A L P R E -P R O O F Laumonier | Carte géologique France (1/50 000[END_REF], 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 Núria 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 [START_REF] Padel | Review of the Ediacaran-Lower Ordovician (pre-Sardic) stratigraphic framework of the Eastern Pyrenees, southwestern Europe[END_REF], which are supposed to be Ediacarian in age [START_REF] J O U R N A L P R E -P R O O F Laumonier | Carte géologique France (1/50 000[END_REF]. 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.

Synconvergence extension recorded in the Canigou gneiss dome

Tectonic history of the Canigou gneiss dome

J o u r n a l P r e -p r o o f

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 . 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 J o u r n a l P r e -p r o o f 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 [START_REF] Denèle | Timing of granite emplacement, crustal flow and gneiss dome formation in the Variscan segment of the Pyrenees[END_REF] 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 

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 [START_REF] Jolivet | Strain localization during crustal-scale boudinage to form extensional metamorphic domes in the Aegean Sea[END_REF] 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 Hoÿm 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 [START_REF] Jolivet | Strain localization during crustal-scale boudinage to form extensional metamorphic domes in the Aegean Sea[END_REF]. 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.

J o u r n a l P r e -p r o o f

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 [START_REF] Denèle | Timing of granite emplacement, crustal flow and gneiss dome formation in the Variscan segment of the Pyrenees[END_REF][START_REF] Lemirre | Origin and duration of late orogenic magmatism in the foreland of the Variscan belt (Lesponne-Chiroulet-Neouvielle area, French Pyrenees)[END_REF]. Indeed, HT metamorphism coupled with the melt accumulation near the brittle-ductile transition induces a strong rheological contrast between the two domains [START_REF] Chardon | Flow of ultra-hot orogens: A view from the Precambrian, clues for the Phanerozoic[END_REF]. 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 [START_REF] Vanderhaeghe | Partial melting and flow of orogens[END_REF]. 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 [START_REF] Jolivet | Strain localization during crustal-scale boudinage to form extensional metamorphic domes in the Aegean Sea[END_REF][START_REF] Augier | Late Orogenic doming in the eastern Betic Cordilleras : Final exhumation of the Nevado-Filabride complex and its relation to basin genesis[END_REF][START_REF] Pourhiet | Kinematic interpretation of the 3D shapes of metamorphic core complexes[END_REF]Cochelin et al., 2018b;[START_REF] Saspiturry | Tectono-sedimentary evolution of a rift system controlled by Permian post-orogenic extension and metamorphic core complex formation (Bidarray Basin and Ursuya dome, Western Pyrenees)[END_REF]. In the study area, this rheological contrast is illustrated by strain localization immediately above the orthogneiss, i.e., within micaschistmarble layers. The model of exhumation of deep crustal rocks favored by extensional shear zones that we propose here is contradicts models proposed by [START_REF] Guitard | Le métamorphisme hercynien mésozonal et les gneiss oeillés du massif du Canigou (Pyrénées-Orientales)[END_REF]; [START_REF] Soliva | Shear deformation and emplacement of the gneissic Canigou thrust nappe, Eastern Pyrenees[END_REF], [START_REF] Laumonier | Un chevauchement hercynien majeur dans les Pyrénes orientales : le chevauchement du Puigmal[END_REF] , [START_REF] Denèle | Decoupling between the middle and upper crust during transpression-related lateral flow: Cariscan evolution of the Aston gneiss dome (Pyrenees, France)[END_REF] and [START_REF] Aguilar | P-T-t-d evolution of orogenic middle crust of the Roc de Frausa Massif (Eastern Pyrenees): a J o u r n a l P r e -p r o o f result of horizontal crustal flow and Carboniferous doming?[END_REF] 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;[START_REF] Van Den Eeckhout | Hercynian crustal-scale extensional shear zone in the Pyrenees[END_REF], Bossòst dome [START_REF] Mezger | Polymetamorphism and ductile deformation of staurolite-cordierite schist of the Bossòst dome: indication for Variscan extension in the Axial Zone of the central Pyrenees[END_REF], and more recently in the Bossòst, Lys-Caillaouas, Chiroulet, and Lesponne massifs [START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF], 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 J o u r n a l P r e -p r o o f 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., [START_REF] De Saint Blanquat | The ductile normal fault of the Saint Barthélémy Massif Variscan evolution of the north-pyrenean catazonal massifs considered from the viewpoint of their thermal history[END_REF][START_REF] Olivier | Gneiss domes and granite emplacement in an obliquely convergent regime : New interpretation of the Variscan Agly Massif (Eastern Pyrenees, France)[END_REF][START_REF] Saspiturry | Tectono-sedimentary evolution of a rift system controlled by Permian post-orogenic extension and metamorphic core complex formation (Bidarray Basin and Ursuya dome, Western Pyrenees)[END_REF]. The latter was recently interpreted as an E-W-elongated "a-type" metamorphic core complex [START_REF] Saspiturry | Tectono-sedimentary evolution of a rift system controlled by Permian post-orogenic extension and metamorphic core complex formation (Bidarray Basin and Ursuya dome, Western Pyrenees)[END_REF], 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 midcrustal 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 c leavage, 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 [START_REF] Denèle | Timing of granite emplacement, crustal flow and gneiss dome formation in the Variscan segment of the Pyrenees[END_REF] and the age obtained on syn-D2 metamorphic minerals (de Hoÿm de [START_REF] Hoÿm De Marien | Two-stage Variscan metamorphism in the Canigou massif : Evidence for crustal thickening in the Pyrenees[END_REF]. The S2 fabric does not affect the Costabonne granite, which intruded the Canigou dome at ca. 302 Ma [START_REF] J O U R N A L P R E -P R O O F Laumonier | Carte géologique France (1/50 000[END_REF]).

This interpretation is consistent with previous work characterizing gneiss domes, plutons, and J o u r n a l P r e -p r o o f upper crustal rocks in the Axial Zone of the Pyrenees [START_REF] Denèle | Timing of granite emplacement, crustal flow and gneiss dome formation in the Variscan segment of the Pyrenees[END_REF][START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF] 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 [START_REF] Cochelin | Vertical strain partitioning in hot Variscan crust: Synconvergence escape of the Pyrenees in the Iberian-Armorican syntax[END_REF]). 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

Conclusion

Our structural study of the southwestern part of the Canigou-Núria gneiss dome leads us to propose a new tectonic model for gneiss dome emplacement (Table 1 andFigure 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 J o u r n a l P r e -p r o o f 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.

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. [START_REF] Barbey | The Canigou orthogneisses (Eastern Pyrenees, France, Spain): an early Ordovician rapakivi granite laccolith and its contact aureole[END_REF]. A) The recumbent fold of [START_REF] Guitard | Le métamorphisme hercynien mésozonal et les gneiss oeillés du massif du Canigou (Pyrénées-Orientales)[END_REF], 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 [START_REF] Lagarde | f orientales) et au complexe cristallophyllien de Champtoceaux (Massif armoricain)[END_REF][START_REF] Soliva | Les Déformations Ductiles Dans La Zone Axiale Des Pyrénées Orientales: la convergence varisque, la mise en place des granites tardi-hercyniennes, la convergence pyrénéenne[END_REF]; C) Laccolith intrusion of Ordovician granites homogeneously deformed during Variscan orogeny, orthogneiss boundaries are interpreted as early intrusive contacts [START_REF] Barbey | The Canigou orthogneisses (Eastern Pyrenees, France, Spain): an early Ordovician rapakivi granite laccolith and its contact aureole[END_REF].
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  J o u r n a l P r e -p r o o f juxtaposition of a low-grade metamorphic unit (Upper unit-Puigmal unit) with well-preserved stratigraphy on top of a metamorphic unit (Lower Unit-Núria 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, whereCochelin et al. (
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