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Evidence of decoupled deformation during Jurassic rifting and Cenozoic inversion phases in the salt-rich Corbières-Languedoc Transfer Zone (Pyreneo-Provençal orogen, France)
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Abstract

A detailed field study of Jurassic tectono-stratigraphic architecture of the southwestern part of the Corbières-Languedoc Transfer Zone (CLTZ, NE-SW oriented), between the Pyrenean and Provençal orogenic segments (N110 oriented) in SE France, document for the first time variations in thickness and stratigraphic geometries in relation to oblique extensional cover structures (NE-SW and N110 oriented). These structures (low-dip normal faults, salt rollers, rollovers, forced folds) formed during a Jurassic extension phase with strong decoupling between basement and cover on the Keuper pre-rift salt (Carnian-Norian evaporites). Some of these structures such as the Treilles Fault, the Valdria and the Terres Noires fold pairs, were previously interpreted as compressional and Pyrenean in origin (Late Santonian-Bartonian). Our study instead shows that these are Jurassic extensional and salt related structures, which were later affected by Pyrenean compression and Oligo-Miocene extension. Evidence of Jurassic extension is still observable in the field despite later rectivations, making these good field analogs for gently inverted extensional salt structures. During the Jurassic the interference between oblique structures above Keuper, leads to the formation of three dimensional growth strata observable at kilometric scale. Despite the mechanical decoupling effect of Keuper, we infer that their formation was linked to a strong interaction between oblique basement structures (NE-SW and N110) as the area lies during the Jurassic at the intersection between the eastern part of the Pyrenean E-W trending rift system and the NE-SW trending European margin of the Alpine Tethys rift. The decoupled deformation and the strong segmentation above and below Keuper detachement are here identified as Jurassic structural inheritence for later tectonic events, notably for the Nappe des Corbières Orientales emplaced at the end of Pyrenean orogenesis. Associated to previous works, this study highlights that the CLTZ is a key area to better understand Pyreneo-Provençal system evolution along its whole Wilson cycle and to better understand the processes that govern the formation of a salt-rich transfer zone in a strongly pre-structured crust, its multiple reactivations and the decoupling role of salt.

Résumé

Notre étude de terrain détaillée de l’architecture tectono-stratigraphique des séries jurassiques de la partie sud-ouest de la Zone de Transfert Corbières-Languedoc (CLTZ, orientée NE-SW), entre les segments orogéniques pyrénéen et provençal (orientés E-W), documente pour la première fois l’existence de variations d’épaisseur et de géométries stratigraphiques en relation avec des structures extensives de couverture obliques (orientées NE-SW et N110). Ces structures et les géométries associées (failles normales à faible pendage, salt roller, anticlinaux en rollover, plis forcés) se sont formées en relation avec une phase d’extension d’âge Jurassique et un fort découplage entre le socle et la couverture par les dépôts salifères anté-extension du Keuper (Carnien-Norien). Certaines de ces structures comme la Faille de Treilles, les plis de Valdria et de Terres Noires, étaient interprétées comme compressives en relation avec l’orogénèse pyrénéenne (fin du Santonien-Bartonien). Notre étude montre qu’il s’agit en fait de structures extensives jurassiques réactivées lors de la compression pyrénéenne puis lors de l’extension oligo-miocène. Les évidences d’extension jurassique restent observable sur le terrain malgré les réactivations ultérieures et font de ces structures des analogues de terrain pour les structures salifères extensives légèrement inversées. Au Jurassique, l’interférence entre ces structures extensives obliques au dessus du Keuper, à conduit à la formation de géométrie stratigraphique 3D observables à l’échelle du kilomètre. Malgré l’effet de découplage mécanique du sel, nous proposons que leur formation aient été étroitement liées au jeu de structures extensives de socle orientées N110 et NE-SW, puisque la région se trouvait au Jurassique à l’intersection entre la partie orientale du rift pyrénéen orienté N110 et la marge européenne du rift de la Tethys alpine orientée NE-SW. La déformation découplée et la forte segmentation au dessus et en dessous du Keuper sont ici identifiés comme un héritage structural d’âge Jurassique pour les évènements tectoniques postérieurs, notamment pour la Nappe des Corbières Orientales mise en place à la fin de l’orogénèse Pyrénéenne. Associée aux travaux antérieurs, cette étude montre que la CLTZ est une zone clé pour mieux comprendre l’évolution du système pyrénéo-provençale tout au long de son cycle de Wilson et pour mieux comprendre les processus qui régissent la formation d’une zone de transfert riche en sel dans une croûte fortement pré-structurée, sa multiple réactivation et le rôle du découplage du sel pré-rift lors des différentes phases de déformation.
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1 Introduction
In extensional systems, transfer zones correspond to major relay zones, which accommodate the extension between large (typically 100-km scale) rifted domains and can involve secondary relay structures of various scales (e.g. transfer faults, relay ramps, fractures) (e.g. Fossen and Rotevatn, 2016). In rifted margins (McKenzie, 1978; Peron-Pinvidic et al., 2013; Reston, 2009; ref. therein), the formation and evolution of rift transfer zones and their control by inherited basement anisotropy, have been widely studied (Bellahsen et al., 2013; Bosworth, 1985; Faulds and Varga, 1998; Gawthorpe and Hurst, 1993; McClay et al., 2002, Morley et al., 1990; Schlische and Withjack, 2009). However, the study of inversion of rift transfer zones during convergence, including their basement structures and syn-rift basins, is limited to a few models (Konstantinovskaya et al., 2007) and field examples (e.g. Quintana et al., 2006), while inverted margins are relatively well studied (Conand et al., 2020; de Graciansky et al., 1989; Mohn et al., 2010; ref. therein). In the specific case of inverted salt rich rifts (e.g. Espurt et al., 2019b), the formation and the reactivation of transfer zones remain poorly understood, due to a lack of investigations. A first order difficulty in understanding these zones is the decoupling of deformation between sub-salt basement and supra-salt cover that controls sedimentary basin structure. Basin development is strongly dependent on many parameters like the initial spatial and thickness distribution of salt, the pre-rift basement architecture, the amount of deformation, sedimentation rate and many others (Jackson and Hudec, 2017). The degree of decoupling on salt often makes it difficult to distinguish: (1) syn-rift halokinetic structures from superimposed shortening in the supra-salt cover and (2) basement structure evolution below salt during extension and inversion. Furthermore, gravitational sliding on salt at any stage of an inverted margin’s history can further complicate reconstruction of rift history (e.g. Jackson and Hudec, 2017). During extension, accommodation space is generated by extensional basement faults and halokinetic activity that forms complex tectono-stratigraphic structures. Salt structures tend to develop in association with basement normal faults while elsewhere the salt layer can thin to form primary salt welds (Warsitzka et al., 2013; Withjack and Calloway, 2000). During inversion the most intense shortening above basement locates in salt structures near or above basement faults, forming secondary welds and thrust welds (e.g. Ford and Vergés, 2021; references therein).
In this study, we investigate the Pyrenean-Provençal realm, well known to have recorded a full Wilson cycle with Mesozoic rifting followed by late Mesozoic to Cenozoic collision, with halokinetic activity during each phase on Keuper (Carnian-Norian) evaporites detached above Variscan basement (Espurt et al., 2019a, 2019b; ref. therein). Indeed, numerous studies focusing on the Pyrenean orogenic domain, in particular on the retro-wedge and the retro-foreland basin (Fig. 1), highlight the major role of inheritance of the Mesozoic rifting phases and of salt tectonics in the inversion style and in the orogenesis (e.g. Ford and Vergés, 2021; Labaume and Teixell 2020; ref. therein). Furthermore, the Pyrenean-Provençal orogen is affected by a major (110 km wide) salt rich transfer zone, the so-called Corbieres-Languedoc Transfer Zone (CLTZ), NE-SW oriented, that connects the Pyrenean (400 km) and Provençal (300 km) E-W orogenic segments (Fig. 1b; Arthaud and Mattauer, 1972; Arthaud and Séguret, 1981; Barnolas and Courbouleix, 2001; Lacombe and Jolivet, 2005; Tavani et al., 2018) (Figs. 1 and 2). As in the main Pyrenean-Provencal domains, we can expect that in this major transfer zone, Mesozoic inherited rift and salt structures played a major role during Pyrenean inversion. The CLTZ therefore represents an area where we can study the processes that govern the formation of a salt-rich transfer zone in a strongly prestructured crust, its positive inversion and the role of salt during these different deformation phases.
While the orogenic and post-orogenic phases of the CLTZ have been well described (e.g. Bache, 2009; Barnolas and Courbouleix, 2001), the preceding rifting phases are poorly understood. The Triassic to Cretaceous lithostratigraphy is well established for the area (Fig. 3), especially in the Corbières Virgation (SW part of the CLTZ, Figs. 1b and Figs. 2a, b) where, in contrast to the Languedoc Virgation (NE part of the CLTZ, Fig. 1b), the Mesozoic rifting series crops out (Alabouvette et al., 1985; Berger et al., 1982, 1993, 1997; Ellenberger et al., 1987; Lespinasse et al., 1982), and where first order variations in thickness and facies have been identified (Debrand-Passard et al., 1984; Fauré 1980; Fauré and Alméras 2004, 2006). Similarly, while the presence of Triassic salt is well established and its potential importance in regional tectonic history has been discussed (Gorini et al., 1991; Mattauer and Proust, 1962; Rouvier et al., 2012; Viallard, 1987), no detailed examination of possible Mesozoic salt related rift structures has been carried out.
By focusing on the tectono-stratigraphic architecture and the kinematic calendar of the Jurassic basins of the Corbières Virgation (SW part of the CLTZ) (Figs. 1b and Figs. 2a, b), this study aims to clarify the nature of the CLTZ within the early Mesozoic rift system (Jurassic) in order to better understand the reactivation of this complex area during Pyrenean convergence. To do this, we present a synthesis of the Jurassic stratigraphy across the area (based on our data and published data) and a detailed field study of key sectors of the Nappe des Corbières Orientales (Fig. 2), to investigate the role of tectonics and salt in controlling variations in Jurassic stratigraphy.
	[image: thumbnail]	Fig. 1 (a) Simplified map of the Pyrenean-Provençal orogen and Gulf of Lion margin showing the location of the map in b. Abbreviations are C: Corsica; S: Sardinia; GL: Gulf of Lion; AB: Aquitaine Basin; NPZ: North Pyrenean Zone; SPZ: South Pyrenean Zone; EB: Ebro Basin; IR: Iberian Range. (b) Structural map of the Eastern Pyrenees − Provence linkage zone (Corbières-Languedoc Transfer Zone), showing the main orogenic domains and features as well as Oligo-Miocene extensional features. Locations of Figure 2 are boxed in white. At the bottom right is a simplified sketch of the map in b showing main regional domaines in white. Abbreviations are CLTZ: Corbières-Languedoc Transfer Zone; NPFT: North Pyrenean Frontal Thrust; NPF: North Pyrenean Fault; SPF: South Pyrenean Fault; SPTF: South Pyrenean Frontal Thrust; NCO: Nappe des Corbières Orientales; PNCO: Proximal Nappe des Corbières Orientales; DNCO: Distal Nappe des Corbières Orientales; SCA: Saint-Chinian Arc; NCB: Nappe de Cazoul-les-Béziers; MF: Mazamet Fault; MT: Montpellier Thrust; TF: Têt Fault; NF: Nîmes Fault; CF: Cevennes Fault; AF: Aix-en-Provence Fault; DF: Durance Fault; CTF: Catalan Transfer Fault; RTF: Rascasse Transfer Fault; STF: Sète Transfer Fault; ATF: Arles Transfer Fault; M: Mouthoumet massif; A: Agly Massif; SV: Sainte Victoire; SB: Sainte Baume.



	[image: thumbnail]	Fig. 2 (a) Geological map of the Corbières Virgation, SW part of the Corbières-Languedoc Transfer Zone, showing the location of the study area (Fig. 5) and of the g”g’ cross-section. Jurassic stratigraphic columns of Figure 4 are located by number on the map. (b) Structural map of the Corbières Virgation showing the main orogenic domains and tectonic units defined in this paper. (c) E-W cross section of the Corbières Virgation (map trace located on Fig. 2a) showing the current relationship between the differents orogenic domains in the supra-salt cover (PNCO, DNCO, sPZ, Carcassonne high) (modified after Gorini et al., 1991). The section also illustrates the complex regional tectonic history and the decoupling effect of Keuper evaporites between supra-salt cover and sub-salt basement during deformations phases.



	[image: thumbnail]	Fig. 3 Left: table summarizing the general lithostratigraphy of the Corbières Virgation from Paleozoic to Miocene with a synthesis of the main tectonic events. Right: table summarizing the detailed lithostratigraphy subdivisions of the Black Dolomites Group found in the Corbières Virgation, derived from BRGM geological maps (1/50,000) and many others studies. Red dashed lines represent unconformities (H1 to H9). Abreviations are H: Hiatus/Unconformity; L: lower; U: upper.



2 Tectonic setting
2.1 Pyrenean-Provençal realm
The Pyrenean-Provençal orogen constitutes the western end of the Himalayan-Alpine orogenic belt and extends for more than 700 km from Cantabria in the west (Spain) to the Alps in the east (France) (Fig. 1a). The strongly asymmetric doubly vergent orogenic prism formed at the Iberian-European Plate Boundary (IEPB) (Tugend et al., 2015) by the tectonic inversion of a complex Mesozoic rift system (Tavani et al., 2018), in response to the Africa-Iberia-Europe convergence (Macchiavelli et al., 2017; ref. therein). Deep seismic lines (ECORS) show the Iberian plate subducted towards the north below the European plate (Choukroune et al., 1990; Espurt et al., 2019a, 2019b; Mouthereau et al., 2014). Total shortening during this orogenic phase is relatively modest and ranges between 100 km and 165 km in the western and central part of the Pyrenees s.s. (Beaumont et al., 2000; Mouthereau et al., 2014; Roure et al., 1989; Teixell et al., 2016). In the eastern part of the chain, the shortening gradually decreases eastward, from 111–125 km (Grool et al., 2018; Vergés et al., 1995), to 45 km near the CLTZ (Ternois et al., 2019). The mountain belt is made up of five distinct tectonostratigraphic units (Fig. 1): the Axial Zone (AZ) comprising a stack of south verging Iberian upper crustal imbricates, the South and the North Pyrenean Zone (SPZ and NPZ), a south and a north verging fold-and-thrust belts, the Ebro basin (EB; pro-foreland basin) and the Aquitaine basin (AB; retro-foreland basin). The AZ, SPZ and EB belong to the Iberian plate (lower plate), the NPZ and the AB belong to the European plate (upper plate).
During the breakup of Pangea (here named the Mesozoic extension phase), the Pyrenean area constituted the northern-most branch of a highly segmented extensional system that developed across and around the Iberian microplate, to link the Atlantic to the Alpine Tethys extensional domain (Angrand et al., 2020; Rat et al., 2019; Tugend et al., 2015).
A first phase of rifting is recorded during late Permian and Early Triassic (linked to Neotethys, Angrand et al., 2020). This period ended with the deposition of evaporites (Keuper, Carnian-Norian) that spread all over Western Europe and Iberia (Soto et al., 2017).
During the Lias to Dogger the opening of the Central Atlantic Ocean propagated northward, west of Iberia (Nirrengarten et al., 2018), connecting by the Gibraltar transfer zone (south of Iberia) to the NE-SW oriented Alpine Tethys rift system that developed from the Betics to SE France (Angrand et al., 2020; Célini et al., 2020, Espurt et al., 2019a; Handy et al., 2010; Schettino and Turco, 2011). During this period, gentle subsidence is recorded in Iberian and Pyrenean basins (Angrand et al., 2020; Canérot et al., 2005; Espurt et al., 2019b; Rat et al., 2019). The Alpine Tethys rifting stopped between the Bajocian-Bathonian and the Oxfordian (Angrand et al., 2020) with the onset of oceanic spreading. Post-rift thermal subsidence of Alpine rifted margins continued until the onset of convergence (Late Santonian, Handy et al., 2010; Lemoine et al., 1986).
A major sinistral strike-slip displacement between the Iberian and Eurasian plates occurred between Malm and end Albian. The spatial distribution and timing of this deformation within and around the Iberian plate remains strongly debated (Angrand et al., 2020; Olivet, 1996; Sibuet et al., 2004). From Malm to early Aptian the basins of the Iberian Ranges underwent strong subsidence in contrast to the Pyrenean basins. To the east, an E-W subsiding area formed in Provence (Southeast basins of France, Tavani et al., 2018). During Malm-Berriasian, the Aquitaine area was overprinted by a poorly understood phase of uplift and erosion named the Neocimmerian transpressional event (Canérot et al., 2005). A similar phase of uplift affected Provence (Durance Isthmus, Tavani et al., 2018). From late Aptian to Early Cenomanian, intense extension was located between the Iberian and Eurasian plates with a decreasing intensity from west (Bay of Biscay, Pyrenees) to east (Provence) (Fig. 1a). Lithospheric mantle was exhumed along the distal rifted margins of the Pyrenean domain (Lagabrielle et al., 2010) leading to localised HT-LP metamorphism in overlying basins (Internal Metamorphic Zone, e.g. Clerc et al., 2015; Golberg and Maluski, 1988; Fig. 1b).
Mesozoic extension was followed by a post-rift subsidence phase. In the Pyreneo-Provençal area, this phase started in Late Cenomanian and continued for some 10 Myrs before the onset of Pyrenean orogenesis (Angrand et al., 2018). In latest Santonian Africa began to converge with Europe (e.g. Handy et al., 2010) initiating convergence in both the western Alps (Apulia-Europe) and in the Pyrenees (Iberia-Europe). Pyrenean orogenesis is recorded from latest Santonian to Miocene (Mouthereau et al., 2014). An early orogenic phase from the latest Santonian to the late Maastrichtian was followed by a phase of orogenic quiescence in the Paleocene before the onset of main collision in early Eocene, which lasted until Miocene (Angrand et al., 2018; Ford et al., 2016; Rougier et al., 2016).
From the early Oligocene to Miocene, the eastern part of the Pyreneo-Provençal orogen was largely destroyed by the opening of the Gulf of Lion and Liguro-Provençal back-arc basin (Fig. 1) (Bache et al., 2010; Gattacceca et al., 2007; Guennoc et al., 2000; Jolivet et al., 2015, 2020). This phase of extension occurred in response to slab rollback in the Apennine subduction zone and leads to the anti-clockwise rotation of the Corso-Sardinian block (Jolivet et al., 2015). Thus, only the lateral equivalent of the proximal North Pyrenean Zone (in the CLTZ) and retro-foreland depocentres (CLTZ to Provence) are preserved along the French Mediterranean coast (Bache et al., 2010) (Fig. 1). The prolongation to the east in the CLTZ of an equivalent of the distal NPZ as well as the pro-wedge units (ZA, ZSP, Ebro basin; Fig. 1) is not demonstrated (Arthaud and Mattauer, 1972; Arthaud and Séguret, 1981; Bache, 2009; Barnolas and Courbouleix, 2001; Rouvier et al., 2012; Séranne, 1999). Based on a synthesis of interpretations of offshore sismic profiles and offshore wells (Bache, 2009), the estimated extension limit of Mesozoic strata below the Cenozoic succession of the margin is shown in Figure 1b (green line).
2.2 Corbières-Languedoc Transfer Zone
The Corbières-Languedoc Transfer Zone trends NE-SW (Fig. 1b) and curves at its ends through two virgations (Fig. 1b): the Corbières Virgation that connects with the Pyrenean segment to the SW and the Languedoc Virgation that connects to the Provençal segment to the NE. The CLTZ includes (Fig. 1): (1) the NE-SW oriented Cévenole fault system, major basement to cover features; (2) the Mesozoic cover of the Nappe des Corbières Orientales (NCO), a major cover feature corresponding to inverted Mesozoic rift basins detached above Keuper evaporites and emplaced onto the foreland; (3) the foreland of the NCO, which is the most eastern part of the Aquitaine retro-foreland basin.
2.2.1 General stratigraphy
Lithostratigraphic formations of the Corbières Virgation (Fig. 2a, b) are defined on the basis of the Bureau de Recherches Géologiques et Minières (BRGM) 1:50,000 maps and memoirs (Berger et al., 1982, 1993, 1997; Ellenberger et al., 1987; Lespinasse et al., 1982). Formations are organized in groups (Fig. 3) (Ford et al., 2016; Rougier et al., 2016), which are here associated with the main tectonic phases defined above.
Paleozoic Variscan basement of the Mouthoumet massif, the Feuilla, La Marende, and Treilles inliers and the basement outcropping in the Alaric Mountain, consists of low grade metamorphosed carbonate and clastic units (Ordovician to Carboniferous) and associated magmatic bodies (Berger et al., 1997; Fig. 2a). Paleozoic LT-LP to HT-LP metamorphic rocks are found in the Agly massif (distal NPZ), at the bottom of the Platrières de Fitou well (672 m, MT-LP, Destombes, 1949) and as allochtonous blocks in the Keuper below the NCO (HT-LP to HT-HP) (Fig. 2a). The Upper Permian-Buntsandstein or Red Sandstone Group consists of a fluvial clastic succession that was deposited unconformably on Paleozoic basement. The limestones and dolomites of the Muschelkalk Group (middle Trias) were deposited during the first post-variscan marine transgression.
The Keuper (Carnian-Norian p.p., Keuper Group), also named the salt in this study, consists of dolomites and cargneules (dedolomitized limestones) and variegated marls with intercalations of gypsum sometimes massive and rich in bipyramidal quartz. Below the NCO, east of the Embres-et-Calstelmaure meridian (Fig. 2a), the Keuper evaporites were intruded by spilites (also named ophites, altered basalt) during the magmatic phase of the Central Atlantic Magmatic Province (CAMP; Azambre, 1967; Béziat et al., 1991; Montigny et al., 1982). As is the case in many peri-Mediterranean alpine chains, the original thickness and distribution of the Keuper in the Corbières cannot be constrained. This is linked to the mobility of plastic Keuper marls and evaporites during extensional and compressional phases and linked to evacuation of evaporites during sub-aerian erosion due to their high solubility (e.g. Jackson and Hudec, 2017). In the studied area, observed Keuper thicknesses are very variable, in particular below the NCO, with a maximum of 645 m at the level of the Platrières de Fitou well (Destombes, 1949; Figs. 2a and 5) while elsewhere the thickness can be reduced to 0 m in certain localities (e.g. front of Garrigas unit, Feuilla half-window, Treilles and La Marende windows, Figs. 2a and 5). The Keuper at the base of the NCO includes allochthonous blocks (up to tens of meters wide) of substratum (Palaeozoic basement, Muschelkalk) and Jurassic strata, interpreted as witnesses of the important tangential shear at the base of the NCO (Lespinasse, 1965; Raymond, 1965; Vila, 1964).
The Rhaetian to end Jurassic (Black Dolomite Group, describe in detail below in Section 2.2.2) and the Neocomian − Early Aptian (Mirande Group), are characterized by essentially carbonate platform deposits (limestones, marls, dolomites). The Pyrenean rift climax is recorded from Aptian to Early Cenomanian across most of the range (Angrand et al., 2020). However, based on avable dates in the Corbières Virgation, the corresponding sedimentary record ranges from Aptian to Albian in age (Pierrelys and Black Flysch Groups) and is characterised by sandy-rich marine carbonates, with an enrichment in detrital during the deposition of the Black Flysch Group.
The Cenomanian-Santonian Grey Flysch Group consists of marine carbonates, marls and clastics. This unit records the post-rift thermal subsidence phase. It is absent in the NCO due to erosion as upper Albian. This period is also marked by the intrusion of undersaturated alkaline magmas (nepheline syenites, monchiquites and shonkinites, Figs. 2b and 5) in the NCO (Azambre, 1967, 1970; Golberg et al., 1986; Montigny et al., 1986).
Although Pyrenean orogenesis is recorded from latest Santonian to Miocene (Mouthereau et al., 2014) in the central and western Pyrenees, the syn-orogenic sedimentary record of the Corbières Virgation ranges from Campanian to Bartonian in age. It can be found only in the foreland where it is characterized by fluvial, lacustrine and marine deposits (Plantaurel Group, Aude Valley Group, Coustouge Group, Carcassonne Group; Grool et al., 2018).
During the opening of the Gulf of Lion (Oligocene-Miocene), fluvial, lacustrine and marine deposits of the Paziol Group (Chattian-Burdigalian) infilled a series of graben and half-graben and unconformably overlie partly eroded Mesozoic units of the NCO and its foreland.
Post-Albian breccias of unknown deposition age (CBr) occur sporadically across the NCO (Fig. 5). These sedimentary breccias, whose youngest elements are dated to the Albian, may be linked to the Mesozoic post-rift phase, to syn-orogenic phases or to rifting of the Gulf of Lion.
2.2.2 Detailed lithostratigraphy of the Black Dolomite Group
The detailed lithostratigraphy of the Black Dolomite Group (Rhaetian−Tithonian) is based on regional and local studies (Fauré, 1980; Fauré and Alméras, 2004, 2006; Sarfati, 1964), PhD theses (Donnadieu, 1973; Vila, 1964), BRGM maps at 1: 50,000 (Berger et al., 1982, 1993, 1997; Ellenberger et al., 1987; Lespinasse et al., 1982) and a BRGM regional synthesis (Debrand-Passard et al., 1984). The Black Dolomite Group is characterized by relatively homogenous littoral to external platform limestones, dolomites and marl facies. For the purposes of this study the group is separated into six informal units (Fig. 3). These informal units have been defined by the BRGM with a corresponding map code (Fig. 3). In this study we use map codes of the Leucate map (Berger et al., 1982).
The Rhaetian to Carixian (lower Pleinsbachian) units together form the Liassic Carbonates. The Rhaetian unit (t10) is made up of marls overlain by a well bedded series of limestones and dolomites. The Hettangian unit (l1–2) consists of a thinly bedded limestone-dolomite succession. The Sinemurian-Carixian unit (l3–5) is made up of three formations of marls and limestones (Sinémurien inférieur Fm., Calcaires à quartz et silex Fm., Marno-calcaires roux Fm., Fig. 3).
The Domerian (upper Pleinsbachian) − lower Aalenian unit (Liassic marls and limestones, l6–j0) is subdivided into five formations (Marnes à Amalthées Fm., Calcaires roux Fm., Marnes à Hildocératidés Fm., Bizanet Fm., Mont-Grand Fm., Fig. 3). The lower Toarcian is absent (unconformity H6, Fig. 3).
The upper Aalenian-Callovian unit (Dogger limestones and black dolomites, j1 and j2 or j2D1, j2C, j2D2) comprise 4 limestones formations (Bouquignan Fm., Feuilla Fm., Villedaigne Fm., Roche Grise Fm., Fig. 3) the last being often affected by early dolomitisation (Sarfati, 1964) leading to a poorly defined upper limit (Callovian or Oxfordian). The Bajocian is absent in the Corbières (unconformity H7, Fig. 3).
The Kimmeridgian-Tithonian unit (Malm Limestones, j3–9) is characterized by 3 limestones formations (Complexe calcaro-dolomitique médian Fm., Calcaires à calprolites Fm., Calcaire à calpionelles Fm., Fig. 3) with intraformational carbonate breccias (Brèche limite Fm., Fig. 3).
2.2.3 Structure of the Corbieres-Languedoc Transfer Zone
2.2.3.1 NE-SW Cévennes basement cutting faults
A major basement feature of the CLTZ is the presence of a network of NE-SW oriented (Cévenole direction) faults such as the Cévennes and Nimes faults (Fig. 1). These are the principal transfer faults of the transfer zone, thought to be inherited from a late Variscan orogenic phase (Angrand et al., 2020; Arthaud and Laurent, 1995; Arthaud and Mattauer, 1972). They are supposed to have been variably reactivated during three phases (1) Mesozoic rifting (Angrand et al., 2020; Arthaud and Laurent, 1995; Berger et al., 1997; Debrand-Passard et al., 1984; Tavani et al., 2018); (2) Pyrenean orogenesis (Late Santonian − Early Miocene) (Arthaud and Durand, 1982; Barnolas and Courbouleix, 2001; Lacombe and Jolivet, 2005) and (3) Oligo-Miocene extension, where most of the transfer zone formed the north-western margin of the Liguro-Provençal back-arc basin (Gulf of Lion passive margin, Fig. 1) (Bache et al., 2010; Gattacceca et al., 2007; Gorini et al., 1991, 1993; Guennoc et al., 2000; Huyghe et al., 2020; Jolivet et al., 2015, 2020; Mascle et al., 1996; Mauffret et al., 2001; Séranne, 1999; Viallard and Gorini, 1994). During the different tectonic phases, the reactivation of these inherited faults appear to have strongly influenced the orientation of structures in the overlying sedimentary cover, producing structures of various nature and ages (e.g. Pyrenean thrusts, Gulf of Lion normal faults, Fig. 2a, c). Some supra-salt strutctures are documented to have been inverted, for example, Gorini et al. (1991) interpret the NE-SW oriented Narbonne Fault (Fig. 2a) as a supra-salt Oligo-Miocene normal fault that partially negatively reactivated a Pyrenean thrust (Fig. 2c). However, the direct linkage between sub-salt and supra-salt structures cannot often be directly demonstrated.
2.2.3.2 Eastern Aquitaine retro-foreland
The Aquitaine and Provençal retro-foreland basins (Fig. 1b) developed in response to the growth of the topographic load of the Pyrenean-Provençal orogen (Angrand et al., 2018). The south eastern termination of the Aquitaine basin developed in the north-western part of the Corbières Virgation (Figs. 1b and 2). Two subzones are here defined, based on the current distribution of Keuper evaporites above basement (see the estimated current extension limit of Keuper in the foreland, Fig. 2) (Barnolas and Courbouleix, 2001):
	
The sub-Pyrenean Zone (sPZ) (Berger et al., 1997) which has a Keuper detachment level and Mesozoic rifting strata unconformably overlain by post-rift or syn-orogenic strata. It is divided into two zones, (a) the sub-Pyrenean Lower Cretaceous Depocentres (sPLCD; Cucugnan, Tauch mountain, Plan de Couloubret, Fontfroide massif, Fig. 2) where supra-Keuper cover is deformed in parallel to the main orogenic faults (NPFT and FNCO, Fig. 2), (b) the rest of the sPZ (Écailles sous-Pyrénennes, Pinède de Durban, Boutenac area and Saint Chinian Arc, Figs. 1b and 2a, c) comprizes a supra-Keuper cover constituted of Jurassic to Eocene deposits that is folded in parallel to the extension limit of the Keuper (Fig. 2).



	
The Carcassonne High (Figs. 1b and 2), which was not affected by Mesozoic extension (Angrand et al., 2018; Ford et al., 2016), is characterized by a stratigraphic hiatus ranging from the Carboniferous to the base of the Maastrichtian (Christophoul et al., 2003; Ellenberger et al., 1987). This hiatus is due either to (1) non deposition of sediments during Mesozoic rifting associated or not to basement erosion as it is documented for post-rift phase (regional unconformity topped by bauxite) or to (2) erosion of thin Mesozoic basins and basement strata during post-rift phase. Contrary to the sPZ, the absence of Keuper here favored a thick-skinned deformation during the orogenic phases associated with syn-sedimentary growth folds (Fig. 2) (Christophoul et al., 2003).





The basement of the foreland basin crops out to the south in the Mouthoumet massif and to the north in the Montagne Noire (Fig. 1b). In the eastern Mouthoumet massif (Fig. 2a), the basement forms a N100 trending anticline (Mouthoumet anticline) that is documented to develop during Pyrenean orogenesis (Campanian to Bartonian, with a probably later activity) above an E-W basement thrust located at its northern edge (Christophoul et al., 2003; Robion et al., 2012). The eastern part of the massif is covered by the NCO, detached above the Keuper (Figs. 2a and 5) (Lespinasse, 1965; Raymond, 1965; Vila, 1964).
2.2.3.3 The Nappe des Corbières Orientales
The Nappe des Corbières Orientales (NCO, Figs. 1b and 2) is the major orogenic cover feature of the CLTZ. The NCO was defined at the beginning of the 20th century (Barrabé, 1922, 1923, 1948; Bertrand 1906). Subsequent work, mainly produced between the years 1960 to 2000, confirmed its existence and specified its relations with the foreland (Berger et al., 1982; Berger et al., 1997; Berger et al., 1993; Durand-Delga and Charrière, 2012; Ellenberger et al., 1987; Lespinasse et al., 1982; ref. therein). The NCO corresponds to a part of the original CLTZ Mesozoic basins that were inverted to form a wide nappe (60 km long). This nappe is currently interpreted as the prolongation of the Eastern North Pyrenean Zone oriented N110 into the NE-SW trending transfer zone (Barnolas and Courbouleix, 2001; Barrabé, 1948; Viallard 1987). NE of Bizanet (Figs. 1 and 2a), the prolongation of the nappe in the Languedoc below Oligo-Quaternary deposits remains unknown, the front of the NCO being supposed to connect to the front of the Nappe de Cazoul-les-Béziers to the NNE (NCB, thusted above the Saint-Chinian Arc, Fig. 1b) (Barnolas and Courbouleix, 2001; Barrabé, 1938; Ellenberger, 1967). Eastward, the lateral NCO prolongation offshore in the Gulf of Lion remains uncertain due to later Oligo-Miocene extension (Figs. 1b and 2a, c) (Gorini et al., 1991; Mascle et al., 1996; Mauffret et al., 2001; Viallard and Gorini, 1994).
The NCO overthrusts the sPZ of the foreland (Charrière, 1979, 1980; Durand-Delga, 1964, Durand-Delga and Charrière, 2012; Jaffrezo, 1970; Viallard, 1963, 1987; Vila, 1965) with an estimated displacement of 10–20 km toward the NW or NNW (Fig. 2; Barnolas and Courbouleix, 2001; Cluzel, 1977; Durand-Delga, 1983; Ellenberger, 1967). Its emplacement is estimated to have taken place after the Bartonian (Priabonian-Rupelian?) as the youngest overthrust foreland sediments are Bartonian in age (Carcassonne Gp., Fig. 3) (Ellenberger et al., 1987) and as the Chattian to Burdigalian deposits related to Oligo-Miocene extension, unconformably overlie the NCO. To the SW, the nappe is detached above the eastern part of the Mouthoumet basement and its Permo-Triassic cover (Figs. 2a and 5) (Lespinasse, 1965; Raymond, 1965; Vila, 1964).
Above the Keuper, two ensembles are identified in the nappe (Berger et al., 1997; Cornet, 1980; Rouvier et al., 2012) (Fig. 3):
	
The Proximal NCO (PNCO, Figs. 1b, Figs. 2 and 5) which overthrusts the syn-orogenic deposits of the sPZ, with a minimum observed displacement of 8 km to the NW-NNW (Berger et al., 1997; Viallard, 1987). This domain is mainly made up of isolated units due to erosion. We distinguish 4 units (1 km to 8 km wide) almost exclusively made up of Jurassic strata: the half-klippes of Bizanet (Zone E, Figs. 2a, b), Taura, Fontjoncouse and the klippe of Poursan (Zone C, Figs. 2a, b) (Charrière 1979, 1980; Dujon et al., 1964; Jaffrezo, 1970; Lespinasse et al., 1982; Viallard, 1987). The emplacement of this allochtonous domain onto the foreland extracted and transported footwall slices of Aptian to Cenomanian strata (200 m to 2 km wide) from the southern border of the sub-Pyrenean Zone (sPLCD). The relation between both can be observed in the area of the Taura unit (Charrière, 1979; Viallard, 1963, 1987; Zone C, Figs. 2a, b). Elsewhere these nappe slices formed isolated klippes on the sub-Pyrenean Zone (Zone D, Figs. 2a, b). We distinguish the klippes of Bizanet, Quillanet, Bois de Loumet, NW of Fontfroide, l’Erle (Zone D, Figs. 2a, b) and Roc de Carla (Zone B, Figs. 2a, b) (Barrabé, 1948; Casteras and Viallard, 1961; Dagnac, 1965; Dujon et al., 1964). To the SW the original prolongation of this domain above the Mouthoumet massif and its linkage with the eastern NPZ in the Tuchan area, remains unknown due to erosion. It has been suggested that the unit of Garrigas at the SE edge of Mouthoumet (Zone A, Figs. 2a, b and 5) could correspond to a part of the PNCO prolongation (Berger et al., 1997; Raymond, 1965).



	
The Distal NCO (DNCO, Figs. 1b and 2) is separated from the PNCO by the SE dipping Narbonne Fault (NF) in the NE part of the Corbières Virgation (Fig. 2a, c; Gorini et al., 1991). In the SW part of the Corbières Virgation, the DNCO is detached above the basement of the Mouthoumet massif. From Vingrau area, it passes to the SW in continuity to the basins constituting the eastern NPZ (Ducoux et al., 2021; Ford and Vergés, 2021), describing a structural virgation of approximately 55°, passing towards the west from a strike of N045 to N100 (Fig. 2a, b). In this area, the prolongation of the Internal Metamorphic Zone observed in the Bas-Agly syncline (eastern NPZ, Figs. 1b and 2a), to the E-NE below Oligo-Quaternary deposits of the CLTZ, remains unknown.





In a zone extending ESE from the Mouthoumet massif to the Mediterranean coast, the base and the footwall of the DNCO are uplifted in the core of a N110 trending open anticline (Barrabé, 1958) that is cut by the low angle Treilles Fault dipping SSW (Donnadieu, 1973; Rouvier et al., 2012) (Figs. 2a, b and 5). In the core of this anticline, the Feuilla tectonic half-window and the Treilles, La Marende windows (Figs. 2a and 5) expose Keuper and basement inliers with lithologies corresponding to those of the Mouthoumet massif (low grade metamorphosed basement). The significance of these basement inliers has been widely debated. Models include (1) autochthonous eastern prolongations of the Mouthoumet basement given the size (kilometric to pluri-kilometric) and the lithologies of basement inliers (Berger et al., 1982; Donnadieu, 1973; Jaffrezo 1977), and (2) allochthonous blocks within the Keuper (Barrabé, 1922; Donnadieu, 1973) given the presence in the Keuper evaporites of other smaller low grade metamorphosed basement blocks (in Embres-et-Castalmaure, Écailles de la Berre, Fontfroide and the Platrières de Fitou well; Figs. 2a and 5) as well as MT-LP to HT-HP metamorphosed basement blocks, (in Fraïssé-des-Corbières, Feuilla, Treilles and the Platrières de Fitou well; Fig. 2a) (Azambre and Rossy, 1981; Barrabé, 1922, 1923; Donnadieu, 1973; Leyreloup and Burg, 1976; Vielzeuf and Pin, 1991).
The DNCO is affected by weak NE-SW trending folds, which seem to attenuate from the eastern NPZ toward the NE, in particular across the Treilles Fault (Figs. 2a and 5). It is also affected by two major NW verging thrusts, the Vingrau Thrust and Rocquefort-des-Corbières Thrust, each dying out towards the Treilles Fault (Donnadieu, 1973) (Fig. 2a). The DNCO is cut by a network of faults, with varied orientations and kinematics (Figs. 2a and 5). NE-SW trending faults are predominantly normal faults down-throwing to the SE but also include subvertical dip-slip faults, thrusts with NW vergence and steeply dipping thrusts with SE vergence.
In addition to the Keuper basal detachment, the nappe includes secondary detachment levels that accommodated partitioning of deformation within the stratigraphic pile. These are the marly levels of the Domerian-lower Aalenian (Liassic Marls detachment) and those within the Aptian strata (Fig. 3) (Donnadieu, 1973). We stress the regional importance of the Liassic Marls detachment level which is often deformed, incomplete or absent (Donnadieu, 1973; Lespinasse, 1965; Raymond, 1965; Vila, 1964) (Fig. 5). These marly levels were used by Cretaceous magmatism to migrate horizontally within the stratigraphic pile forming sills (Fig. 5).
3 Jurassic thickness and lithological variations
Based on a new correlation of key lithostratigraphic columns across the sub-Pyrenean Zone, the Proximal and the Distal parts of the NCO (Fig. 4), we here describe thickness and lithological variations in the Jurassic succession, as well as the distribution of stratigraphic units within the Corbières Virgation. All columns have been built by compiling data from literature (Berger et al., 1982, 1993, 1997; Debrand-Passard et al., 1984; Donnadieu, 1973; Ellenberger et al., 1987; Fauré, 1980; Fauré and Alméras 2004, 2006; Lespinasse et al., 1982; Sarfati, 1964; Vila, 1964). The columns 8 to 12 have been revised by constructing the aa’ cross-section (Figs. 5 and 6a) presented in next section (Sect. 4.1). Most of the other columns have been verified by constructing sections that are not presented in this paper. The column 13 corresponds to the la Clape 1 well (1975 m; Dufaur, 1964). Figure 4 also includes representative logs for the eastern NPZ, for comparison with the transfer zone.
This correlation shows thickness variations of the Jurassic succession both from SE to NW and from SW to NE (Fig. 4). We stress that the most important thicknesses are found in the NE part of the Corbières Virgation and that a notable thickening is globally observed from the eastern Pyrenees toward the NE in the transfer zone.
At the base of the NCO, Liassic Carbonates are frequently tectonically delaminated between the Keuper detachment and the Liassic Marls detachment (Figs. 4 and 5) making documentation of thickness variations difficult across and between orogenic domains (sPZ, PNCO, DNCO). In areas where the Rhaetian unit (t10) is undisturbed, its thickness generally varies between 20 m and 40 m, however local rapid variations (20 m to 70 m) are observed in the Fontjoncouse and Taura units (PNCO) (Fig. 2a). The Hettangian unit (l1–2) is often incomplete or absent in the Treilles Fault hanging wall (south compartment) in opposition to most of its footwall (north compartment) (DNCO). This unit presents a constant thickness in the PNCO (about 100 m, column 4, 5, 6, Figs. 2a and 4), however, it shows clear thickening from SW to NE in the sPZ, with a minimum of 80 m in Durban area (column 2, Figs. 2a and 4) and a maximum thickness in the N-S oriented Boutenac anticline to the NE (column 3, Figs. 2a and 4), where its thickness varies between the western flank (200 m) and the eastern flank (350 m). The Sinemurian-Carixian unit (l3–5) presents a relatively constant thickness (60 m to 100 m) in the Corbières Virgation. Below la Clape 1 well (DNCO, column 13, Figs. 2a and 4) Gorini et al. (1991) speculatively propose a thick undifferentiated Rhaetian to Carixian series (850 m) on their cross-sectional model, which we include in column 13.
Most of the Carixian to Tithonian series are absent in the sPZ (regional unconformity, see Sect. 2.2.3). Only the base of the Sinemurian-Carixian is present in the Boutenac area while the Sinemurian to Domerian-lower Aalenian is present in the Durban area (Figs. 4 and 5).
The marl-rich Domerian-lower Aalenian unit (l6-j0) constitutes a significant detachment level (Liassic Marls detachment, Donnadieu, 1973; Lespinasse, 1965; Raymond, 1965; Vila, 1964). It can be partially detached (only in its upper part, Toarcian-lower Aalenian marls) or totaly detached (Figs. 4 and 5). As a consequence, marked variations in thickness are observed, especially in the Treilles Fault hanging wall (e.g. 0 m in the Aguilar area, column 8, to 200 m in Laval area, column 10, Figs. 4 and 5).
The upper Aalenian-Callovian unit (Dogger limestones and black dolomites, j1; j2, or j2D1, j2C, j2D2) comprises 4 limestones formations (Fig. 3). The first three formations (upper Aalenian to lower Bathonian, j1) are thin (up to some 10 s of meters). The Feuilla Formation (second limestones formation, Figs. 3 and 4) is present in the DNCO but absent in the sPZ and in the PNCO. The last formation (Roche Grise Fm., upper Bathonian to Callovian or Oxfordian?) is largely affected by early dolomitisation (Sarfati, 1964) in the Treilles Fault hanging wall and footwall (DNCO). The spatial distribution and degree of early dolomitisation is the first order lithological variation in the Jurassic succession of the Corbières. Dolomitisation of the Roches Grises Formation is almost total in the western part of the Treilles Fault hanging wall, along the SE border of the Mouthoumet massif (j2, map code from Tuchan map, Berger et al., 1997) (Figs. 4 and 5). Conversely, in the Treilles Fault footwall and the eastern part of its hanging wall, the black dolomites (j2D1 and j2D2) are almost always separated by a limestone level (j2C) (Figs. 4 and 5), allowing a good resolution of thickness variations represented on cross-sections presented below. The upper Aalenian-Callovian unit presents an important thickening from SW toward NE in the PNCO (e.g. 20 m in Fontjoncouse, column 5, to 200 m in the Bizanet unit, column 6, Figs. 2a and 4) as well as in the Treilles Fault hanging wall (0–10 m in the Aguilar area, column 8, to 350 m in the Boutine area, column 11) and footwall (180 m in Garabel area, column 12, to 320 m in la Clape 1 well, column 13, Figs. 2a and 4) (DNCO) which represents the most important thickness.
Limestones with intraformational breccias of the Kimmeridgian-Tithonian unit (Malm Limestones, 4 formations, Fig. 3) are fully preserved only in the DNCO (Figs. 2a and 5), where they present thickness variations from SW to NE in the Treilles Fault hanging wall (300 m in Aguilar area, column 8 to 450 m in la Boutine area, column 11) as well as in the Treilles Fault footwall (250 m in Garabel area, column 12, to 750 m in la Clape area, column 13, Figs. 2a and 4).
	[image: thumbnail]	Fig. 4 Correlation chart of Jurassic stratigraphic units across and between orogenic domains of the Corbières Virgation. The domains and localities are shown in Figure 2. Columns 4 and 8 to 12 have been derived from our aa’ and dd’ cross-sections (Figs. 6a and 8c), the others come from litterature. Two detachment horizons are represented at the top Keuper (main detachment, in black) and in all or only at the top of the Liassic Marls (secondary detachment, in white). The Treilles Fault, cutting the DNCO, is represented in yellow. The letter L = delamination of: 1: r1a; 2: r1a and r1b; 3: Rhaetian; 4: Rhaetian to Carixian (-Domerian); 5: Rhaetian to Hettangian; 6: Bizanet to Feuilla Fm.; 7: Bizanet Fm. to Bouquignan Fm.; 8: Upper Mont-Grand Fm.; 9: Sinermurian-Carixian; 10: Domerian-lower Aalenian; 11: Sinemurian-lower Aalenian; 12: upper Aalenian-Callovian. The unconformities identified in Figure 3 are represented.



	[image: thumbnail]	Fig. 5 Reinterpreted geological map of the NCO in the SE border of the Mouthoumet massif and the Treilles Fault area based on BRGM maps. Black line represents the traces of cross-sections aa’, bb’, cc’, dd’, ee’ and ff’. The locations of the panoramas of Figures 6c, d, e, 8a, b and 9b are indicated. Dip data mesured on the field have been placed on the map. Poles to bedding (Jurassic to Neocomian) are plotted on Schmid lower hemisphere stereographic projections by sector of the Treilles Fault hanging wall (below map) and footwall (above map).



	[image: thumbnail]	Fig. 6 (a) Top: present day aa’ cross-section oriented NE-SW (map trace on Fig. 5) showing the DNCO detached above the Mouthoumet massif and cut by the Treilles normal fault. Bottom: restoration of the aa’ cross-section to end Jurassic showing the Jurassic displacement on the Treilles Fault recorded in stratigraphic thickness changes across the fault. Stratigraphic columns 8 to 12 of Figure 4 are represented on both sections. This thinskin fault is triggered by basement extension below salt during the Jurassic. (b) The NE-SE oriented bb’ cross-section in the immediate footwall of the Treilles fault showing the Pied-du-Poul growth footwall syncline. (c) Interpreted Google Earth view of the Boutine Jurassic growth strata, that we interpret as an inverted rollover anticline developped in the Treilles Fault hanging wall. (d) Field view to the SE of the upper Aalenian-Tithonian Boutine inverted rollover with interpretation below. (e) Field view toward the SE of the Treilles Fault showing the relationship between its hanging wall and footwall.



4 Reactivated jurassic extensional structures
In this chapter, we present structural field data around key structures of the Proximal and the Distal parts of the NCO (Fig. 5) that are associated with thickness variations in the Jurassic succession. These structures are the Treilles Fault, the Garrigas unit, the Garrigas Thrust, the Valdria and the Terres Noires fold pairs (Fig. 5). These structures are described and interpreted on nine new cross-sections (aa’, bb’, Fig. 6; cc’, Fig. 7; dd’, ee’, Fig. 8; ff’, Fig. 9; g”g’, hh’; Fig. 11, ii’, Fig. 13). Restoration to end of Jurassic of sections aa’, cc’, ff’ and gg’ allowed us to build a block diagram (Fig. 14b) of the study area (map Figs. 5 and 14a).
	[image: thumbnail]	Fig. 7 Top: NE-SW oriented cc’ cross-section across the hanging wall and the footwall of the eastern Treilles Fault (map trace on Fig. 5). The tie points with sections ff’ is indicated. The Treilles fault here cut the hinge of the 8 km wide anticline of Fitou. The Platrières de Fitou well is represented onto the section. The metamorphosed basement (andalousite facies) at the bottom of the well is represented here as the prolongation of the Mouthoumet anticline affecting NPZ basement. Alternatively it could correspond to an allochtonous block. Bottom: the section is restored to end Jurassic to show the original geometry and displacement of the Treille Fault.



	[image: thumbnail]	Fig. 8 (a) Interpreted Google Earth view of the Garrigas area, showing the NCO detached above the Mouthoumet basement and the DNCO thrusting the PNCO toward NW along the Garrigas Thrust. The DNCO and the PNCO strata present opposite orientation. (b) Field view toward the SW of the Garrigas unit detached above Mouthoumet basement showing the downward plunge of Malm strata onto flat top Keuper detachement. (c) NE-SW trending dd’ cross-section of the Garrigas Jurassic rollover NW-SE oriented (map trace on Fig. 5) with a representation of the column 4 of the Figure 4. The tie points with section ee’ is indicated. (d) the NW-SE trending ee’ cross section (map trace on Fig. 5) showing the NCO detached above the Mouthoumet foreland basement, the DNCO thrusting the PNCO, and the NE termination of the Vingrau thrust and folds. The tie points with sections aa’ and dd’ is indicated.



	[image: thumbnail]	Fig. 9 (a) Top: present-day NW-SE trending ff’ cross-section (map trace on Fig. 5). The tie points with sections aa’ and cc’ are indicated. This section shows the DNCO emplaced over the Mouthoumet massif. It also shows the Boutine-Roc Traucat inverted rollover, and the segmentation of the DNCO in a series of NE-SW trending fault blocks whose strata truncate downward onto Liassic Marls and Keuper detachments. Bottom: restoration of section ff’ to end of Jurassic showing the thin skinned extension of the supra-salt cover decoupled from basement Cevenole faulting along the Keuper evaporites. The lateral equivalent to the SW of the Terres Noires fold pair (Figs. 5, 10a and 13a, b) is framed in black on both present day and restored sections. (b) Uninterpreted and interpreted ENE-ward field view of the Roc Traucat growth strata (Fig. 5a). Blocks of sub- and supra-salt strata lie along the Keuper and Lias Marls detachment levels. (c) Zooms of the lateral equivalent to the SW of the Terres Noires fold pair (framed in black in (a)), showing the activity of NE-SW oriented normal faults within the DNCO during the Jurassic that is demonstrated with the Terres Noires fold pair study (Sect. 4.9, Figs. 5, 10a and 13a, b).



4.1 The N110 trending Treilles Fault
Thickness variations from SW to NE in the Jurassic stratigraphic succession, around the Treilles Fault (Figs. 4 and 5) led us to carry out a detailed field investigation on this structure. The N110 trending, SSW dipping Treilles Fault (TF) cuts the DNCO into two compartments and roots into the Keuper along the southern margin of the Feuilla half-window and the Treilles and La Marende windows (Figs. 2a, b, 4 and 5). The fault extends over 12.5 km from the SE edge of the Mouthoumet massif to the Mediterranean coast (Donnadieu, 1973; Rouvier et al., 2012) (Figs. 2a, b and 5). As for the NCO, the original lateral extension of this fault is uncertain, due to erosion in the west and burial in the east below Oligo-Miocene deposits. The Treilles Fault is a normal fault that systematically juxtaposes Kimmeridgian to Neocomian strata of its hangingwall above Hettangian to Callovian strata of its footwall (Crès de la Nobie klippe, Plat de Crouzal half-klippe and La Marende unit, Fig. 5). Jurassic to Neocomian strata in the immediate hangingwall and footwall of the Treilles Fault generally have a N to NE dip (stereonet plots, Fig. 5) with the exception of two localized folds pairs (syncline-anticline pair), one in the footwall (Valdria fold pair), the other in the hangingwall (Terres Noires fold pair) (Fig. 5). These folds trend NE-SW with a NW vergence and will be examined in detail below (Sects. 4.6–4.9). As one moves SW into the Treilles Fault hangingwall, bedding rotates to NW dips (stereonet plots, Fig. 5).
Thickness and geometry variations in the Jurassic series associated with the Treilles Fault are here described along three NE-SW oriented cross-sections (Fig. 5), the aa’ cross-section (Fig. 6a) on which have been placed the columns 8 to 12 from Figure 4, the bb’ cross-section (Fig. 6b) and the cc’ cross-section (Fig. 7). Only aa’ and cc’ sections traverse both fault blocks.
The aa’ present day section (Fig. 6a) and the panoramic view of Figure 6e (location on Fig. 5) show the DNCO detached above the Mouthoumet anticline (15 km wide) and the Treilles Fault rooting onto the Keuper. On the section, the basement is represented as a Priabonian paleotopography (Viallard, 1987) and the NW-NNW oriented kinematics of the NCO is represented in white. The total estimated normal heave of the Treilles Fault on this section is about 3.5 km. Below the Crès de la Nobie Klippe (Figs. 5 and 6a, e), the Jurassic series lies in a NW-SE trending footwall syncline (Pied-du-Poul syncline) with a dip fan on the steep limb, corresponding to a Jurassic growth strata. The growth strata are more pronounced on the bb’ section (Figs. 6b, 10a and 11a) with dips decreasing upward from 79 ° NE in the Rhaetian to 10 ° NE in the Kimmeridgian. In the hangingwall the thickness of the Domerian-Tithonian succession increases from SW to NE over a distance of 12 km, in particular the Domerian-lower Aalenian unit (0 m to 200 m on the section) and the upper Aalenian-Callovian unit (0–40 m to 350 m) (Figs. 4 and 6a). We stress that the immediate hanging wall upper Aalenian to Tithonian units (Boutine area, column 11, Fig. 4) are thicker (800 m) than in the immediate footwall (465 m, Garabel area, column 12a, Figs. 4 and 6e). In the Boutine area, the NE dipping upper-Aalenian to Tithonian strata terminate downward onto the Liassic Marls detachment that lies just above the Keuper (over a distance of 2 km in the field, Figs. 5 and 6a, c, d). The dips decrease upward from 45 ° NE at the base of the upper Aalenian to 15 ° NE in the Kimmeridgian (stereonet plots, Fig. 5) describing an upper Aalenian-Kimmeridgian growth fan (Fig. 6a, c, d). These growth fan (Boutine growth strata) are cut by a series of steeply dipping faults such as E-W trending dextral transtensional faults dipping to the south (e.g. Laval Fault, Figs. 5 and 6a, c, d) and N-S oriented sinistral strike-slip faults (Figs. 5 and 6a, c, d). A basal chaotic zone of dismembered blocks of Rhaetian to Carixian units can be observed between the Liassic Marls and top Keuper detachments. Sub-salt blocks (Paleozoic and Muschelkalk) are observed close to the top Keuper detachment (Figs. 6 and 9b) and upper Aalenian-Callovian blocks are sometimes observed along the Liassic Marls detachment.
The cc’ present day cross-section (Fig. 7) is parallel to the aa’ section and crosses the eastern Treilles Fault in the Fitou area (Fig. 5). The section shows a broad, open (8 km) N110 trending salt-cored anticline (Fitou Anticline) whose hinge is cut by the Treilles Fault with an estimated SSW normal heave of 2.1 km (Fig. 7). The Keuper and the Liassic Marls detachments crop out in the Fitou tectonic windows where the Platrières de Fitou well (672 m, Destombes, 1949; Figs. 5 and 7) records Keuper evaporites with nepheline syenite, Triassic spilite, Muschelkalk and Paleozoic basement blocks down to 645 m (notably Muschelkalk blocks). We chose to represent the MT-LP basement lithologies intersected at the base of this well (27 m of thickness) as an autochtonous lateral equivalent of the Agly massif basement (distal NPZ basement, Fig. 2a) in the transfer zone as previously proposed (Barnolas and Courbouleix, 2001; Donnadieu, 1973). Alternatively it could correspond to an allochtonous block, implying a more important thickness of Keuper. We also chose to represent the basement as the eastward prolongation of the Mouthoumet Priabonian paleotopography suggested on aa’ section (Fig. 6a). The Liassic Carbonates to Callovian series of the Treilles Fault hanging wall often occurs as dismembered blocks along and between the Keuper and the Liassic Marls detachment levels (Figs. 5 and 7). Dispite this, the upper Aalenian-Tithonian series is observed to gently thicken from SW to NE in the hanging wall of the fault, with an upper Aalenian-Tithonian unit in its immediate hanging wall (La Marende unit) that is thicker (400 m) than in the immediate footwall (200 m) but smaller than the Boutine growth strata describe above (800 m, Fig. 6). Although poor outcrop prevents clear detection of Jurassic growth strata in the footwall and in the hanging wall, they are speculatively represented on cc’ section to be consistent with geometries observed along the aa’ and bb’ sections.
	[image: thumbnail]	Fig. 10 (a) Geological map of the Feuilla half-window showing the map trace of sections bb’, gg’, hh’ and ii’ and location of the field views in Figures 10b and 11a, b. Folds are identified by a number, 1: Pied-du-Poul TF footwall growth syncline; 2: Valdria syncline; 3: Valdria anticline; 4: Feuilla anticline; 5: Feuilla syncline; 6: Mezerac TF (Treilles Fault) footwall growth syncline; 7: Plat du Castel TF footwall growth syncline; 8: Terre Noires syncline; 9: Terres Noires anticline; 10: Montolier de Perellos sycnline. (b) Uninterpreted and interpreted SW field view of the Feuilla half-window showing the rotation of the Jurassic strata of the DNCO above and below the subhorizontal Treilles normal fault. In the foreground is the footwall of the fault with the Valdria inverted common limb visible in the upper Aalenian-Kimmeridgian units (right corner of the view). In the background is the Treilles fault hanging wall where the downward truncation of strata in faulted blocks can be seen.



	[image: thumbnail]	Fig. 11 (a) Interpreted NE-ward field view of the Valdria fold pair in the NW part of the Feuilla half-window showing the thickness variation of the upper Aalenian-Callovian across the Valdria anticline and the thickenning of the j2D2 terme across the Valdria normal fault. Stereoplot of poles to Jurassic bedding along the gg’ section from the basement inlier to the Valdria massif. The colours of poles refer to their stratigraphic unit (see legend of the figure) except for Liassic poles which have the same color (purple). The numbers 1 to 3 on the stereoplot are statistically derived eigenvectors with point 3 representing the pi pole. (b) Interpreted eastward field view of the Valdria anticlinal hinge zone showing Kimmeridgian-Tithonian growth strata. (c) NW-SE g”g’ cross-section of the Valdria and Feuilla fold pairs (map trace on Fig. 5). Folds are identified by a number, 2: Valdria syncline; 3: Valdria anticline; 4: Feuilla anticline; 5: Feuilla syncline.



4.2 Interpretation of the Treilles Fault
The N110 trending Treilles Fault has been variously interpreted as a Pyrenean thrust with N-NE vergence (Donnadieu, 1973; Jaffrezo, 1977), or as a lateral ramp allowing oblique thrusting of the hanging wall towards the NW (Viallard, 1987). Barnolas and Courbouleix (2001) and Rouvier et al. (2012) later suggested the possibility of a normal displacement of perhaps Oligocene age on the Treilles Fault but without supporting data. Our study documents for the first time thickness variations and growth strata that are evidence for Jurassic syn-sedimentary extensional folding parallel and linked to the Treilles Fault activity, in both its footwall and hanging wall. Based on the restoration to end of Jurassic of the aa’ (Fig. 6a) and cc’ (Fig. 7) sections, we propose that this fault originally formed as a Jurassic low-dip (10–22° SW) thin skinned extensional fault, in association with a rollover anticline in its hanging wall (Boutine-La Marende rollover, Figs. 6a, c, d and 7), a growth syncline in its footwall (Pied-du Poul syncline, Figs. 6a, b) and a salt roller below the fault (Jackson and Hudec, 2017; Figs. 6a and 7). Our restorations imply a decrease in heave on the Treilles Fault from WNW (2 km, aa’ restoration, Fig. 6a) to ESE (1.1 km, cc’ restoration, Fig. 7). The basement represented on aa’ section restoration corresponds to the original basement below autochtonous Jurassic basins before their mobilisation as the NCO. It is affected by hypothetic Pyrenean N110 oriented normal faults. Here, we relate the formation of the Treilles Fault during the Jurassic to regional extension and subsidence accommodated on these N110 oriented basement faults but decoupled by Keuper salt (Fig. 14b).
Comparison of sections and their restoration indicates that the Treilles Fault records a significant post-Jurassic deformation as the passive tilt of its plane, gentle folding of its footwall and hanging wall, an additional post-Jurassic normal heave and the formation of secondary faults of different orientations. As the tilt of the fault and the tilt of top Jurassic in the hanging wall are equal (about 15°), we propose that these occur simultaneously, in association with the uplift of the hanging wall. This describes a post-Jurassic folding phase that we interpret as linked to Pyrenean orogenesis but without being able to clearly identify the timing within the orogenesis due to absence of syn-orogenic strata. Even if this could have initiated during early orogenesis, we propose to associate this folding phase to the NCO emplacement onto the Mouthoumet foreland. We propose that the post-Jurassic normal heave of the Treilles Fault (1 km on cc’ section to 1.5 km on aa’ section) developed after NCO emplacement during the Oligo-Miocene extension phase rather than during Apto-Cenomanian extension. A continuation of the functioning of the Treilles Fault during Early Cretaceous with a late additional Pyrenean folding would have tilted top Jurassic more (e.g. 45 ° or more) than what is observed (15 °, Fig. 6).
We interpret the presence of blocks of sub-salt strata in Keuper as a consequence of shear deformation at the base of Keuper detachment and the formation of a wide salt weld (plurikilometric, Fig. 6a) between basement and supra-salt strata constituting the NCO. We propose that the chaotic zone of dismembered Jurassic strata at the base of the Treilles Fault hanging wall (Figs. 6c and 7) has been created by shear deformation between the Keuper and Liassic Marls detachment levels during multiple deformation phases. This phenomenon has been amplified by the formation of salt welds between basement and supra-salt strata. The estimated original volume of Jurassic dismembered units is represented on restorations with high uncertainty (white hatched pattern on sections, Fig. 6a). The current chaotic nature of these lower units makes it difficult to discern if the fault was active before the upper Aalenian. However, in the Treilles Fault hanging wall (section aa’, Fig. 6a), the Domerian-lower Aalenian increases in thickness consistently toward the Treilles Fault over 10 km (0 m in the Aguilar area, column 8, to 200 m in Laval area, column 10, Figs. 2a and 4). Without rejecting the importance of the Domerian-lower Aalenian as a detachment level, we propose that this gradual variation over 10 km is more stratigraphic than tectonic in origin as previously proposed (Donnadieu, 1973; Lespinasse, 1965; Raymond, 1965; Vila, 1964), implying activity of the Treilles Fault during the Domerian-lower Aalenian.
The Boutine rollover and the Pied-du-Poul syncline document clear growth during at least the Aalenian-Callovian with units thickening from SW to NE in both the hanging wall and the footwall, with an immediate hanging wall thicker than the immediate footwall. Variations in thickness of the Kimmeridgian-Tithonian observed on the aa’ section are clearly less important than those visible in the Domerian-lower Aalenian and the upper Aalenian-Callovian units (Fig. 6a), suggesting that displacement on the Treilles Fault may have decreased at this time. This observation cannot be confirmed on the cc’ section (Fig. 7).
4.3 The Garrigas unit
The Garrigas unit (Figs. 5 and 8a) located at the SE edge of the Mouthoumet massif (PNCO, Zone A, Fig. 2a, b) has been considered by previous authors as a likely equivalent of the Fontjoncouse unit (PNCO, Zone C, Fig. 2a, b) (Berger et al., 1997; Raymond, 1965), witness of the prolongation of the PNCO at the SE edge of the Mouthoumet foreland basement. The interpreted views (Fig. 8b, location on Figs. 5 and 8a) and the dd’ (NE-SW oriented, Fig. 8d) and ee’ (NW-SE oriented, Fig. 8d) cross-sections show this unit detached above the Mouthoumet massif, with local absence of Keuper at its NW front (Front of the NCO) and supposed absence below the unit. To the SE, the unit is overthrusted by the DNCO along the NE-SW trending Garrigas Thrust (Figs. 5 and 8a, d). The Garrigas unit consists of NE dipping Sinemurian to Tithonian strata that terminate downward onto the low angle top Keuper detachment (Fig. 8a–c). The dips decrease upward from 45° NE at the base of the upper Aalenian to 25° NE in the base of the Kimmeridgian describing a NW-SE trending upper Aalenian-Kimmeridgian growth strata with a maximum thickness of over 500 m (Fig. 8a, c).
We interpret these growth strata in the Garrigas unit (Fig. 8b) as evidence of Jurassic strata thickening from SW to NE, as is also observed in the DNCO along the N110 oriented Treilles Fault (Sect. 4.3). We underline that the same geometry between the NE dipping growth strata and the flat Keuper detachment is observed both in the small Garrigas unit (500 m) and in the larger Boutine unit (2 km, Fig. 6a, c). We therefore propose that the Garrigas unit could also correspond to a remanent, due to ante-NCO emplacement erosion, of a NW-SE oriented rollover anticline, that developed in the PNCO during the Jurassic (Garrigas rollover anticline) and that was inverted during Pyrenean orogenesis. The N110 oriented Jurassic structure expected to control the Garrigas rollover to the NE of the unit, remains unidentified due to erosion. During the NCO emplacement to the NW, local salt welds formed between the basement and the unit. At the same time, the Garrigas Thrust developed between the Garrigas unit and the DNCO.
4.4 The NE-SW oriented Garrigas Thrust
Previous authors have proposed that the PNCO and the DNCO were separated by a NW verging thrust during Pyrenean orogenesis (Berger et al., 1997; Viallard, 1987). It has been proposed that in the north-eastern part of the Corbières Virgation this thrust was partially negatively inverted during the Oligo-Miocene to form the Narbonne normal fault (Berger et al., 1997; Gorini et al., 1991) (Figs. 2a, c). At the SE edge of Mouthoumet, this thrust is supposed to correspond to the Garrigas Thrust (Figs. 5 and 8a, d; Berger et al., 1997; Raymond, 1965). Our stratigraphic correlation (Fig. 4) shows clear Jurassic thickness variations between the PNCO and the DNCO, suggesting that the structure limiting both could itself be inherited from a Jurassic rift feature. This is also suggested by Gorini et al. (1991) who identified a salt diapir at Portel-des-Corbières (DNCO, Fig. 2a, c) that they supposed to have functioned along the Narbonne fault from the Jurassic on, piercing to the surface in the Cretaceous and Oligo-Miocene. We here investigate the DNCO along the NW-SE trending ff’ section (Fig. 9a) to identify geometric variations of Jurassic strata in relation to this hypothetic rift feature. For the purpose of the paper we named this structure the Garrigas-Narbonne Fault (GNF) as represented on the Figures 2b and 2c. We use the term Garrigas Thrust (GT) to name the GNF portion along the Treilles Fault hanging wall. The term Narbonne Fault (NF) is use to name the GNF portion along the Treilles Fault footwall.
The present day ff’ section (Fig. 9a) crosses the SE edge of the Mouthoumet massif and the Treilles Fault hanging wall (DNCO) close to the Treilles Fault map trace. The PNCO and the Garrigas Thrust are here eroded. The ff’ section orthogonally intersects section aa’ (Fig. 6a) in the Boutine area and the cc’ section (Fig. 7) close to the Paltrières de Fitou well (Fig. 5), providing control points for depth to top Keuper and top basement as well as for Jurassic thickness. Along the rest of the ff’ section the depth to top Keuper is projected laterally from the NE, parallel to the dip of the Treilles Fault. The section shows the DNCO emplaced onto the N110° trending Mouthoumet basement anticline which is represented to continue down plunge toward SE below the DNCO. The Mouthoumet anticline is here affected by hypothetic NE-SW trending Cévennes faults which show both Pyrenean reverse and Oligo-Miocene normal displacements. Above salt, the section is dominated by fault blocks of Jurassic to Neocomian strata limited by NE-SW trending normal faults dipping SE and one high angle reverse fault dipping NW (Fig. 9a). The Kimmeridgian-Tithonian to Neocomian strata dip toward the NW except in the common flank of the only fold pair of the section (Boutine Anticline and Montolier de Perellos Syncline; Fig. 9a), where beds dip shallowly SE (stereoplot of bedding poles, Fig. 5). The section incorporates the key observation that beds in these fault blocks truncate downward onto top Keuper, as it is clearly visible on the southern margin of the Feuilla half-window and the Treilles and La Marende windows (Figs. 5 and 10a, b). Overall the upper Aalenian-Tithonian units thicken from the Fitou area (SE of the section) to the Boutine area (NW of the section), with NW-ward thickening of the Kimmeridgian-Tithonian on the ff’ restoration that is more important than its NE-ward thickening on the aa’ restoration (Fig. 6a). On the north-western flank of the Boutine anticline, the upper Aalenian-Callovian beds dip NW to terminate down Liassic Marls detachments that lies above the Keuper detachment, with a dip fan decreasing upward from 22° to 07° NW observed in the Roc Traucat massif (Fig. 9b), describing an upper Aalenian-Callovian growth strata (Boutine-Roc Traucat growth strata). The chaotic zone of dismembered blocks of the Boutine area described above (Sect. 4.1), in relation to the Liassic Marls and top Keuper detachments, is also observed on the field view of the Figure 9b.
4.5 Interpretation of the Garrigas Thrust
Our study presents for the first time evidence (thickness variations and growth strata) of Jurassic syn-sedimentary folding in the hanging wall of the NE-SW oriented Garrigas Thrust. Based on the restoration to end of Jurassic of the ff’ section (Fig. 9a), we propose that during the Jurassic, a rollover anticline NE-SW oriented (Boutine-Roc Traucat rollover, Figs. 6a, c and 8d), formed in relation to an extensional structure with the same orientation that developped between the PNCO and the DNCO. To the upper-Aalenian-Callovian activity of this extensional structure, we associate the deposition of the Feuilla Fm. (part of j1 map code; Figs. 3 and 4) in the DNCO in contrast to the PNCO and the sPZ where this formation is absent (e.g. Fig. 8a).
We propose that the ff’ section experienced a strong post-Jurassic deformation as recorded by the uplift and folding of the supra-salt cover and the formation of reverse and normal faults. Due to these post-Jurassic deformations and erosion (absence of the PNCO and the Garrigas Thrust on the ff’ section and absence of part of the hanging wall on the ee’ section), the relation during the Jurassic between the PNCO and the DNCO as well as the nature of the extensional structure between them remain unidentified. The observation on sections dd’ and ee’ of different orientations between the Garrigas Thrust immediate footwall (Garrigas inverted rollover, N110 oriented) and the immediate hanging wall (DNCO, NE-SW oriented) (Fig. 8a) leads us to hypothecally represent on the ff’ restoration model (Fig. 9a), the Boutine-Roc Traucat rollover to develop during the Jurassic along the SE flank of a NE-SW oriented salt wall (Jackson and Hudec, 2017) that dips 20° SE. The PNCO would have developed along the NW flank and the salt wall would have reached the surface between these two zones (see block diagram Fig. 14b). In this case the Garrigas Thrust would be a thrust weld corresponding to a squeezed Jurassic salt wall (Jackson and Hudec, 2017). Another possibility is that a 20° SE dipping normal fault developed between the PNCO and the DNCO. In this case the Garrigas Thrust would correspond to an inverted Jurassic normal fault. In both cases the necessary accommodation is supposed to be created by unidentified basement cutting normal faults but decoupled by Keuper evaporites, as represented on the block diagram and associated zoom (Fig. 14b).
Although the supra-salt cover experienced compression, it is currently in net extension on the ff’ section (750 m, Fig. 9a). As for the aa’ restoration, the estimated original volume of dismembered units between the Keuper and Liassic Marls detachments is represented with high uncertainty on the ff’ restoration (hatched part in white on ff’ restoration, Fig. 6a). The basement represented on the restoration corresponds to the original autochtonous basement below the Jurassic basins before the emplacement of the NCO to the NW-NNW (Fig. 14). It is affected by Cévenoles normal faults oriented NE-SW. We propose here to relate the formation of the extensional structure (GNF, Garrigas-Narbonne Fault or GNSW, Garrigas-Narbonne Salt Wall) developed between the PNCO and the DNCO during the Jurassic to regional extension and subsidence accommodated on Cévenoles basement faults but decoupled on Keuper salt (Fig. 14b).
The comparison of the aa’ section (Fig. 6a) and the ff’ section (Fig. 9a), around their intersection (Boutine area) leads us to propose the existence of domal structure of which the axis curves from NW-SE (Fig. 6a) to NE-SW (Fig. 9a). We interpret this domal structure as a 3D rollover anticline devoloped during the Jurassic and that have been folded and uplifted during the Pyrenean orogenesis (3D Boutine inverted rollover). The current apparent dip of the top Keuper below the inverted rollover on the aa’ and ff’ sections suggests that the N110 oriented Treilles Fault passes in continuity to the NE-SW oriented Garrigas Thrust. As shown in the block diagram (Fig. 14b), aa’ and cc’ restorations to end of Jurassic show the original 3D low dip (around 20°) of this 3D linkage zone between both oblique structures.
As for section aa’, we interpret the chaotic zone of dismembered sub- and supra-Keuper units to be linked to the intense shear deformation on the linked Keuper and Liassic Marls detachment levels during extensional and compressional events. On the ff’ section, the fact that an important part of the basal Jurassic succession is missing in each fault block implies that this material was removed during or after the activity of the NE-SW oriented normal faults. As these faults clearly displace Jurassic to Neocomian strata, they could have been active during the Jurassic to Neocomian and/or after the Neocomian. The activity of these faults during the Jurassic (e.g. Fig. 9b) is suggested below (Sects. 4.6–4.9). Considering this, the fact that the ff’ section is currently in net extension (750 m, Fig. 9a) while the section has experienced Pyrenean compression implies two possibilities. First, the NE-SE oriented normal faults are Jurassic to Early Cretaceous in age, suggesting that they were not inverted (or partially) during the folding of the Boutine-Roc Traucat rollover. In this case the basal delamination of each fault block (Fig. 9a) is related to the NCO emplacement. The second possibility is that the NE-SW normal faults could have a part of their activity that is post-NCO emplacement in age (Chattian-Burdigalian). In this case the basal delamination of each fault block could developed in two stages, initially during the NCO emplacement, and secondly after NCO emplacement, during the Gulf of Lion extension phase and in association to the post-Jurassic normal heave of the Treilles fault suggested in the Section 4.2.
The proposed chronology of deformation for the ff’ section, would therefore be (1) Deposition of the Jurassic succession controlled by a NE-SW thin skinned normal fault or a salt wall (e.g. salt ridge) between the PNCO and the DNCO. Probable formation of other NE-SW oriented normal faults within the DNCO (see Sects. 4.8 and 4.9). The extension in supra-salt cover was triggered by basement extension along normal faults but decoupled by Keuper evaporites (2) Possible continuation of activity on supra-salt structures during the Neocomian to Apto-Cenomanian, except between the PNCO and the DNCO due to our interpretation of the 3D Boutine-Roc Traucat domal structure as an inverted Jurassic rollover (3) folding and uplifting of the Jurassic rollover anticline during Pyrenean compression and NCO emplacement onto the Mouthoumet foreland (basement already stripped at this time) associated with basal delamination (4) possible Oligo-Miocene activity of the NE-SW oriented supra-salt faults associated to late Treilles Fault activity and basal delamination of the NCO.
4.6 The Valdria fold pair
On the northern margin of the Feuilla half-window, the Jurassic series of the Treilles Fault footwall are affected by a N110 trending Jurassic growth syncline (corresponding to folds 1, 6 and 7, Fig. 10a) but also by two NE-SW trending fold pairs (two syncline-anticline pairs), forming a complex fold interference map pattern (Figs. 10 and 11a). These fold pairs named the Valdria (folds 2 and 3, Fig. 10a) and Feuilla (folds 4 and 5, Fig. 10a) fold pairs, are here described along the NW-SE oriented g”g’ cross-section between Fraïssé-des-Corbières at the NW end to the footwall of the Plat de Crouzal half-klippe at the SE end (Figs. 2a and 11c). Only the trace of the gg’ portion of the section is represented on the map of Figure 10a.
The Valdria and the Feuilla fold pairs both present a strike length of about 1 km. The Valdria fold pair, shows NW vergence and an inverted common limb (60–70° NE average dip) cut by sub-vertical faults oriented NW-SE. The Feuilla syncline shows E vergence on the Figure 10a (SE apparent vergence on the g”g’ section, Fig. 11c) while Feuilla anticline presents a vertical axial plane. The Feuilla basement inlier lies in the core of the Feuilla anticline (here eroded) and is folded like the supra-salt cover but with an axial plane shifted 200 m toward SE (Fig. 10a). On the northern flank of the inlier, Paleozoic strata are unconformably overlain by the Upper Permian–Buntsandstein and the Muschelkalk units. The Keuper evaporites are missing between the Muschelkalk and the overlying Rhaetian unit (Figs. 10a and 11c). On its southern and western flank, the basement inlier is in direct contact with allochthonous Keuper. Each fold pair is affected by a fault oriented NE-SW. The Valdria normal fault cuts the Valdria anticline, downthrowing to the SE, while the Feuilla reverse fault cuts the Feuilla syncline with a SE vergence. Both faults die out toward the Treilles Fault. We note that a small footwall normal fault dipping 15–20° SE branches onto the Valdria Fault (Figs. 10a and 11a, b) and will be discussed below.
Along the gg’ section, the Jurassic series is observed to have a maximum thickness (1200 m) in the Valdria syncline hinge and to thin to the SE by 50–70% toward and across the Valdria anticlinal hinge. The minimum thickness is observed in the Feuilla syncline (300 m). On the Valdria inverted common limb, Kimmerdgian-Tithonian strata show a dip fan from overturned 60–70° SE to 55° NW (Fig. 11a, b). Older units (upper Aalenian-Callovian) are consistently overturned with dips generally around 60° SE. These thickness and dip variations clearly indicate that these are Jurassic growth strata. We note that the j2D2 term of the upper Aalenian-Callovian unit (Fig. 3) thickens across the Valdria normal fault from its footwall (35 m) toward its hanging wall (85 m) (Figs. 10a and 11a, b), it then thins gradually towards the SE along with the rest the upper Aalenian-Callovian across the Feuilla fold pair, over a distance of 2 km. NW of the basement inlier, in the Valdria Fault hanging wall, the dip variations in the Rhaetian to Domerian indicate secondary folding within the Feuilla anticline (Figs. 10a and 11a, b).
4.7 Interpretation of the Valdria fold pair
Donnadieu (1973) proposed that the Valdria and Feuilla fold pairs (Fig. 11c) were formed during the Pyrenean orogeny. Our study instead shows that these developed during a more complex history, by presenting for the first time data that demonstrate NE-SW oriented Jurassic syn-sedimentary folding (growth strata). We present here a five stage schematic restoration model (Fig. 12) of the Valdria fold pair (section gg’, Fig. 11c). In this model, the fold pair is interpreted as a Jurassic forced fold that developed in the hanging wall of a NW dipping normal fault cutting sub-salt basement, similar to those described in the North Sea (Lewis et al., 2013; Withjack et al., 1990) and the Rhine Graben (Ford et al., 2007).
We propose that initial Jurassic folding tilts the Rhaetian (first supra-salt strata) by 20° NW during the Lias and by a further 20° NW during the Dogger. The Valdria Fault (Figs. 10a and 11c) formed during deposition of the j2D2 term of the upper Aalenian-Callovian unit (Fig. 3), close and parallel to the Valdria anticline axial plane, with a minor normal displacement (50 m). During deposition of the Kimmeridgian-Tithonian, the Rhaetian to Callovian strata are further tilted by 20° NW and the Valdria normal fault is sealed (Fig. 12). The Valdria forced fold pair is represented on the block diagram (Fig. 14b).We propose that at the beginning of the NCO emplacement, a footwall shortcut thrust detaches part of the basement fault block crest which is transported at the base of the NCO. The local indentation of the basement block against the supra-salt-cover leads to (1) the formation of a salt weld between the block and the overlying supra-salt strata, (2) a minor positive reactivation of the Valdria fault (50 m, minimum displacement) (3) the formation of the Feuilla fault and fold pair (1 km of map length) in the SE limb of the Valdria anticline (4) the folding of the basement inlier strata like those of the supra-salt cover (Feuilla anticline), (5) the NW-SE tightening over 1 km of the Valdria Jurassic fold pair, with the overturning of the common steep limb by some 40° NW (300 m of shortening). This interpretation implies that the original Jurassic fold pair of Valdria could extend toward the NE.
Alternatively, the Feuilla fold pair could have formed passively between the Jurassic and Pyrenean orogenesis. Salt movement could have led to the molding of the supra-salt cover onto the tilted basement block (basement cutting fault necessarily shifted toward the NW, Fig. 12, frame in yellow). In this case, the gentle inversion of the Valdria fault and the formation of the Feuilla reverse fault could occured at this time. Only the stage (5) occured during Pyrenean orogenesis.
Finally, we interpret the post-j2D2 normal displacement along the the Valdria Fault as a later negative reactivation of the fault (140 m, minimum displacement) linked to the Oligo-Miocene rifting. The small normal fault in the footwall of the Valdria fault would have formed at this time.
	[image: thumbnail]	Fig. 12 Sequential restoration of the Valdria fold pair (gg’ cross-section, Fig. 11c) interpreted as a Jurassic extensional growth fold that developed in the hanging wall of a NW dipping normal fault cutting subsalt basement. The fold pair was later reactivated during Pyrenean emplacement of the NCO and again during the Oligo-Miocene extension. During NCO emplacement, the nappe detached a block from the basement high (responsable of the overturning of the Valdria fold pair) which was transported along with the NCO.



4.8 The Terres Noires fold pair
In the hanging wall of the Treilles Fault, at the level of the SW part of the Plat du Crouzal half-klippe (SE of the Feuilla half-window, Fig. 10), the orientation of the Jurassic strata turns rapidly, changing from WNW-ESE trends to NE-SW. In this area the Jurassic to Neocomian strata are affected by the Terres Noires fold pair (Donnadieu, 1973; Figs. 10a and 13a, b), very similar in geometry and scale to the Valdria fold pair (Figs. 10a and 11). The Terres Noires fold pair is NE-SW oriented, it faces towards the NW and has a map length of 1.5 km. This fold pair is, however, severely faulted, including strong basal delamination of the Jurassic strata and a steeply SE dipping normal fault abutted against Keuper, which cuts the anticlinal hinge and rotates to the SW to a steep NW dip (Figs. 10a and 13b). We cannot therefore fully reconstruct stratal geometries of these folds. Laterally, the Terres Noires fold pair is limited by steeply dipping NW-SE faults which also compartmentalize the Plat de Crouzal half-klippe, smaller similar faults also affect the common limb of the Valdria fold pair (Fig. 10a). In the NE part of the Plat du Crouzal half-klippe, upper Aalenian to Tithonian units with an average dip of 20° NW are mapped as unconformably overlain by the Berriasian and Neocomian whose beds terminate downward onto the Treilles Fault with a dip from 50 to 20° NE (ii’ section, Figs. 10a and 13c).
On the NW-SE oriented hh’ cross-section (Fig. 13b) the geometry suggests that upper Aalenian-Tithonian series have a maximum thickness in the common limb of the Terres Noires fold pair and thins to the SE by 50–70% toward and across the anticlinal hinge and the NE-SW normal fault to the SE. On the inverted common limb, Kimmeridgian-Tithonian strata show a dip fan from overturned (70° SE) to 25° NW (Figs. 10a and 13a, b). This evidence indicates that, like the Valdria fold pair, the Terres Noires folds comprise Jurassic growth strata.
	[image: thumbnail]	Fig. 13 (a) Uninterpreted and interpreted SW field view of the Terres Noires massif with the steroplot of poles to Jurassic bedding of the Terres Noires Jurassic fold pair. (b) NW-SE oriented hh’ cross-section of the Terres Noires fold pair, interpreted as a Jurassic inverted rollover (map trace on Fig. 10a). (c) NW-SE oriented ii’ section of the Plat de Crouzal half-klippe (map trace on Fig. 10a). Two hypotheses are presented for the contact between Neocomian and Jurassic units either as thrust fault (above) or an unconformity (below).



4.9 Interpretation of the Terres Noires fold pair
Donnadieu (1973) suggested that the Terres Noires fold pair (Figs. 10a and 13a, b) was formed during the Pyrenean orogeny. As for the Valdria fold pair (Figs. 10a and 11c), our study instead shows that these folds developed during a more complex history initiated in Jurassic time. Although limited, most observations indicate that these folds evolved in the same manner and with the same timing as the Valdria fold pair, with Jurassic growth folding, Pyrenean tightening and Oligo-Miocene extension. The main difference between the two fold pairs being that they are not on the same side of the Treilles Fault. As the Terres Noires fold pair lies in the immediate hanging wall of the fault, it cannot have functioned as a forced fold during the Jurassic in contrast to the Valdria fold pair. To explain the formation during the Jurassic of the NE-SW oriented Terres Noires growth fold in the immediate hanging wall of the N110 Treilles Fault, we invoke the activity of a NE-SW normal fault with a SE vergence, along the NW border of the Plat de Crouzal half-klippe. This fault would have locally formed an extensionnal rollover anticline (Terres Noires rollover) during the Jurassic (Fig. 9c). Even if this is not observed neither in Valdria nor in Terres Noires, we here suggest that a progressive growth unconformity could have formed to accommodate the rapid dip change observed over a short distance (150–200 m) in the Kimmeridgian-Tithonian unit of Terres Noires common limb (burgundy dash line, Fig. 13b).
We interpret the abrupt structural and stratigraphic changes and the dying out of the Jurassic fold pair from SW to NW across the NW-SE faults as linked to a Jurassic activity of these faults (Fig. 10a). However, as the NW-SE fault, limiting the fold pair to the SW, cuts Neocomian strata, these NW-SE faults record a more complex activity. We propose that theses faults were active during the Pyrenean tightening to limit lateraly the overturning of the common limb NE-SW oriented. In this way, we suggest that in the NE part of the Plat de Crouzal half-klippe, the mapped unconformity at the base of the Neocomian (Berger et al., 1982) could be a NW-SE fault as we didn’t find any field evidence to confirm it as an unconformity (see both hypothesis on Fig. 13c). The similar geometry, orientation and map lenght between the Valdria and Terres Noires inverted limbs, lead us to suggest that the very spatially limited overturning of the Terre Noires common limb, could also be linked to the indentation of a basement block (different than this of Feuilla) against the supra-salt strata as suggested by Donnadieu (1973). This basement block could have been removed during NCO transport and the basal delamination of the Treilles Fault hanging wall.  This interpretation implies that the original Jurassic rollover of Terres Noires could extend toward the SW (Fig. 9c), as the Valdria Jurassic fold pair could extend to the NE. Finaly, the fold pair was affected by the normal fault that cut the anticline. The activity of this fault from Jurassic to orogenic phases remaining unknown.
5 Discussion
5.1 Evidence of a Jurassic decoupled extension
An increasing volume of work documents the mobilization of Keuper evaporites from early Jurassic and throughout the Alpine cycle in and around western Mediterranean orogenic belts (e.g. Célini et al., 2020; Espurt et al., 2019a, 2019b; Ford and Vergés 2021; Graham et al., 2012; Labaume and Teixell, 2020; Vergés et al., 2020). The Corbières-Languedoc Transfer Zone has long been recognized as an area with significant volumes of Keuper evaporites at surface and at depth (Berger et al., 1982, 1993, 1997; Ellenberger et al., 1987; Lespinasse et al., 1982). Many Keuper salt related structures have been identified in the transfer zone. The most important being the Nappe des Corbières Orientales with its thin skinned thrusting style clearly linked to the Keuper detachment (Barnolas and Courbouleix, 2001). More local structures have also been recognized. Gorini et al. (1991) identified the thinskined Narbonne inverted fault and associated rollover and diapir (diapir of Portel-des-Corbières) (DNCO, Fig. 2a, c) described above in the Section 4.4. Mattauer and Proust (1962) identified the Combe de Berre diapir (sPZ, NW immediate front of the Écailles de la Berres, Fig. 2a) dating its activity as syn-orogenic because of the widespread occurrence of bipyramidal quartz in syn-orogenic sediments throughout the stratigraphic column, for example, Maastrichtian to Danian Plantaurel Group between Fontjoncouse and Bizanet area (Fig. 2a) bears witness to the presence of diapirs that pierced to the surface. Ford and Vergés (2021) have recently documented salt-controlled depocentres, particularly of Early Cretaceous age, in the easternmost North Pyrenean Zone.
In this study, we show strong indications of long-lived salt mobility in the Corbières-Languedoc Transfer Zone by documenting for the first time a Jurassic extension phase, which was decoupled between basement and cover due to the presence of Triassic evaporites. Key observations of this early Mesozoic rifting phase, such as 3D Jurassic thickness variations and Jurassic growth strata, have been found thanks to a detailed field investigation in the NCO (Fig. 5) combined with a stratigraphic correlation along the Corbières Virgation (Fig. 4). These observations allow us to demonstrate the existence of Jurassic salt-related structures (low-dip normal faults, salt roller) and salt-related stratal geometries within the supra salt cover (rollovers, forced folds) (Fig. 14b). These structures have been reactivated during later phases in close relation with basement deformation (Pyrenean orogenesis and Oligo-Miocene extension), and are, despite this, still observable in the landscape.
During Jurassic extension, halokinetic activity was limited in comparison to other regions of Western Europe (e.g. southwestern Alps, Célini et al., 2020; Graham et al., 2012). We demonstrate that two families of oblique thin skinned structures (NE-SW and N110) developed at that time in the original NCO basins (Fig. 14b). The interference between these structures in the presence of salt, leads to the formation of three dimensional growth strata at their intersections (Fig. 14b). We propose that their formation is linked to a strong interaction between oblique inherited basement structures (NE-SW and N110) (Fig. 14b) as during the Jurassic the area lies at the intersection between the eastern part of the Pyrenean E-W trending rift system and the NE-SW trending extensional fault network of the proximal European Tethyan rift margin (e.g. Angrand et al., 2020; Fig. 14a). Considering the tectonic plate scale extensional trend NW-SE oriented of the Central Atlantic–Alpine Tethys region during the Jurassic, the Corbières-Languedoc area corresponds at this time to part of the European Tethyan margin and the Pyrenean domain plays the role of transfer zone (sinistral transtensional) between Atlantic and Alpine Tethys domain (Angrand et al., 2020; Fig. 14a).
We document thickness variations in the Jurassic succession both from SE to NW and from SW to NE (Fig. 4) within the Corbières Virgation. SE to NW variations are consistent with the large scale extensional trend during the Jurassic and consistent with the activity of NE-SW structures in the basement and the supra-salt cover (Fig. 14). The NE-SW oriented variations can be observed at two scales. The first one is local and in relation to the activity N110 oriented Pyrenean structures (e.g. Treilles Fault and associated basement fault). During NW-SE oriented Jurassic extension, these oblique faults might have been sinistral transtensional as represented on the block diagram (Fig. 14b), meaning that only their normal component is observed on aa’ and cc’ sections, but we did not found any field evidence to demonstrate this (e.g. Treilles Fault). The second scale of NE-SW oriented variations is regional and demonstrated by an increase of subsidence during the Jurassic from the Eastern Pyrenean rift (e.g. 550 m in Galamus, Fig. 4) toward the NE in the CLTZ (e.g. 2000 m in La Clape 1 well, Fig. 4). This is in agreement with Arthaud and Laurent (1995) who show again more important Jurassic thicknesses NW of Montpellier (3200 m with 1000 m of Lias, 1500 m of Dogger and 450 m of Malm). We propose to link this larger scale variation to an increasing activity of the Tethyan faults (Cévenoles, NE-SW) toward the NE and to a relatively inactivity (low subsidence) of the Pyrenean transfer zone, as during the Jurassic, the main transfer area between Atlantic and Alpine Tethys was located south of Iberia (Gibraltar transfer zone, Angrand et al., 2020; Schettino and Turco, 2011) . The very low Jurassic extension observed in the supra-salt cover (kilometric) of the Corbières Virgation would correspond to far field deformation as (1) the Corbières area lies further (West of restored Corso-Sardinian block, Fig. 14a) from the Alpine Tethys rift axis (East of restored Corso-Sardinian block, Fig. 14a) compared to the Provençal and southwestern Alpine domain. (2) as the Pyrenean transfer zone was relatively inactives during the Jurassic.
	[image: thumbnail]	Fig. 14 (a) End Dogger plate reconstruction of the Atlantic-Alpine Tethys linkage zone (adapted from Angrand et al., 2020), showing the location of the Corbières Virgation. Insert shows a schematic map of original Jurassic tectonostratigraphic zones of the study area (CLTZ in the Corbières Virgation portion). The box locates the block diagram in Figure 14b. Abbreviations are GTZ: Gibraltar Transfer Zone; BET: Bethic; IR: Iberian Range basins; EB: Ebro Block; PYR: Pyrenees; PRV: Provence; S: Sardigna. (b) Block diagram showing the restored 3D architecture of Jurassic basins of the future NCO, locating main documented features (Valdria forced folds, Treilles Fault, GNF, Garrigas, Boutine and Terres Noires rollovers). Extension in supra-salt cover was triggered by basement extension (in grey) but decoupled along Keuper evaporites (in pink). 2D to 3D salt and supra-salt structures and stratigraphic geometries (rollovers, forced folds, salt rollers) developed above oblique (NE-SW and N110) basement faults. Considering the NW-SE extension kinematics, the N110 structures are transtensionals. Two model hypothesis are shown for the original structure between the PNCO and the DNCO (GNF: Garrigas-Narbonne Fault or GNSW: Garrigas-Narbonne Salt Wall).



5.2 Post-Jurassic phases
Along our cross-sections, (Fig. 5) the upper Neocomian and younger stratigraphic units have been eroded. Despite the absence of these deposits, we here discuss the post-Jurassic phases. We did not find any evidence of uplift and erosion attributed to the so called Neocimmerian transpressional event that occurred during the Malm to Neocomian further west in the western retro-foreland basin (Canérot et al., 2005) or in Provence (Tavani et al., 2018).
During the rifting climax in the Pyrenean segment (Aptian-lower Cenomanian), the deformation in the CLTZ seems to localize in the futur sub-Pyrenean Zone, especially below the sub-Pyrenean Lower Cretaceous Depocenters (sPLCD, Fig. 2) that record a maximum thickness of Aptian strata (both in the CLTZ and in the Eastern Pyrenees, 1000 m) and Albian strata (1000 m) (Berger et al., 1997; Ellenberger et al., 1987; Lespinasse et al., 1982). The NCO basins, more distal in their restored position, instead show thin Aptian series (160 to 320 m, in Opoul-Périllos, Rocquefort-des-Corbières and La Clape areas, Fig. 2a, c) that have been interpreted as the cover of a wide basement high (map length of the whole NCO, Barnolas and Courbouleix, 2001). Albian strata crop out sporadically in the NCO and are always incomplete due to erosion (Fig. 2a). On our cross-sections and their restorations to end of Jurassic, we did not find evidence of Cretaceous activity on preexisting structures. We propose that these structures were inactives during the Berriasian to late Santonian. This is consistent with a localisation of the main transfer area between Atlantic and Alpine Tethys both in the Gibraltar area and the Iberian range area during Malm to Early Aptian (Angrand et al., 2020; Rat et al., 2019). For the Late Aptian to Early Cenomanian period, the regional kinematics is strongly debated. Two different kinematic trends are proposed in the literature, (1) NW-SE oriented, as for previous phases, with pure extension in the NE-SW oriented Corbières-Languedoc area and with the Pyrenean domain active as a transfer zone between Atlantic and Alpine Tethys domain (e.g. Ford and Vergés, 2021). In this case the Corbières-Languedoc area never was a rift transfer zone during the Mesozoic, but was an orthogonal segment to the kinematics of the NW-SE oriented Mesozoic extension (2) The extensional trend could be N-S oriented (e.g. Ducoux et al., 2021; Tavani et al., 2018), in which case the Corbières-Languedoc area became at that time a rift transfer zone (dextral slightly transtensional) between the Pyrenean and Provençal domains. In both cases, the deformation in the Corbières Virgation seems to be localised on some basement transfer faults (e.g. below sPZ basins).
During the Cenomanian-Santonian post-rift phase (lithospheric thermal subsidence), the NCO basins are intruded by undersaturated alkaline magmas (acid and basic) (Azambre, 1967, 1970; Golberg et al., 1986; Montigny et al., 1986). The current spatial distribution of the different types of intrusions around the Treilles Fault (monchiquites in its footwall, nepheline syenites in the immediate hanging wall and shonkinites in its hanging wall, Figs. 2b and 5) could be related to the spatial distribution of N110 basement faults below the original Mesozoic basins. We propose that the Jurassic basement faults oriented N110 on our block diagram (Fig. 14), were later used as magmatic conduits for each type of intrusion. Because of erosion of the Grey Flysch Group (Fig. 3) in the NCO, no one information relative to this period can be extract from our field analysis. Only the sPZ is documented to have recorded important subsidence and thickness variations of the Grey Flysch Group (e.g. around Boutenac and Fontfroide, 70 m to 500 m observed, probably more, Figs. 2a, c; Ellenberger et al., 1987).
During the N-S compression that leads to Pyrenean orogenesis, the CLTZ was inverted to become an orogenic transfer zone (sinistral slightly transpressive). Although the orogenesis is recorded from latest Santonian to Miocene (Mouthereau et al., 2014) in the central and western Pyrenees, in the Corbières Virgation the syn-orogenic sedimentary record ranges from Campanian to Bartonian in age. Early Pyrenean orogenic phase (late Santonian-Maastrichtian) is well documented in the sPZ (Durand-Delga and Charrière, 2012; Mattauer and Proust, 1962). The main Pyrenean orogenic phase (Ypresian-Bartonian), is well documented in all the foreland (Barnolas and Courbouleix, 2001; Christophoul et al., 2003). The Priabonian (to Rupelian?) is marked by a major detachment of the supra-salt cover from basement along the Keuper evaporites to form the Nappe des Corbières Orientales (Barnolas and Courbouleix, 2001). This model is one century old and is not challenged by this study. In the NCO, basins underwent a weak internal shortening which manifests itself by the formation of NE-SW oriented thrusts and associated folds (e.g. Vingrau, Rocquefort-des-Corbières) or by the gentle inversion of Jurassic features (e.g. Valdria fold pair, Treilles Fault and GNF, rollovers of Garrigas, Terres Noires, la Boutine-la Marende and la Boutine-Roc Traucat), often without being able to clearly identify the timing within the orogenesis due to absence of syn-orogenic strata. Even if these could have initiated during early orogenesis, we propose to associate most of these compressive deformation to the NCO emplacement onto the foreland. The formation of primary welds and the presence of a main secondary detachment in the supra-salt cover (Liassic Marls), leads to a strong basal delamination of the NCO during its emplacement, while blocks were detached from underlying basement fault blocks. The NCO emplacement leads to the destruction of the Cretaceous magmatic pumbing that developped earlier in the Keuper and the Liassic Marls detachment levels as suggeted by the presence of nepheline syenite breccias within the Keuper of the Platrières de Fitou well and the Treilles window.
During Oligo-Miocene extension, the orogenic transfer zone was negatively inverted to form the north-western margin of the Liguro-Provençal back-arc basin (Gulf of Lion passive margin, Fig. 1). We show that in the NCO, some of the NE-SW oriented thrusts underwent a gentle negative inversion (e.g. the Valdria Fault, Fig. 12; the GNF in the Narbonne Fault portion, Fig. 2) and some NE-SW Jurassic normal faults were probably reactivated. We propose that the post-Jurassic normal heave of the Treilles Fault (1 km on cc’ section to 1.5 km on aa’ section) interpreted in the Section 4.2 could be linked to this extensional phase. On an other hand, if we consider that Pyrenean orogenesis continued until Miocene, this post-Jurassic normal heave of the Treilles Fault could be linked to an a late activity of the Mouthoumet anticline (post-NCO emplacement in age, Robion et al., 2012), and a gravitational sliding of the supra-salt cover on both sides of the fold, above Keuper and Liassic Marls detachment levels.
6 Conclusions
Structural and stratigraphic field observations record Jurassic decoupled extension on oblique (NE-SW and N110) sub- and supra-salt structures in the Corbières Virgation (SW part of the CLTZ). Earlier Pyrenean compressional interpretations do not adequately explain formation of thickness and dip variations across folds and faults of the supra-salt basins that all strongly suggest main growth of these structures during the Jurassic with several later reactivations. At all stages the thin-skinned deformation of the supra-salt cover was decoupled from thick-skinned basement deformation along the Keuper salt level with limited halokinetic activity. The following conclusions summarize the proposed model and its implications:
	
a series of salt related extensional features of Jurassic age are recognized for the first time in the supra-salt cover of the Corbières Virgation area. These include (a) low angle thin skinned extensional faults (e.g. Treilles Fault, Terres Noires Fault and perhaps the Garrigas-Narbonne Fault) associated with hanging wall rollover anticlines (Boutine-La Marende, Boutine-Roc Traucat, Garrigas, Terres Noires), footwall growth syncline (e.g. Pied-du-Poul syncline) and salt rollers (or salt ridges as perhaps the Garrigas-Narbonne Salt Wall). (b) extensional growth forced folds (Valdria);



	
the formation of these Jurassic extensional features in the supra-salt cover was triggered by basement extension but decoupled by Keuper evaporites;



	
two major structural trends are active during Jurassic extension, the N110 oriented Pyrenean trend (e.g. Treilles Fault, Garrigas rollover) and the NE-SW oriented Cévenole/Tethyan trend (e.g. GNF, Valdria, Terres Noires);



	
the interference between these oblique supra-salt structures (NE-SW and N110 oriented), leads to the formation of three dimensional growth strata at their intersection (e.g. Boutine rollover and Pied-du-Poul–Valdria folds intersection);



	
SE to NW thickness variations are consistent with the large scale NW-SE extensional trend during the Jurassic and consistent with the activity of NE-SW structures in the basement and the supra-salt cover;



	
NE-SW thickness variations can be observed at (a) local scale and in relation to the activity of N110 oriented Pyreneean transtensional structures (e.g. Treilles Fault and associated basement fault). (b) regional scale and linked to an increasing activity of the Tethyan faults toward the NE and a relative inactivity of the Pyrenean transfer zone;



	
the very low Jurassic extension observed in the supra-salt cover (kilometric) of the Corbières Virgation corresponds to far field deformation as the Corbières area lies further from the Alpine Tethys rift axis at the intersection with the almost inactive Pyrenean transfer zone;



	
most Jurassic structures identified in the NCO were inactive during the Berriasian to late Santonian where the most subsident area correspond to the Sub Pyrenean Zone;



	
during Pyrenean orogenesis the supra-salt cover was detached from basement along the Keuper evaporites to form the Nappe des Corbières Orientales. Allochtonous basins underwent a weak internal shortening which manifests itself by the formation of NE-SW oriented thrusts and associated folds (e.g. Vingrau, Rocquefort-des-Corbières) or by the gentle inversion of Jurassic features (e.g. Valdria fold pair, Treilles Fault and GNF/GNSW, rollovers of Terres Noires, la Boutine-la Marende, la Boutine-Roc-Traucat and Garrigas);



	
due to formation of primary welds during inversion, any rugosity along the base of the suprasalt cover was sheared off during this lateral transport to give a smooth top-Keuper detachment rich in sub- and supra-salt strata blocks;



	
in addition to the Keuper detachment, the presence of the Liassic Marls detachment in the lower part of the Jurassic stratigraphic pile facilitates the strong basal deformation of the NCO;



	
during Oligo-Miocene extension, the orogenic CLTZ was negatively inverted to form the north-western margin of the Liguro-Provençal back-arc basin (Gulf of Lion passive margin). Some of the NE-SW oriented thrusts of the NCO underwent a gentle negative inversion (e.g. the Valdria Fault and the GNF in the Narbonne Fault portion), and the N110 Treilles Fault underwent late negative inversion.




Associated to previous works, this study highlights that the CLTZ is a key area to better understand Pyreneo-Provençal system evolution along its whole Wilson cycle and to better understand the processes that govern the formation of a salt-rich transfer zone in a strongly pre-structured crust, its multiple reactivations and the decoupling role of pre-rift salt.
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	[image: thumbnail]	Fig. 2 (a) Geological map of the Corbières Virgation, SW part of the Corbières-Languedoc Transfer Zone, showing the location of the study area (Fig. 5) and of the g”g’ cross-section. Jurassic stratigraphic columns of Figure 4 are located by number on the map. (b) Structural map of the Corbières Virgation showing the main orogenic domains and tectonic units defined in this paper. (c) E-W cross section of the Corbières Virgation (map trace located on Fig. 2a) showing the current relationship between the differents orogenic domains in the supra-salt cover (PNCO, DNCO, sPZ, Carcassonne high) (modified after Gorini et al., 1991). The section also illustrates the complex regional tectonic history and the decoupling effect of Keuper evaporites between supra-salt cover and sub-salt basement during deformations phases.
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	[image: thumbnail]	Fig. 3 Left: table summarizing the general lithostratigraphy of the Corbières Virgation from Paleozoic to Miocene with a synthesis of the main tectonic events. Right: table summarizing the detailed lithostratigraphy subdivisions of the Black Dolomites Group found in the Corbières Virgation, derived from BRGM geological maps (1/50,000) and many others studies. Red dashed lines represent unconformities (H1 to H9). Abreviations are H: Hiatus/Unconformity; L: lower; U: upper.
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	[image: thumbnail]	Fig. 4 Correlation chart of Jurassic stratigraphic units across and between orogenic domains of the Corbières Virgation. The domains and localities are shown in Figure 2. Columns 4 and 8 to 12 have been derived from our aa’ and dd’ cross-sections (Figs. 6a and 8c), the others come from litterature. Two detachment horizons are represented at the top Keuper (main detachment, in black) and in all or only at the top of the Liassic Marls (secondary detachment, in white). The Treilles Fault, cutting the DNCO, is represented in yellow. The letter L = delamination of: 1: r1a; 2: r1a and r1b; 3: Rhaetian; 4: Rhaetian to Carixian (-Domerian); 5: Rhaetian to Hettangian; 6: Bizanet to Feuilla Fm.; 7: Bizanet Fm. to Bouquignan Fm.; 8: Upper Mont-Grand Fm.; 9: Sinermurian-Carixian; 10: Domerian-lower Aalenian; 11: Sinemurian-lower Aalenian; 12: upper Aalenian-Callovian. The unconformities identified in Figure 3 are represented.
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	[image: thumbnail]	Fig. 5 Reinterpreted geological map of the NCO in the SE border of the Mouthoumet massif and the Treilles Fault area based on BRGM maps. Black line represents the traces of cross-sections aa’, bb’, cc’, dd’, ee’ and ff’. The locations of the panoramas of Figures 6c, d, e, 8a, b and 9b are indicated. Dip data mesured on the field have been placed on the map. Poles to bedding (Jurassic to Neocomian) are plotted on Schmid lower hemisphere stereographic projections by sector of the Treilles Fault hanging wall (below map) and footwall (above map).
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	[image: thumbnail]	Fig. 6 (a) Top: present day aa’ cross-section oriented NE-SW (map trace on Fig. 5) showing the DNCO detached above the Mouthoumet massif and cut by the Treilles normal fault. Bottom: restoration of the aa’ cross-section to end Jurassic showing the Jurassic displacement on the Treilles Fault recorded in stratigraphic thickness changes across the fault. Stratigraphic columns 8 to 12 of Figure 4 are represented on both sections. This thinskin fault is triggered by basement extension below salt during the Jurassic. (b) The NE-SE oriented bb’ cross-section in the immediate footwall of the Treilles fault showing the Pied-du-Poul growth footwall syncline. (c) Interpreted Google Earth view of the Boutine Jurassic growth strata, that we interpret as an inverted rollover anticline developped in the Treilles Fault hanging wall. (d) Field view to the SE of the upper Aalenian-Tithonian Boutine inverted rollover with interpretation below. (e) Field view toward the SE of the Treilles Fault showing the relationship between its hanging wall and footwall.
In the text



	[image: thumbnail]	Fig. 7 Top: NE-SW oriented cc’ cross-section across the hanging wall and the footwall of the eastern Treilles Fault (map trace on Fig. 5). The tie points with sections ff’ is indicated. The Treilles fault here cut the hinge of the 8 km wide anticline of Fitou. The Platrières de Fitou well is represented onto the section. The metamorphosed basement (andalousite facies) at the bottom of the well is represented here as the prolongation of the Mouthoumet anticline affecting NPZ basement. Alternatively it could correspond to an allochtonous block. Bottom: the section is restored to end Jurassic to show the original geometry and displacement of the Treille Fault.
In the text



	[image: thumbnail]	Fig. 8 (a) Interpreted Google Earth view of the Garrigas area, showing the NCO detached above the Mouthoumet basement and the DNCO thrusting the PNCO toward NW along the Garrigas Thrust. The DNCO and the PNCO strata present opposite orientation. (b) Field view toward the SW of the Garrigas unit detached above Mouthoumet basement showing the downward plunge of Malm strata onto flat top Keuper detachement. (c) NE-SW trending dd’ cross-section of the Garrigas Jurassic rollover NW-SE oriented (map trace on Fig. 5) with a representation of the column 4 of the Figure 4. The tie points with section ee’ is indicated. (d) the NW-SE trending ee’ cross section (map trace on Fig. 5) showing the NCO detached above the Mouthoumet foreland basement, the DNCO thrusting the PNCO, and the NE termination of the Vingrau thrust and folds. The tie points with sections aa’ and dd’ is indicated.
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	[image: thumbnail]	Fig. 9 (a) Top: present-day NW-SE trending ff’ cross-section (map trace on Fig. 5). The tie points with sections aa’ and cc’ are indicated. This section shows the DNCO emplaced over the Mouthoumet massif. It also shows the Boutine-Roc Traucat inverted rollover, and the segmentation of the DNCO in a series of NE-SW trending fault blocks whose strata truncate downward onto Liassic Marls and Keuper detachments. Bottom: restoration of section ff’ to end of Jurassic showing the thin skinned extension of the supra-salt cover decoupled from basement Cevenole faulting along the Keuper evaporites. The lateral equivalent to the SW of the Terres Noires fold pair (Figs. 5, 10a and 13a, b) is framed in black on both present day and restored sections. (b) Uninterpreted and interpreted ENE-ward field view of the Roc Traucat growth strata (Fig. 5a). Blocks of sub- and supra-salt strata lie along the Keuper and Lias Marls detachment levels. (c) Zooms of the lateral equivalent to the SW of the Terres Noires fold pair (framed in black in (a)), showing the activity of NE-SW oriented normal faults within the DNCO during the Jurassic that is demonstrated with the Terres Noires fold pair study (Sect. 4.9, Figs. 5, 10a and 13a, b).
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	[image: thumbnail]	Fig. 10 (a) Geological map of the Feuilla half-window showing the map trace of sections bb’, gg’, hh’ and ii’ and location of the field views in Figures 10b and 11a, b. Folds are identified by a number, 1: Pied-du-Poul TF footwall growth syncline; 2: Valdria syncline; 3: Valdria anticline; 4: Feuilla anticline; 5: Feuilla syncline; 6: Mezerac TF (Treilles Fault) footwall growth syncline; 7: Plat du Castel TF footwall growth syncline; 8: Terre Noires syncline; 9: Terres Noires anticline; 10: Montolier de Perellos sycnline. (b) Uninterpreted and interpreted SW field view of the Feuilla half-window showing the rotation of the Jurassic strata of the DNCO above and below the subhorizontal Treilles normal fault. In the foreground is the footwall of the fault with the Valdria inverted common limb visible in the upper Aalenian-Kimmeridgian units (right corner of the view). In the background is the Treilles fault hanging wall where the downward truncation of strata in faulted blocks can be seen.
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	[image: thumbnail]	Fig. 11 (a) Interpreted NE-ward field view of the Valdria fold pair in the NW part of the Feuilla half-window showing the thickness variation of the upper Aalenian-Callovian across the Valdria anticline and the thickenning of the j2D2 terme across the Valdria normal fault. Stereoplot of poles to Jurassic bedding along the gg’ section from the basement inlier to the Valdria massif. The colours of poles refer to their stratigraphic unit (see legend of the figure) except for Liassic poles which have the same color (purple). The numbers 1 to 3 on the stereoplot are statistically derived eigenvectors with point 3 representing the pi pole. (b) Interpreted eastward field view of the Valdria anticlinal hinge zone showing Kimmeridgian-Tithonian growth strata. (c) NW-SE g”g’ cross-section of the Valdria and Feuilla fold pairs (map trace on Fig. 5). Folds are identified by a number, 2: Valdria syncline; 3: Valdria anticline; 4: Feuilla anticline; 5: Feuilla syncline.
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	[image: thumbnail]	Fig. 12 Sequential restoration of the Valdria fold pair (gg’ cross-section, Fig. 11c) interpreted as a Jurassic extensional growth fold that developed in the hanging wall of a NW dipping normal fault cutting subsalt basement. The fold pair was later reactivated during Pyrenean emplacement of the NCO and again during the Oligo-Miocene extension. During NCO emplacement, the nappe detached a block from the basement high (responsable of the overturning of the Valdria fold pair) which was transported along with the NCO.
In the text



	[image: thumbnail]	Fig. 13 (a) Uninterpreted and interpreted SW field view of the Terres Noires massif with the steroplot of poles to Jurassic bedding of the Terres Noires Jurassic fold pair. (b) NW-SE oriented hh’ cross-section of the Terres Noires fold pair, interpreted as a Jurassic inverted rollover (map trace on Fig. 10a). (c) NW-SE oriented ii’ section of the Plat de Crouzal half-klippe (map trace on Fig. 10a). Two hypotheses are presented for the contact between Neocomian and Jurassic units either as thrust fault (above) or an unconformity (below).
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	[image: thumbnail]	Fig. 14 (a) End Dogger plate reconstruction of the Atlantic-Alpine Tethys linkage zone (adapted from Angrand et al., 2020), showing the location of the Corbières Virgation. Insert shows a schematic map of original Jurassic tectonostratigraphic zones of the study area (CLTZ in the Corbières Virgation portion). The box locates the block diagram in Figure 14b. Abbreviations are GTZ: Gibraltar Transfer Zone; BET: Bethic; IR: Iberian Range basins; EB: Ebro Block; PYR: Pyrenees; PRV: Provence; S: Sardigna. (b) Block diagram showing the restored 3D architecture of Jurassic basins of the future NCO, locating main documented features (Valdria forced folds, Treilles Fault, GNF, Garrigas, Boutine and Terres Noires rollovers). Extension in supra-salt cover was triggered by basement extension (in grey) but decoupled along Keuper evaporites (in pink). 2D to 3D salt and supra-salt structures and stratigraphic geometries (rollovers, forced folds, salt rollers) developed above oblique (NE-SW and N110) basement faults. Considering the NW-SE extension kinematics, the N110 structures are transtensionals. Two model hypothesis are shown for the original structure between the PNCO and the DNCO (GNF: Garrigas-Narbonne Fault or GNSW: Garrigas-Narbonne Salt Wall).
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        Left: table summarizing the general lithostratigraphy of the Corbières Virgation from Paleozoic to Miocene with a synthesis of the main tectonic events. Right: table summarizing the detailed lithostratigraphy subdivisions of the Black Dolomites Group found in the Corbières Virgation, derived from BRGM geological maps (1/50,000) and many others studies. Red dashed lines represent unconformities (H1 to H9). Abreviations are H: Hiatus/Unconformity; L: lower; U: upper.
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        Reinterpreted geological map of the NCO in the SE border of the Mouthoumet massif and the Treilles Fault area based on BRGM maps. Black line represents the traces of cross-sections aa’, bb’, cc’, dd’, ee’ and ff’. The locations of the panoramas of Figures 6c, d, e, 8a, b and 9b are indicated. Dip data mesured on the field have been placed on the map. Poles to bedding (Jurassic to Neocomian) are plotted on Schmid lower hemisphere stereographic projections by sector of the Treilles Fault hanging wall (below map) and footwall (above map).
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        Top: NE-SW oriented cc’ cross-section across the hanging wall and the footwall of the eastern Treilles Fault (map trace on Fig. 5). The tie points with sections ff’ is indicated. The Treilles fault here cut the hinge of the 8 km wide anticline of Fitou. The Platrières de Fitou well is represented onto the section. The metamorphosed basement (andalousite facies) at the bottom of the well is represented here as the prolongation of the Mouthoumet anticline affecting NPZ basement. Alternatively it could correspond to an allochtonous block. Bottom: the section is restored to end Jurassic to show the original geometry and displacement of the Treille Fault.
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        (a) Geological map of the Feuilla half-window showing the map trace of sections bb’, gg’, hh’ and ii’ and location of the field views in Figures 10b and 11a, b. Folds are identified by a number, 1: Pied-du-Poul TF footwall growth syncline; 2: Valdria syncline; 3: Valdria anticline; 4: Feuilla anticline; 5: Feuilla syncline; 6: Mezerac TF (Treilles Fault) footwall growth syncline; 7: Plat du Castel TF footwall growth syncline; 8: Terre Noires syncline; 9: Terres Noires anticline; 10: Montolier de Perellos sycnline. (b) Uninterpreted and interpreted SW field view of the Feuilla half-window showing the rotation of the Jurassic strata of the DNCO above and below the subhorizontal Treilles normal fault. In the foreground is the footwall of the fault with the Valdria inverted common limb visible in the upper Aalenian-Kimmeridgian units (right corner of the view). In the background is the Treilles fault hanging wall where the downward truncation of strata in faulted blocks can be seen.
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        (a) Interpreted NE-ward field view of the Valdria fold pair in the NW part of the Feuilla half-window showing the thickness variation of the upper Aalenian-Callovian across the Valdria anticline and the thickenning of the j2D2 terme across the Valdria normal fault. Stereoplot of poles to Jurassic bedding along the gg’ section from the basement inlier to the Valdria massif. The colours of poles refer to their stratigraphic unit (see legend of the figure) except for Liassic poles which have the same color (purple). The numbers 1 to 3 on the stereoplot are statistically derived eigenvectors with point 3 representing the pi pole. (b) Interpreted eastward field view of the Valdria anticlinal hinge zone showing Kimmeridgian-Tithonian growth strata. (c) NW-SE g”g’ cross-section of the Valdria and Feuilla fold pairs (map trace on Fig. 5). Folds are identified by a number, 2: Valdria syncline; 3: Valdria anticline; 4: Feuilla anticline; 5: Feuilla syncline.

      

    

  
    
      Fig. 12 
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        Sequential restoration of the Valdria fold pair (gg’ cross-section, Fig. 11c) interpreted as a Jurassic extensional growth fold that developed in the hanging wall of a NW dipping normal fault cutting subsalt basement. The fold pair was later reactivated during Pyrenean emplacement of the NCO and again during the Oligo-Miocene extension. During NCO emplacement, the nappe detached a block from the basement high (responsable of the overturning of the Valdria fold pair) which was transported along with the NCO.
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        (a) Uninterpreted and interpreted SW field view of the Terres Noires massif with the steroplot of poles to Jurassic bedding of the Terres Noires Jurassic fold pair. (b) NW-SE oriented hh’ cross-section of the Terres Noires fold pair, interpreted as a Jurassic inverted rollover (map trace on Fig. 10a). (c) NW-SE oriented ii’ section of the Plat de Crouzal half-klippe (map trace on Fig. 10a). Two hypotheses are presented for the contact between Neocomian and Jurassic units either as thrust fault (above) or an unconformity (below).
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        (a) End Dogger plate reconstruction of the Atlantic-Alpine Tethys linkage zone (adapted from Angrand et al., 2020), showing the location of the Corbières Virgation. Insert shows a schematic map of original Jurassic tectonostratigraphic zones of the study area (CLTZ in the Corbières Virgation portion). The box locates the block diagram in Figure 14b. Abbreviations are GTZ: Gibraltar Transfer Zone; BET: Bethic; IR: Iberian Range basins; EB: Ebro Block; PYR: Pyrenees; PRV: Provence; S: Sardigna. (b) Block diagram showing the restored 3D architecture of Jurassic basins of the future NCO, locating main documented features (Valdria forced folds, Treilles Fault, GNF, Garrigas, Boutine and Terres Noires rollovers). Extension in supra-salt cover was triggered by basement extension (in grey) but decoupled along Keuper evaporites (in pink). 2D to 3D salt and supra-salt structures and stratigraphic geometries (rollovers, forced folds, salt rollers) developed above oblique (NE-SW and N110) basement faults. Considering the NW-SE extension kinematics, the N110 structures are transtensionals. Two model hypothesis are shown for the original structure between the PNCO and the DNCO (GNF: Garrigas-Narbonne Fault or GNSW: Garrigas-Narbonne Salt Wall).
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