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Recumbent folding in the Upper Cretaceous Eaux-Chaudes massif: a Helvetic-type nappe in the Pyrenees?

Significance statement:

The Pyrenean orogenic deformation is most often characterized by thrust-fold systems formed under brittle conditions. The Eaux-Chaudes massif is an inlier of Upper Cretaceous sediments within the hinterland Axial Zone of the Pyrenees which allows to characterize the post-Variscan structure in this basement massif. Here we report for the first-time a recumbent fold structure, developed under ductile conditions in the Upper Cretaceous carbonates, with upper Paleozoic metasediments in the core. The fold nappe displays a km-scale, large overturned limb affected by high non-coaxial deformation (mylonitic fabric and strong crystallographic preferred orientation of calcite). Recorded paleotemperatures >300ºC in the Upper Cretaceous rocks are consistent with the microstructure observed. This is a novel deformation style previously unreported for the

INTRODUCTION

In orogens formed by tectonic inversion, the reactivation of extensional structures and the formation of thrust-related basement uplifts commonly accommodate the compressional deformation (e.g. [START_REF] Lacombe | Thick-skinned tectonics and basement-involved foldthrust belts: Insights from selected Cenozoic orogens[END_REF][START_REF] Pfiffner | Thick-skinned and thin-skinned tectonics: A global perspective[END_REF]Herwegh et al., 2020). The interiors of basement uplifts are often poorly understood due to structural complexity and limited outcrops of post-basement rocks. This study focusses on the Axial Zone of the Pyrenees, an Alpine orogen resulting from the inversion of a Mesozoic hyperextended rift (Jammes et al., 2009;[START_REF] Lagabrielle | Mantle exhumation, crustal denudation, and gravity tectonics during Cretaceous rifting in the Pyrenean realm (SW Europe): Insights from the geological setting of the lherzolite bodies[END_REF][START_REF] Masini | The tectonosedimentary evolution of a hyper-extended rift basin: The example of the Arzacq-Mauléon rift system (Western Pyrenees, SW France)[END_REF][START_REF] Teixell | The crustal evolution of the west-central Pyrenees revisited: Inferences from a new kinematic scenario[END_REF][START_REF] Teixell | Crustal structure and evolution of the Pyrenean-Cantabrian belt: A review and[END_REF].

The Pyrenees conform to an asymmetric doubly-verging wedge (Choukroune et al., 1989;[START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Teixell | Crustal structure and orogenic material budget in the west central Pyrenees[END_REF] which formed from late Cretaceous to early Miocene times
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This article is protected by copyright. All rights reserved (Alpine orogeny) (Fig. 1). The Axial Zone comprises a system of thrust sheets made of Iberian Paleozoic basement (previously deformed by the Variscan orogeny) which connects to a south-verging thin-skinned thrust system of Mesozoic and Tertiary rocks (South Pyrenean Zone). North of the Axial Zone, the North Pyrenean Zone (NPZ) comprises the inverted Mesozoic basin axis which overrides both the Aquitaine foreland by the North Pyrenean Frontal Thrust and the Axial Zone by the North Pyrenean Fault and the Lakora thrust [START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Teixell | Crustal structure and orogenic material budget in the west central Pyrenees[END_REF][START_REF] Mouthereau | Placing limits to shortening evolution in the Pyrenees: Role of margin architecture and implications for the Iberia/Europe convergence[END_REF][START_REF] Teixell | The crustal evolution of the west-central Pyrenees revisited: Inferences from a new kinematic scenario[END_REF].

The Eaux-Chaudes massif (ECM) comprises an inlier of Upper Cretaceous rocks surrounded by Paleozoic rocks in the northwestern Axial Zone (Fig. 2). The massif has been classically interpreted as a duplex structure with a roof thrust carrying Paleozoic basement (Ternet, 1965;Déramond et al., 1985;Dumont et al., 2015). The Upper Cretaceous sedimentary cover constitutes a key-marker to constrain the structural style and paleotemperature conditions during the Alpine orogeny.

We present a novel view of the Eaux-Chaudes structure (Fig. 3), documented by structural mapping, microstructure and paleotemperature data, which highlights a kilometrescale recumbent fold nappe. Our observations evidence the importance of alpine ductile folding not recognized hitherto in the hinterland of the Pyrenees. 

TECTONIC SETTING

Paleotectonic
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This article is protected by copyright. All rights reserved subsidence related to the Pyrenean orogeny [START_REF] Teixell | Coupe géologique du massif d'Igountze: implications sur l'évolution structurale de la bordure sud de la Zone nord-pyrénéenne occidentale[END_REF]. Cenomanian-Turonian formations are discontinuous due to local erosion events, as observed elsewhere in the western Axial Zone [START_REF] Souquet | Le Crétacé supérieur sudpyrénéen en Catalogne, Aragon et Navarre[END_REF][START_REF] Teixell | Memoria de la Hoja nº 144 (Anso)[END_REF]. The ECM is overlain by the Lakora thrust complex (Fig. 2), here represented by Paleozoic (Montagnon d'Iseye thrust unit) and Upper Triassic rocks (mostly Keuper and ophites, Bedous unit), which is in turn overlain by the detached Jurassic-Lower Cretaceous rocks of the southern Chaînons Béarnais (Ternet et al. 2004, Labaume & Teixell, 2020). The whole system was uplifted in the hanging wall of the Gavarnie thrust that raised the Axial Zone, imparting local backthrusting deformation in the ECM (D2 in Dumont et al., 2015). Thrusting of the Lakora-Eaux-Chaudes units is attributed to the latest Cretaceous to mid-Eocene, while subsequent Gavarnie thrusting in the western Axial Zone is attributed to the late Eocene-early Oligocene [START_REF] Teixell | The Ansó transect of the southern Pyrenees: Basement and cover thrust geometries[END_REF][START_REF] Teixell | The crustal evolution of the west-central Pyrenees revisited: Inferences from a new kinematic scenario[END_REF].

METHODOLOGY

Field structural analysis and mapping was combined with cross-section construction to interpret the large-scale structure. Samples were analysed by thin section and scanning electron microscopy (SEM) coupled with electron backscattered diffraction (EBSD) and energy dispersive spectrometry (EDS). EBSD data were collected at the University of Montpellier on a CamScan Crystal Probe X500FE.

Raman spectroscopy of carbonaceous material (RSCM) was performed at the BRGM (Orléans) to calculate peak temperatures (T max ) using a diode-pumped solid-state laser source excitation of 514.5 nm. The laser power reaching the sample surface, through the 100x objective of a Leica DM2500 microscope, did not exceed 1 mW. We followed the procedures described by [START_REF] Beyssac | Raman spectra of carbonaceous material in metasediments: A new geothermometer[END_REF][START_REF] Beyssac | On the characterization of disordered and heterogeneous carbonaceous materials by Raman spectroscopy[END_REF]Beyssac et al. ( , 2007) ) and [START_REF] Lahfid | Evolution of the Raman spectrum of carbonaceous material in low-grade metasediments of the Glarus Alps (Switzerland)[END_REF].

RESULTS

We propose a new structural profile of the ECM showing an unexpected large-scale ductile structure defined by the Upper Cretaceous rocks (Figs. 3,4), consisting of a southverging ~5km-long recumbent fold nappe cored by folded Silurian-Devonian metasediments with a near-horizontal axial plane and a large overturned limb. The Paleozoic core shows minor folds with subhorizontal axial planes and heterogeneously distributed foliation. The
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This article is protected by copyright. All rights reserved overturned limb is in thrust contact over an autochthonous panel of weakly deformed Upper Cretaceous carbonates (Figs. 2,3,4). Occasional Keuper and ophite slices are found along the contact (Ternet, 1965). The Eaux-Chaudes recumbent structure shows an immersion to the west, consistent with the regional plunge of the western Axial Zone, and hence it disappears laterally below overlying thrust sheets. East of the Ossau valley it is largely eroded, so the valley area provides a unique opportunity to observe the proposed structural relationships.

Sample analyses were performed in the Upper Cretaceous of the autochthon, the overturned limb and the normal limb of the fold nappe (Figs. 3,4).

Structural analysis

In the Upper Cretaceous of the autochthonous and normal-limb domains, sedimentary textures are preserved, despite small-scale brittle faults, and a spaced pressure-solution cleavage. Generally, fossils are unstrained apart from solution seams, and ductile deformation at the grain scale is not observed. EBSD analysis of calcite aggregates show random distribution of crystallographic a-, m-and c-axes (Fig. 5). The average grain size is ~32 µm, ranging between 16-100 µm. Occasionally, deformation twins of type III-IV (Ferrill et al., 2004) are observed in coarser calcite grains.

The overturned limb is characterized by strong ductile deformation that obliterates fossil content. It shows a mylonitic foliation subparallel to bedding at the mesoscale, and stretching lineation, both inclined to the north (Fig. 5). Microfabrics are controlled by the rheological behaviour of the mineral phases. In calcite-rich layers, crystal-plastic deformation is dominant with development of a fine-grained matrix (9-28 µm, decreasing grain size with increasing deformation intensity) featuring grain-shape preferred orientation and S-C composite fabrics (Fig. 5). We observed evidence of grain boundary migration, such as lobate and interfingering grain boundaries and subgrains. Well-developed CPO is recorded, with c-axes oriented normal to the foliation, and a-and m-axes defining a girdle parallel to the foliation (Fig. 5). Aligned oxide minerals (<1 vol%) parallel to the main foliation enhance the anisotropic fabric. Thin dolomite-rich layers are observed in some samples. These layers show moderate plastic deformation, with occasional fold streaks and asymmetric

Accepted Article

This article is protected by copyright. All rights reserved porphyroclasts (Fig. 6). Quartz-and phyllosilicate-rich layers (e.g. Buntsandstein and Cretaceous clastic limestones) show brittle-to-ductile behaviour, with weak intragranular deformation (undulose extinction) and slight evidence of quartz recrystallization by bulging. S-C fabrics and asymmetric porphyroclasts attest a non-coaxial deformation and evidence the south-directed tectonic transport previously reported by Ternet (1965), [START_REF] Majesté-Menjoulas | Evolution alpine d'un segment de la chaîne varisque. Nappe de Gavarnie, chevauchements Cinq-Monts-Gentiane (Pyrénées centrales et occidentales)[END_REF]), Dumont et al. (2015) and Cochelin (2016). Microstructure and EBSD of monomineralic calcite aggregates suggest plastic deformation by dislocation creep accommodated by slip on basal planes parallel to the a-and m-axes.

RSCM paleothermometry

Raman Spectroscopy of Carbonaceous Material is based on the analysis of the degree of structural organization of carbonaceous material (CM) as a proxy for the T max . CM structure is not sensitive to retrograde transformations, remaining on the maximum temperature reached during metamorphism [START_REF] Beyssac | Raman spectra of carbonaceous material in metasediments: A new geothermometer[END_REF]. Raman spectra are composed in the first region (Tuinstra & Koenig, 1970;[START_REF] Nemanich | First-and second-order Raman scattering from finitesize crystals of graphite[END_REF]) by the graphite band (G) and defect bands (D 1-4 ).

The spectra from the autochthonous and overturned limb were fitted by the [START_REF] Beyssac | Raman spectra of carbonaceous material in metasediments: A new geothermometer[END_REF] method, since it is well adapted to the temperature range 320-650ºC. Samples from the normal limb best fittings were obtained by the method of Lahfid and others (2010), which works better in the temperature range 150-320ºC. In either case, T max values obtained for all samples range between 315-350ºC (Fig. 7 and Table 1). Representative Raman spectra (Fig. 7) from the undeformed autochthonous unit and overturned limb show differences between the intensities of D1 and G bands with D1 band more intense. This indicates a temperature higher than 330ºC. In the normal limb, both D1 and G bands show a very similar intensity, implying a lower temperature of approximately 315ºC.

DISCUSSION

The ECM represents the inverted Iberian rifted margin where Upper Cretaceous rocks have been ductilely folded. Large-scale recumbent folding is accompanied by high-strain shearing in the overturned limb, with extensive crystal-plastic deformation and
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The Pyrenean Axial Zone is interpreted as a stack of basement units buried and deformed during the Cenozoic at temperatures in general <300ºC (e.g. Fitzgerald et al., 1999;Jolivet et al., 2007;[START_REF] Metcalf | Thermochronology of a convergent orogen: Constraints on the timing of thrust faulting and subsequent exhumation of the Maladeta Pluton in the Central Pyrenean Axial Zone[END_REF][START_REF] Abd Elmola | Texturalchemical changes and deformation conditions registered by phyllosilicates in a fault zone (Pic de Port Vieux thrust, Pyrenees)[END_REF][START_REF] Bellahsen | Shortening of the axial zone, Pyrenees: Shortening sequence, upper crustal mylonites and crustal strength[END_REF]. This work shows for the first-time evidence for ductile basement-involved thin-skinned deformation (i.e. [START_REF] Pfiffner | Thick-skinned and thin-skinned tectonics: A global perspective[END_REF] in the Pyrenees, affecting the upper Paleozoic metasediments and the overlying Mesozoic sedimentary rocks. RSCM geothermometric results for the Jurassic-Lower Cretaceous rocks of the NPZ in the vicinity are in a range of 300-400ºC (Clerc et al., 2015;Corre, 2017). However, this metamorphic peak is associated with the mid-Cretaceous episode of crustal hyperextension in the Pyrenean rift (Golberg & Leyreloup, 1990;Clerc & Lagabrielle, 2014;[START_REF] Saspiturry | Paleogeothermal Gradients Across an Inverted Hyperextended Rift System: Example of the Mauléon Fossil Rift (Western Pyrenees)[END_REF], and not with the Alpine orogeny as in the Upper Cretaceous at Eaux-Chaudes. The microstructural features observed at ECM are consistent with the RSCM estimates. Type IV deformation twins are indicative of temperatures >250ºC (Ferrill et al., 2004), complete recrystallization of calcite is commonly reported at temperatures >300ºC (Weber et al., 2001), and incipient bulging recrystallization in quartz is documented for the range 300-400ºC [START_REF] Stipp | Dynamic recrystallization of quartz: Correlation between natural and experimental conditions[END_REF].

Our proposed cross-sectional geometry differs notably from previously published structural interpretations (Ternet, 1965;Déramond et al., 1985;Dumont et al., 2015;Cochelin, 2016). The recumbent fold poses the question of the mechanical behaviour of the Paleozoic metasediments located in the deformed core of the structure. The bulk of these rocks is rich in phyllosilicates, i.e. slates with limestone and sandstone intercalations of Devonian age, and graphitic Silurian slates. The main foliation observed in these rocks is consistent with the large structure, although could partly derive from an earlier Variscan fabric (Dumont et al., 2015;Cochelin, 2016) This Pyrenean structure has similarities to the lower Helvetic Morcles-Doldenhorn nappes of the Alps, which are recumbent folds with long overturned limbs involving lowgrade Mesozoic metasedimentary rocks (e.g. [START_REF] Ramsay | Tectonics of the Helvetic nappes[END_REF]Burkhard, 1988;[START_REF] Pfiffner | The structure of the Helvetic nappes and its relation to the mechanical stratigraphy[END_REF]Casey & Dietrich, 1997;Herwegh & Pfiffner, 2005). Paleotemperature data (315-350ºC), grain size (9-28 µm) and microstructure (dislocation creep-induced textures, dynamic recrystallization and associated grain size reduction) are also comparable. For example, [START_REF] Austin | Strain localization in the Morcles nappe (Helvetic Alps, Switzerland)[END_REF] reported average grain size between 7-22 µm for samples deformed in a temperature range 337-358ºC in the Morcles Nappe. Similar grain sizes and paleotemperatures were also reported for the Doldenhorn and Glarus nappes by Herwegh & Pfiffner (2005) and Ebert et al. (2007,2008).

A challenge resides in explaining the high temperatures recorded by the Upper Cretaceous rocks in the ECM. In the Helvetic case, high temperature can be explained by tectonic burial by the overlying Penninic and Austroalpine nappes, with a structural pile >15 km (Dietrich & Casey, 1989;[START_REF] Pfiffner | Deep Structure of the Swiss Alps: Results from NFP 20[END_REF]Herwegh & Pfiffner, 2005;[START_REF] Nibourel | Large vertical displacements of a crystalline massif recorded by Raman thermometry[END_REF]. Such deep burial is more difficult to envisage for the Pyrenees where the thrust stack is considered much thinner (e.g. [START_REF] Teixell | Crustal structure and orogenic material budget in the west central Pyrenees[END_REF][START_REF] Bellahsen | Shortening of the axial zone, Pyrenees: Shortening sequence, upper crustal mylonites and crustal strength[END_REF]. The measured ~30ºC difference between the normal and overturned limbs at Eaux-Chaudes, for samples ~1 km apart vertically, could indicate a normal geothermal gradient in the fold domain, although this difference lies within the RSCM error margins and, therefore, cannot be conclusive. A 30ºC/km gradient for the Iberian margin is near to the 34ºC/km gradient estimated for the
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This article is protected by copyright. All rights reserved European conjugate margin by [START_REF] Saspiturry | Paleogeothermal Gradients Across an Inverted Hyperextended Rift System: Example of the Mauléon Fossil Rift (Western Pyrenees)[END_REF]. However, a 30ºC/km gradient would imply ~11 km of burial over the fold nappe, which is hard to reconcile with the tectonic pile that can be reconstructed above (Labaume & Teixell, 2020). Labaume et al. ( 2016), based on thermochronology-assisted restoration, estimated ~8 km of total burial over the Eaux-Chaudes thrust units (including synorogenic Flysch), representing a 40ºC/km gradient using our paleotemperatures. The available observations cannot unequivocally discriminate between deep burial or high geothermal gradient, the latter a relict of the Mesozoic thinning phase as proposed by [START_REF] Bellahsen | Shortening of the axial zone, Pyrenees: Shortening sequence, upper crustal mylonites and crustal strength[END_REF] for other parts of the Iberian paleomargin in the Axial Zone.

CONCLUSIONS

We propose a novel structural interpretation for the Upper Cretaceous of the Eaux-Chaudes massif with a style reported for the first time in post-Paleozoic rocks of the Pyrenees. It 2b). Data compiled from published maps (Ternet, 1965;Ternet et al., 2004), completed with additional own field studies. White line indicates cross-section in Figure 3. Colour codes correspond to those given in Figure 3. 
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This article is protected by copyright. All rights reserved ophites) between the overturned limb and autochthon remain from its extrusion while the fold nappe progressively evolved. values were retrieved from peak-fitting of Raman spectra (mean and standard deviation). RA1, (D1+D4)/(D1+D2+D3+D4+G); RA2, (D1+D4)/(D2+D3+G); Maximum temperatures were estimated after the methods by [START_REF] Beyssac | Raman spectra of carbonaceous material in metasediments: A new geothermometer[END_REF] and [START_REF] Lahfid | Evolution of the Raman spectrum of carbonaceous material in low-grade metasediments of the Glarus Alps (Switzerland)[END_REF]. Asterisks indicate EBSD analysed samples. 
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  reconstructions place the Upper Cretaceous platform carbonates of the ECM in the upper margin of the Iberian plate during the Mesozoic post-rift stage (e.g. Teixell et al., 2016 and references therein). These carbonates later became sandwiched between Paleozoic rocks during the Pyrenean convergence. The Upper Cretaceous sequence lies unconformably on Silurian to Carboniferous metasedimentary rocks, mainly shales, limestones, and sandstones, and on the late Paleozoic Eaux-Chaudes granite. Occasionally lower Triassic Buntsandstein conglomerate pods are preserved in between the Paleozoic and the Upper Cretaceous (Ternet, 1965). The Cretaceous sequence consists of a lower unit of mudstones and grainstones ("Calcaires des Cañons", Cenomanian to Santonian) followed by sandstone-shale Flysch of Campanian-Maastrichtian age (Ternet, 1965), a sequence which represents the early stages of

  that was reworked during Alpine deformation. Mapping suggests that the Eaux-Chaudes fold nappe was detached in the weak Silurian rocks. The contact that is usually mapped as the Eaux-Chaudes thrust in the Ossau valley (e.g. Ternet et al., 2004) is here reinterpreted as an overturned stratigraphic boundary between Paleozoic and Upper Cretaceous carbonates, supported by (1) the occurrence of Accepted Article This article is protected by copyright. All rights reserved overturned Buntsandstein pods along the contact, (2) a large-scale folded Paleozoic stratigraphy cored by Silurian slates, and (3) the recognition by Ternet (1965) of an overturned panel involving Paleozoic and Cretaceous rocks at Bouerzy and Cézy peaks (Fig. 2) in the hinge of the structure. Along the Ossau valley, the highly-deformed Upper Cretaceous carbonates of the overturned limb are in sharp contact with the low deformed and sub-horizontal autochthonous Upper Cretaceous carbonates (Figs. 3, 4). The Keuper and ophite bodies along the contact may represent relicts of the Triassic sole of the overlying Lakora thrust sheet, squeezed out from the faulted (welded) synform during recumbent folding (Fig. 8).

  consists of a large recumbent fold nappe, cored by Paleozoic phyllosilicate-rich metasediments and comprising a km-long overturned and sheared limb, showing similarities with the fold nappes of the lower Helvetic Alps. According to RSCM paleothermometry, the Upper Cretaceous carbonates of the Eaux-Chaudes nappe reached the lower greenschist facies with peak temperature of ~350ºC. Mylonitic foliation and stretching lineation are well-developed in the overturned fold limb. Crystallographic and shape-preferred orientations in calcite are consistent with plastic deformation and extensive dynamic recrystallization indicating top-to-the-south shear sense.These observations evidence a high temperature of the Axial Zone during Alpine deformation and rends challenging its interpretation between a deep burial and/or a high geothermal gradient relict from the Mesozoic thinning phase.

Figure captions FIGURE 1 .

 captions1 Figure captions FIGURE 1. (A) Geologic sketch map of the Pyrenees showing the location of the Eaux-Chaudes massif. White frame indicates the mapped area (Fig. 2) and white line indicates cross-section in Figure 1B. (B) Crustal cross-section of the Pyrenees west of the study zone (simplified from Teixell et al., 2016) showing the tectonic setting of the: Eaux-Chaudes structure (red frame); CBB: Chaînons Béarnais Belt; IM: Igountze Mendibelza; GT: Gavarnie thrust; LT: Lakora thrust; NPZ: North-Pyrenean Zone; NPF: North-Pyrenean fault; NPFT: North-Pyrenean Frontal thrust; SPZ: South-Pyrenean Zone; SPFT: South-Pyrenean Frontal Thrust.

FIGURE 2 .

 2 FIGURE 2. (A) Geological map of the Chaînons Béarnais belt (North-Pyrenean Zone) and Eaux-Chaudes massif, location in Figure 1a; NPF: North-Pyrenean fault. Modified from Labaume & Teixell (2020). (B) Detailed geological map of the study area in the Ossau Valley, western Eaux-Chaudes massif (location in Fig.2b). Data compiled from published maps(Ternet, 1965; Ternet et al., 2004), 

FIGURE 3 .

 3 FIGURE 3. Cross-section of the recumbent Eaux-Chaudes fold nappe in the western side of the Ossau valley (see Fig. 2b for location).

FIGURE 4 .

 4 FIGURE 4. Outcrop photo and interpreted profile of the Eaux-Chaudes nappe structure at the western side of the Ossau valley (see Fig. 2b for location). Gray arrows indicate bedding polarity.

FIGURE 5 .

 5 FIGURE 5. (A) Equal area upper hemisphere pole figures of calcite a-, m-and c-axes measured by EBSD for the undeformed Upper Cretaceous limestone from the normal limb of the Eaux-Chaudes fold nappe (sample 17NC51, cut perpendicular to bedding), showing random crystallographic orientation. (B) Band contrast image and Inverse Pole Figure (IPF) map for sample 17NC51. (C) Stereonet reference frame with xyz spatial axes for deformed samples of the overturned limb. Pole figures and images correspond to the xz plane. (D) Equal area upper hemisphere pole figures of calcite a-, m-and c-axes fabrics deformed of sample 17NC26, showing a moderate crystallographic preferred orientation. (E) Band contrast image and IPF map of sample 17NC26 showing S-C composite structure. (See Fig. 2b and table 1 for sample location).

FIGURE 6 .

 6 FIGURE 6. Deformed samples from the overturned limb at the locality of Cambeilh (see Fig. 2 for location). Arrows indicate the shear direction. (A) Asymmetric dolomite porphyroclasts in a dark recrystallized calcite matrix. (B) Intramylonitic folds (dashed white lines) in sheared limestone. (C) Stretching lineation (dashed white lines) on the mylonitic foliation planes. All of these structures indicate top to the south sense of tectonic transport. (D), (E); Stereographic projection of (D) main foliation and (E) stretching lineation measured in the Upper Cretaceous rocks. (lower hemisphere, equal area).

FIGURE 7 .

 7 FIGURE 7. Representative Raman spectra of carbonaceous material and photomicrographs of three samples from the Upper Cretaceous rocks, in a vertical profile across the Eaux-Chaudes fold nappe. (A) Undeformed sample from the normal limb of the recumbent fold. (B) Deformed sample from the overturned limb of the recumbent fold. (C) Undeformed sample from the autochthon (see Fig. 2b and table 1 for sample location).

FIGURE 8 .

 8 FIGURE 8. Cartoon (not to scale) illustrating the development and evolution of the Eaux-Chaudes recumbent fold during the D1 stage of the Pyrenean compressional deformation. Thickness of Upper Triassic and subsequent units are poorly constrained. Relicts of Upper Triassic rocks (Keuper and
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TABLE 1 .

 1 Summary of samples used in Raman and EBSD study. Zone indicates the structural position of samples (Au: Autochthonous; OL: Overturned Limb; NL: Normal Limb). RA1 and RA2
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	Upper Aptian to lower Cenomanian (Spicule marls and Black Flysch Group) (Iguntze: Mendibelza conglomerates; Cenomanian to Santonian (south: carbonates ; north: ysch) d'Iseye Middle-Upper Triassic (Keuper facies, Muschelkalk carbonates and ophite) a) Paleozoic metasediments and Lower Triassic sandstone b) Late Variscan granitoids a b	Upper Cretaceous alkaline magmatic rocks (intrusive sheets and pillow lavas)	Thrust on reactivated diapir/weld Welded diapir Normal fault	
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			Goust	Les Eaux-Chaudes
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					du Cambeilh
				O
				ss au
	N			V al le y
	1 km			
	Coniacian -Santonian Campanian -Maastrichtian Quaternary	Buntsandstein Keuper and ophites Eaux-Chaudes granite	Upper Devonian Lower Devonian Silurian	Detachment contact Thrust fault Welded contact
	Cenomanian -Turonian	Carboniferous		Sample location
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