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Abstract The Chaînons Béarnais (CB, North Pyrenean Zone) resulted from the Cenozoic contractional
reactivation of the salt tectonics‐bearing, hyperextended margin that initiated at the Europe‐Iberia
transition during the Early Cretaceous. In this tectonic scenario, assessing the relative contribution of
extension and contraction to the present‐day structure is crucial to reconstruct the hyperextended margin
geometry and to quantify the subsequent shortening. This study undertakes this issue by defining the
relationship between folding and two bedding‐independent references: peak temperature isotherms and
paleomagnetic data. Isotherms were reconstructed from 76 new measurements of Raman spectroscopy on
carbonaceous materials (RSCM) and indicate temperatures at the time of peak metamorphism in the CB
(110–85 Ma, end of extension). They are shallowly to moderately northwards dipping and cut across most of
the folds deforming the Mesozoic units. Paleomagnetic data from 29 sites evidence a widespread
remagnetization carried by pyrrhotite that was probably blocked during the early Paleogene (before the
onset of continental collision) and postdated folding in the CB. Abnormal inclinations in this
remagnetization suggest syn‐collision tilts up to 60° to the north in the back limb of the Axial Zone. Based on
the presented data set, we propose that the folding of the cover above the evaporitic décollement was almost
fully completed by the end of the Cretaceous extension, with ~85–100% of the dip of fold limbs being
acquired before the remagnetization time. Cenozoic contraction reactivated the extensional faults in the
shallow basement as top‐to‐the‐S thrusts, leading to the passive transport and northwards tilting of the
folded cover.

1. Introduction

The characterization of fold‐and‐thrust belts resulting from the inversion of early extensional basins faces
one main difficulty: the distinction of inherited, syn‐extensional features from those developed during con-
tractional stages. Both contribute to the final geometries of the belt with extensional structures being either
preserved, or partly to totally inverted during the contractional event (McClay, 1989). The quantification of
their relative contribution is crucial to characterize the early extensional architecture that represents the
reference, preorogenic template necessary to estimate the amount of subsequent shortening.

When fold‐and‐thrust systems involve evaporitic décollements, their geometry significantly differs from that
of fold‐and‐thrust belts dominated by basement faults or detached over a frictional (shale‐like) décollement
(Callot et al., 2012; Costa & Vendeville, 2002; Coward, 1983; Davis & Engelder, 1985). In general terms, the
presence of evaporitic levels enhances (i) out‐of‐sequence faulting (Letouzey et al., 1995; Santolaria
et al., 2015), (ii) quick propagation of contractional deformation towards the foreland (Izquierdo‐Llavall
et al., 2018; Luján et al., 2003; Pla et al., 2019), and (iii) strong if not complete decoupling between
supra‐décollement structures and basement features developed underneath (Vendeville et al., 1995). In
this scenario, the full understanding of fold‐and‐thrust systems that reactivate previous extensional basins
and involve evaporites requires both (i) the proper distinction between early extensional and later contrac-
tional structures and (ii) the proper characterization of cover and basement features and their evolution
through time.
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Natural examples involving precontractional evaporite units indicate that the relative contribution of
syn‐contractional and syn‐extensional structures in the final deformation pattern may be strongly variable
(Graham et al., 2012; Granado et al., 2018). In the Jura Mountains, structural inheritance has been inter-
preted to be limited to an assemblage of normal faults that offset flat‐lying or shallowly dipping beds, the
basement and cover units being coupled. These faults then controlled the locus of later contractional thrusts,
including the location of the leading edge thrust front (Butler, 1989; Butler et al., 2006). Conversely, in other
fold‐and‐thrust belts such as the Zagros (Callot et al., 2012; Jahani et al., 2007), the Atlas (Calvín et al., 2018;
Torres‐López et al., 2018), or the eastern Prebetic Zone (Escosa et al., 2018), early diapirs, drape or haloki-
netic folds, and salt domes accounted for a strong precontractional structuring of the cover units that were
partly or largely decoupled from the basement. These early salt structures, weaker than adjacent areas,
strongly localized shortening during the subsequent compression that obliterated the precontractional
architecture (Callot et al., 2007, 2012; Escosa et al., 2018; Legeay et al., 2019). In this sense, the study of exten-
sional domains affected by mild contractional reactivation (such as the Parentis Basin in the Eastern Bay of
Biscay, Ferrer et al., 2008, 2012; Roca et al., 2011) allows a better geometrical and areal characterization of
extension‐related salt structures.

In the present study, we investigate the precontraction architecture of the Chaînons Béarnais (CB), in the
western part of the North Pyrenean Zone (Figures 1 and 2a). The Pyrenees resulted from the inversion dur-
ing the Late Cretaceous–Miocene of a series of extensional basins formed during a rift‐related,
high‐temperature event that occurred in the Early to mid‐Cretaceous (Clerc & Lagabrielle, 2014; Jammes
et al., 2009; Lagabrielle et al., 2010; Muñoz, 1992, 2002; Teixell et al., 2016; Tugend et al., 2014). These basins
are thought to display a strong preorogenic structuration because of the presence of a thick Triassic salt layer
controlling the growth of early detachment anticlines, salt ridges, and diapirs (Canérot, 1989; Canérot
et al., 1978, 2005; James & Canérot, 1999; Lagabrielle et al., 2010; Teixell et al., 2016). To further

Figure 1. a) Geological map of the Pyrenees (modified from Teixell, 1998) with location of the study area (black
rectangle). CB, Chaînons Béarnais; NPFT, North Pyrenean frontal thrust; NPZ, North Pyrenean Zone; SPFT, South
Pyrenean frontal thrust; SPZ, South Pyrenean Zone. (b) Crustal‐scale cross‐section across the western Axial Zone (from
Teixell et al., 2016). See location in Figure 1a.
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investigate the precontraction architecture in the Northern Pyrenees, we carried out a structural study and
constructed two N–S cross‐sections through the central part of the CB. Fold geometries along them
are semiquantitatively constrained through data derived from two independent methods: Raman
spectroscopy on carbonaceous material (RSCM) and paleomagnetism. From these data, we restored
preorogenic basin geometries and constrained the relative timing between folding, the freezing of
peak‐temperature isotherms, and the blocking of the magnetization. Our results indicate that most of the
present‐day Triassic‐cored folds across the studied area developed before the onset of collision in the
western Pyrenees, with shortening resulting in the passive transport of the inherited structures and the

Figure 2. (a) Regional geological map of the Chaînons Béarnais area (modified from Barnolas et al., 2008). Yellow stars indicate the location of mantle outcrops
(from Lagabrielle et al., 2010). (b) Synthetic stratigraphic log for the Montcaou area. Thickness estimates are given by Casteras et al. (1970) (c) Previously
published cross‐sections across the study area (Canérot, 1989; Tugend et al., 2014; Teixell et al., 2016; summarized by Corre, 2017, see approximate location in
Figure 2a). Note the difference among them in terms of both age and geometry of Triassic‐detached structures. The geometry of basement‐involved structures and
their relationship with the Mesozoic cover also differs in the different sections.
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tilting of the folded units. The integration of the whole data set puts forward a powerful multimethod
approach that can be applied to quantify inheritance in other hot, extensional basins subsequently inverted.

2. Geological Setting

The Pyrenean range is the result of the collision between the Iberian and Eurasian plates during Late
Cretaceous–Miocene (e.g., Muñoz, 1992). The Pyrenees are bounded by two foreland basins, the
Aquitaine basin to the north and the Ebro basin to the south, and they are subdivided into three ESE‐
WNW‐striking structural domains (Figure 1): (i) the North Pyrenean Zone, (ii) the Axial Zone, and
(iii) the South Pyrenean Zone that are formed by thick sequences of syn‐rift to postrift Mesozoic rocks,
Paleozoic sediments and basement rocks, and thick syn‐orogenic Cenozoic sequences, respectively. The
Pyrenees are a double‐verging, asymmetric range, bounded by the North and South Pyrenean frontal thrusts
(Figure 1). They consist of a large, south‐directed imbricate thrust system associated with a smaller retrover-
gent belt affecting the northern North Pyrenean Zone (Figure 1b; Muñoz, 1992; Teixell, 1996; Teixell
et al., 2016). The present study focuses on the North Pyrenean Zone, north of the western termination of
the Axial Zone (i.e., the CB, see location in Figure 1).

2.1. Geodynamic Evolution and Stratigraphy of the Northern Pyrenees

The Northern Pyrenees resulted from a long and complex tectonic evolution involving early Mesozoic exten-
sional stages and a late Mesozoic to Cenozoic compression (Teixell et al., 2016 and references therein). These
Meso–Cenozoic stages affected a Paleozoic basement previously deformed during the Variscan Orogeny in
the Late Carboniferous (Soula et al., 1986; Zwart, 1986).

In the western Axial Zone, the Paleozoic basement mostly consists of Devonian limestones, sandstones, and
shales and Carboniferous limestones and turbidites, the latter being coeval to the Variscan deformation
stages (García‐Sansegundo et al., 2011; Ternet et al., 1980, 2004). During the Variscan Orogeny, these units
underwent a syn‐orogenic, low‐grade metamorphism (anchizone–epizone boundary, ~300°C; Ternet
et al., 2004) and were intruded by late Variscan granitoids (e.g., the Eaux‐Chaudes intrusion) that developed
limited contact metamorphism around them (Debon, 1996; Ternet et al., 2004). During the Permian–Early
Triassic, red detrital units unconformably overlaid Variscan structures. Their deposition took place in exten-
sional to transtensional conditions (Saura & Teixell, 2006; Speksnijder, 1985) and was accompanied by the
abundant volcanics that crop out in the central and southern part of the westernAxial Zone (Lago et al., 2004;
Ternet et al., 2004).

During the Jurassic period, the plate boundary between Iberia and Europe accommodated both extensional
and left‐lateral strike‐slip motions (Canérot, 2008; Jammes et al., 2009, 2010; Rosenbaum et al., 2002;
Schettino & Turco, 2011), resulting in a widespread, horst‐and‐graben‐like rifting. Coeval sedimentation
was dominated by shallow marine carbonates (Lower Jurassic dolostones and Upper Jurassic platform lime-
stones, Figure 2b) of highly variable thickness across the North Pyrenean Zone, overlying a sequence of eva-
porites, breccias, and dolerites of Late Triassic age (Canérot et al., 2005; Lagabrielle & Bodinier, 2008).

Extension prevailed during the Early Cretaceous with the development of a complex and localized‐in‐space
rifting that culminated in the formation of a hyperextended margin during the Albian–Cenomanian
(Jammes et al., 2009, 2010; Lagabrielle et al., 2010; Masini et al., 2014). At these stages, extreme crustal thin-
ning led to the exhumation of the subcontinental lithospheric mantle along major detachments (Clerc &
Lagabrielle, 2014; Jammes et al., 2009; Lagabrielle et al., 2010; Lagabrielle & Bodinier, 2008; Masini
et al., 2014). Kinematic models exploring the behavior of the Iberia‐Eurasia plate boundary during the
Early Cretaceous present discrepancies among them (Barnett‐Moore et al., 2016 and references therein).
Those compatible with extension in the Pyrenean domain imply an eastwards motion of the Iberian plate
relative to Europe that is accommodated by transtension prior to the Late Aptian (Tugend et al., 2015)
and during Albian (Nirrengarten et al., 2018). Sedimentation was dominated by platform carbonates during
Valanginian–Barremian and upper Aptian. The Valanginian‐Barremian sequence is frequently floored by
thin layers of red clays containing ferruginous pisolites that evidence partial emersion during the earliest
Cretaceous (Ternet et al., 2004). Then, sedimentary environments evolved to deeper, anoxic basins in which
volcanic activity was important and deposition of thick sequences of dark marls took place
(Debroas, 1987, 1990, Figure 2b). These basins initiated as small half‐grabens during the middle Albian,
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but subsequently expanded during late Aptian to finally merge into a wider and unique trough during the
Cenomanian (Masini et al., 2014; Souquet et al., 1985 and references therein).

Sedimentary units in the North Pyrenean Zone are affected by a high‐temperature and low‐pressure meta-
morphism (Golberg & Leyreloup, 1990). This metamorphic event lasted almost 25 Ma between 110 and
85 Ma (late Aptian–Coniacian, Golberg & Maluski, 1988; see review by Clerc et al., 2015). It was character-
ized by maximum temperatures that ranged between ~600°C and <400°C (Clerc, 2012; Clerc et al., 2015;
Corre, 2017; Ducoux, 2017; Ducoux et al., 2019; Espurt et al., 2019). Peak metamorphism predated the onset
of the convergence between the Iberian and European plates whose first evidence in the western North
Pyrenean Zone dates of Campanian–Maastrichtian (Poitevin et al., 2014; Teixell, 1996). Early shortening
in the Pyrenean domain (Late Cretaceous, 83 to 75–70 Ma, Mouthereau et al., 2014) was first accommodated
by the closure of the exhumedmantle domain, followed by continental plate underthrusting (Gómez‐Romeu
et al., 2019; Jammes et al., 2009; Mouthereau et al., 2014; Teixell et al., 2016; Tugend et al., 2014, 2015).
Topography building and foreland flexure were limited during these first convergence stages and could be
partly delayed by the presence of a thick salt layer uncoupling the cover from the deep crust and mantle
lithosphere (Jourdon et al., 2020). The subsequent full collision stage (from 75–70 Ma to the early
Miocene in the Central Pyrenees; Mouthereau et al., 2014; from the late to mid‐Eocene in the western
Pyrenees; Gómez‐Romeu et al., 2019; Teixell et al., 2016) was mostly resolved through the southward thrust-
ing of the upper Iberian crust and the subduction of the lower Iberian crust underneath the European plate
(Muñoz, 1992; Teixell, 1998; Teixell et al., 2016). Continental collision was associated with important uplift,
foreland flexure, and foreland succession deposition (Biteau et al., 2006; Puigdefàbregas, 1975; Teixell
et al., 2016, Figure 1b). In the Northern Pyrenees, syn‐orogenic sediments overlaid a postrift sequence made
of upper Cenomanian to Santonian carbonated turbidites (Monod et al., 2014, Figure 2b) and consisted of
deep‐water sediments (Campanian–Maastrichtian) that grade laterally and vertically to shallow marine,
transitional (Paleocene–Eocene) and finally continental (Eocene–Miocene) units (Ford et al., 2016;
Figure 2b).

2.2. Structure of the Northern Pyrenees in the CB Area

The study area encompasses three main structural domains, from south to north, the northwestern Axial
Zone, the CB, and the southern Aquitaine basin (Figure 2a). The northwestern Axial Zone consists of
Paleozoic rocks, locally overlain by a sedimentary cover of Triassic and Cretaceous units (Figures 2a and
3). Paleozoic units were early deformed during the late Carboniferous (Variscan Orogeny, Matte, 2002)
and subsequently affected, during the Pyrenean Orogeny, by several WNW‐ESE‐striking and
south‐directed thrusts, forming an imbricate basement thrust system (Figure 1b, Teixell et al., 2016).
Among them, the Lákora thrust accommodates a large displacement (~17 km, Teixell, 1996; Teixell
et al., 2016, Figure 1b) and has been interpreted to laterally connect to the Eaux‐Chaudes and the
Eaux‐Bonnes basement thrusts across the study area (Teixell, 1996; Tugend et al., 2014; see location in
Figure 2a). North of the Axial Zone, the Mesozoic units of the CB are deformed by E‐W‐trending, tight anti-
clines that are separated by wider synclines where Albian–Cenomanian marls are preserved (Figures 2a and
3). Mantle rocks crop locally out along the hinge zone of the anticlines that are cut by E‐W‐striking faults
rooted in the Upper Triassic units (e.g., the Mail Arrouy thrust; Casteras, Villanova, & Godechot, 1970;
Lacan et al., 2012). The northern boundary of the CB is marked by the North Pyrenean frontal thrust which
is characterized by an imbricate fan of north‐verging thrusts, poorly emergent to the surface (Biteau
et al., 2006; Teixell et al., 2016; Figure 1b). According to Teixell et al. (2016), these thrusts mostly detach
along Upper Triassic evaporites in the western CB (Figure 1b), although basement units crop out in the
hanging wall of the North Pyrenean frontal thrust across the study area (Figures 2a and 3; Casteras,
Canérot, et al., 1970). To the north, a few open folds and thrusts are observed in the Aquitaine foreland basin,
extending up to a maximum distance of 50 km to the north of the North Pyrenean frontal thrust (Teixell
et al., 2016) and accommodating a limited shortening (Biteau et al., 2006). In addition, seismic lines from
the Aquitaine domain evidence the importance of inherited salt‐related structures, including frozen reactive
diapirs, salt walls, and rollover structures that affected preorogenic Mesozoic sediments (Biteau et al., 2006;
Canérot et al., 2005; Espurt et al., 2019; Serrano et al., 2006).

Regarding the folds in the Mesozoic of the CB, various interpretations have been proposed for their timing
and geometry at depth (Figure 2c). Previous authors (Fortané et al., 1986; Tugend et al., 2014 and references
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Figure 3. Geologicalmap of the study area (modified fromCasteras, Canérot, et al., 1970; Casteras, Villanova, et al., 1970; Ternet et al., 1980; Ternet et al., 2004) with
location of the sampling sites (paleomagnetism and RSCM) and the cross‐sections presented in this work. Bedding measurements along the studied cross‐sections
(Montcaou cross‐section and Ossau valley) are represented in equal‐area stereoplots. They indicate a dominant south‐dipping bedding, accordingly with the
northwards vergence of folds in the Mesozoic. On each stereoplot, the pole density contour is represented and the number of measurements (n) is indicated.
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therein) depicted them as fault‐related folds that involve a limited amount of evaporites at depth and
developed essentially during contractional stages. Alternative interpretations suggest that they correspond
to early detachment folds or diapirs that are cored by moderate (Canérot et al., 2005) or important
(Labaume & Teixell, 2014; Teixell et al., 2016) volumes of Upper Triassic evaporites. In this second
scenario, folds in the CB have been conceptually interpreted to result from the syn‐convergence squeezing
of early salt structures formed during the Jurassic and Early to mid‐Cretaceous (Canérot et al., 2005;
Canérot & Lenoble, 1993; James & Canérot, 1999; Teixell et al., 2016). The driving mechanism and timing
of these salt‐related structures is also a matter of debate. Lagabrielle et al. (2010) suggested that they
resulted from the gravitational gliding of supra‐salt sedimentary units towards basin depocenters during
the Cretaceous extension, whereas Canérot et al. (2005) proposed that they formed during alternating
extensional and compressional stress regimes in the Late Jurassic–Early Cretaceous.

Apart from the geometry and timing of the Triassic‐detached structures, previous structural interpretations
in the CB (Figure 2c) also disagree on the geometry of the underlying basement structures, mainly due to the
lack of available geological and geophysical constraints. Existing studies showed either a moderate degree of
coupling between basement and cover structures (Canérot, 1989; Tugend et al., 2014) or a complete decou-
pling (Corre, 2017; Lagabrielle et al., 2010; Teixell et al., 2016). In the second scenario, previous authors

Figure 4. Cross‐sections across (a) the Montcaou structure and (b) the Ossau valley. See location in Figure 2b.
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(Teixell et al., 2016) suggest that the basement underneath the CB is mostly deformed by south‐directed
thrusts (except the North Pyrenean frontal thrust) and displays a regional, moderate (~25°) tilt to the north.

In summary, the comparison of cross‐sections derived from previous studies (Figure 2c) emphasizes ongoing
debates on the CB about the geometry and timing of Triassic‐cored structures and underlying
basement‐involved thrusts that have to be properly addressed to estimate the relative contribution of exten-
sional and contractional structures to the present‐day architecture of the study area.

3. From Field and Map Observations to Cross‐Section Construction

To better understand the geometry and timing of the structures in the study area, we focused on two repre-
sentative sections running across the central part of the CB (Figure 3). These cross‐sections are based on field
observations and newly collected structural data (i.e., ~500 bedding measurements mostly across the
Ossau‐Montcaou area; Figure 3) as well as on the structural information from existing geological
maps (Casteras, Canérot, et al., 1970; Casteras, Villanova, et al., 1970; Ternet et al., 1980, 2004). The
cross‐sections are separated by a distance of about 9 km from each other with the western one running
parallel to the Ossau valley and the eastern one crossing the Montcaou anticline. They extend from the
northernmost outcrops of the Axial Zone to the North Pyrenean frontal thrust (Figures 3 and 4).

3.1. Eastern Cross‐Section: The Montcaou Section

The northern Axial Zone across the Montcaou section is formed by two main south‐directed thrusts, from
south to north: the Eaux‐Bonnes and the Pic de Bazès‐Arbéost thrusts (see location in Figures 3 and 4a).
The Eaux‐Bonnes thrust superposes Devonian and Carboniferous units onto the Cenomanian to
Santonian and Paleozoic sequence of the Eaux‐Chaudes unit (Figure 3). Among the latter units, the late
syn‐rift sequence (Cenomanian) is 25–50 m thick and consists of sandstones and sandy limestones deposited
in a tidal environment (Ternet et al., 2004), likely located along the boundary of the Early to mid‐Cretaceous
Iberian shelf. North‐dipping normal faults and shear zones have been recognized in the hanging wall of the
Eaux‐Bonnes thrust (see Figures 4a, 5a, and 5b), at a short distance from the thrust trace in map view and
probably laterally branching to it (see location in Figure 3).

To the north, the Pic de Bazès‐Arbéost unit (Figures 3 and 4a) involves Devonian rocks unconformably over-
lain by Triassic and Albian–Cenomanian units, the Jurassic and lowermost Cretaceous being absent. Here,
the Triassic sequence is made of Lower Triassic sandstones and conglomerates overlain by Middle–Upper
Triassic shales and carbonates (Muschelkalk and Keuper facies) and abundant dolerites (Ternet et al., 1980).
The map view distribution of Triassic rocks in the hanging wall of the Pic de Bazès‐Arbéost thrust (Ternet
et al., 1980) indicates that this unit is deformed by an E‐W‐trending basement anticline (Figure 3). The
Lower Triassic crops out in the back limb of this anticline and shows a moderate dip to the north (~45°;
Ternet et al., 1980). Overlying the Triassic or basement units, the Albian–Cenomanian sequence is made
of marls and limestones with interbedded breccias and conglomerates (Ternet et al., 1980). From the
Eaux‐Chaudes to the Pic de Bazès‐Arbéost units, the Albian–Cenomanian sequence shows an apparent
northward thickening and facies deepening, probably representing a progressive transition to more distal
portions of the Early to mid‐Cretaceous basin.

To the north of the contact between the Paleozoic basement and the CB, the Mesozoic cover (including a
Middle–Upper Jurassic sequence that is absent in the previously described units) is deformed by the
Montcaou anticline which is bounded by two synclines. The southern syncline is north verging, and it dis-
plays strong stratigraphic thickness variations, especially significant in the Jurassic to Barremian sequence
that is thicker in the northern syncline limb (Figures 3 and 4a). The Montcaou anticline is cored by the
Keuper units hosting fragments of Lower Triassic rocks and lherzolites (Figure 3). Bedding measurements
in this area indicate this fold is north verging: it shows a vertical to overturned northern limb (i.e., 90° to
45°S), whereas its southern limb dips 30° to 60°S (Figures 3 and 4a). Stratigraphic thickness variations are
observed within the sedimentary cover, especially in the Jurassic sequence that thins towards the fold hinge
where the base of the Lower Cretaceous limestones represents a folded unconformity (Casteras, Canérot,
et al., 1970). Besides, to the west of the section trace, the base of the Albian sequence is also mapped as an
angular unconformity overlying Jurassic and older Cretaceous units (Casteras, Canérot, et al., 1970;
Figure 3).
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Figure 5. Field observations across the studied profiles. See location in Figure 3. (a) Extensional shear bands in the hanging wall of a normal fault affecting
Paleozoic units. Eaux‐Bonnes unit, Montcaou section (x = 716446, y = 4760234; UTM coordinates, 30 T, WGS84). (b) Slickenfibres indicating normal faulting
sense on the fault zone shown in (a) (x = 716416, y = 4760190; UTM coordinates, 30 T, WGS84). Eaux‐Bonnes unit, Montcaou section. (c) Lower Cretaceous
carbonates affected by a penetrative, bedding‐parallel foliation in the southernmost outcrops of the CB, Ossau valley cross‐section (x = 714531, y = 4766606;
UTM coordinates, 30 T, WGS84). (d) Recumbent fold deforming the Aptian limestones in the southernmost outcrops of the CB, Ossau valley cross‐section
(x = 711305, y = 4766923; UTM coordinates, 30 T, WGS84). (e) Interpreted panoramic view of the Béon anticline and the bounding synclines (see location in
Figure 3). Note facies transitions from the hinge of the anticline towards the outer limbs.
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To the north of the Montcaou anticline, the trace of the North Pyrenean frontal thrust is marked by two
kilometric‐scale outcrops of Paleozoic–Lower Triassic rocks that are directly overlain by a thin sequence
of shallowly south‐dipping lower Aptian carbonates (i.e., the Upper Triassic, Jurassic, and lowermost
Cretaceous sequence is absent). Variations of the stratigraphic sequence and sediment thicknesses between
the CB and the hanging wall of the North Pyrenean frontal thrust point out that both domains were sepa-
rated by an uplifted area that could correspond to a narrow basement high (similar to the Grand Rieu
High further west, Teixell et al., 2016), an inflated salt domain, or a combination of both. Paleozoic units
were probably brought to the surface (Figures 3 and 4) by an imbricate, north‐directed thrust system similar
to that depicted further west (Teixell et al., 2016). A detachment anticline with a small wavelength and a
squeezed diapir (expressed at surface by a 3.5 km long, narrow strip of Keuper piercing the Cenomanian
syn‐rift units; labeled as “squeezed diapir” in Figure 3) are recognized in the hanging wall of the North
Pyrenean frontal thrust (Figures 3 and 4a), whereas the surface structure in its footwall consists of a
north‐verging syncline bearing important thicknesses of syn‐orogenic units. Paleozoic units underneath this
syncline are found by wells at an approximate depth of 4,000–4,500 m below the topographic surface
(Serrano et al., 2006).

3.2. Western Cross‐Section: The Ossau Valley Section

The Ossau valley cross‐section is separated from the Montcaou section by less than 10 km, but significant
along‐strike variations are recognized between them. Regarding the northern Axial Zone, the
Eaux‐Bonnes thrust splays laterally into two thrust surfaces that superpose Paleozoic and Upper
Cretaceous rocks (Cochelin, 2016; Dumont et al., 2015; Izquierdo‐Llavall et al., 2012; Ternet et al., 2004) onto
the Cenomanian to Santonian rocks of the Eaux‐Chaudes unit (see location in Figures 3 and 4b). They are
overthrusted by the lateral continuation or relay of the Pic de Bazés‐Arbèost thrust that juxtaposes on them
the Bedous unit, consisting of Paleozoic rocks and thick Triassic, thin Jurassic, and occasional Lower
Cretaceous units (Figures 3 and 4b). The whole thrust system draws an antiformal stack geometry with a
regional axis plunging to the west. The Bedous unit crops out to the west of the Ossau cross‐section, where
the Paleozoic and Lower Triassic units forming theMontagnon d'Iseye (see location in Figure 3) likely repre-
sent the basement cutoff in the hanging wall of the Pic de Bazés‐Arbèost thrust, as projected on the western
cross‐section (Figure 4b).

The Mesozoic outcrops at the boundary between the northern Axial Zone and the CB are represented by
Upper Triassic dolerites and Jurassic–Lower Cretaceous carbonates (Ternet et al., 1980). These units contain
intrabedding breccias with calcite‐rich matrix and veins within the Callovian–Oxfordian dolomites and the
Valanginian limestones. Brecciated facies are partly affected by a penetrative, bedding‐parallel foliation with
an N‐S‐trending stretching lineation (Figure 5c). The Jurassic units are unconformably overlain by the
Upper Aptian sequence that displays strong thickness variations (Figure 3) and is affected by small‐
wavelength, recumbent folds (Figures 5d and 5e).

Northward, the Mesozoic cover is deformed by two north‐verging anticlines that are laterally connected to
the Montcaou anticline (Figure 3) but have a shorter wavelength. The southern anticline (Béon anticline;
Figures 3 and 4b) is cored at the surface by Upper Aptian carbonates and has a box fold geometry
(Figure 5e). Field observations evidence a facies change from thick limestone beds at the hinge of the anti-
cline that become rapidly thinner towards the outer fold limbs where they laterally grade to marls
(Figure 5e). The anticline to the north is largely covered by Quaternary deposits along the Ossau valley
and represents the eastward continuation of the Mail‐Arrouy thrust (Figure 3). West of the Ossau cross‐
section, the Mail‐Arrouy thrust is NW‐SE striking and south verging and juxtaposes north‐dipping
Triassic and Jurassic units onto subvertical to overturned Albian sequences (Casteras, Villanova, &
Godechot, 1970). It involves wide outcrops of Upper Triassic dolerites in its hanging wall (as well as a mantle
body, the Turon de la Técouère, Figure 3), leading us to suggest that Keuper evaporites are still present at
depth (Figure 4b). The geometry and vergence of the Mail‐Arrouy structure changes across the Ossau valley
where it strikes roughly E‐W and it is characterized by an overturned, Jurassic–Cretaceous sequence in the
northern limb (Casteras, Villanova, & Godechot, 1970). Jurassic units are thinner than in the western part of
the structure, and they are locally, unconformably overlain by the Valangian–Barremian sequence (as across
the hinge zone of the Montcaou anticline, Figures 3 and 4b).
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North of the Mail‐Arrouy structure, a wide syncline crops out (wider than across the Montcaou section),
characterized by a 5 km long, flat‐lying hinge zone. The North Pyrenean frontal thrust across the Ossau sec-
tion is represented by the NW‐SE‐elongated Rebenacq diapir (see location in Figure 3). This structure con-
sists of Keuper evaporites partly overlain by a thin Jurassic and Lower Cretaceous sequence (Figures 3 and
4b). In the western cross‐section, and similarly to the Montcaou cross‐section, the Rebenacq diapir is inter-
preted to be northwards transported in the hanging wall of a north‐directed thrust that (conversely to the
Montacou section) is not involving Paleozoic units at surface in its hanging wall.

4. Peak Temperatures Study
4.1. Methodology

An RSCM study was carried out to assess peak temperatures across the two presented cross‐sections.
Seventy‐six samples (Table 1, Figure 3) were collected from fresh outcrops, distributed throughout all fold
limbs and thrust units, both in the North Pyrenean and Axial Zones. Samples were collected across the dif-
ferent stratigraphic units cropping out and encompass the whole prerift and syn‐rift cover sequence plus the
Paleozoic basement units (Table 1; Figure 2).

The RSCM technique provides a good estimate of a wide range of peak temperatures (200–650°C) in sedi-
mentary rocks (Beyssac et al., 2002; Lahfid et al., 2010). RSCM analyses were carried out at the Bureau de
Recherches Géologiques et Minières (BRGM, Orléans, France) and Institut des sciences analytiques et de
physico‐chimie pour l'environnement et les matériaux (IPREM, Pau, France) laboratories. Measurements
at the BRGM were acquired by means of a Renishaw inVia Reflex system with argon‐ion laser. The laser
beam (514‐nmwavelength) was focused on the sample with power of around 0.5 mW at the thin section sur-
face, through a Leica DM2500microscope specially adapted for the system using a ×100magnification objec-
tive. A similar approach was applied on a Spectra‐Physics system (model Stabilite 2018) at IPREM. The laser
beam was focused through an Olympus BX40 microscope, and a maximum power of 1 mW during 45 and
60 s was used. Raman spectra from carbonaceous particles were recorded until obtaining at least 10 consis-
tent spectra (n in Table 1). Spectra indicating higher, out‐of‐range temperatures were identified as possible
anomalies related to older thermal events (i.e., thermal inheritance) and discarded for the average tempera-
ture calculations.

We analyzed a total of 51 thin sections and 25 rock fragments (Table 1). Thin sections were polished, and to
avoid the effect of polishing on the structural state of carbonaceous material, measurements were carried out
on particles located below transparent minerals, usually calcite or quartz. Rock fragments provide a fast
acquisition of Raman spectra in organic‐rich lithologies, especially in the Albian marls, where measure-
ments were performed on fresh cuts to limit the alteration of organic material. To check the consistency
between the two approaches, both rock fragment and thin section measurements were performed on seven
“calibration” sites (highlighted in gray in Table 1). Results from these comparative tests show consistent
mean peak temperatures (similar to Aoya et al., 2010) and corresponding standard deviations for 6 out of
7 samples, with mean values from fragments being usually slightly higher, independently from the lithology
and the temperature range (Table 1, Figure S1 in Supporting Information). Typically, reliable spectra were
obtained in the Albian and Paleozoic shales and marls and dark Jurassic carbonates, whereas the recogni-
tion of appropriate carbonaceous particles was more difficult in the Aptian and Paleozoic, carbonate‐rich
units (measurements on rock fragments from these units were discarded). Temperature values from spectra
analysis were calculated with Peakfit Software (Systat), following the protocol and calibration proposed by
Beyssac et al. (2002) for the higher temperatures (i.e., 330–650°C, B method in Table 1) and extended to
the 200–320°C range by Lahfid et al. (2010; L method in Table 1).

4.2. Results: Distribution of Peak Temperatures

Peak temperatures range between values <200°C up to 483 ± 14°C, according to Lahfid et al. (2010) and
Beyssac et al. (2002) calibrations, respectively (Table 1; Figure 6). Standard deviations of site mean tempera-
tures range from 3°C to 22°C. They are <10°C in 65% of the sites and generally lower than the uncertainty
inherent to the RSCM calibration (temperature errors in the reference data used for calibration range
between 15°C and 50°C with an average of ~30°C, Beyssac et al., 2002).
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When temperature data are grouped by stratigraphic units, no significant differences are found between the
Paleozoic basement (358 ± 21°C), the Triassic–Jurassic (369 ± 41°C), and the Cretaceous (360 ± 29°C) cover
units (see Figure S2 in Supporting Information). This distribution evidences that no direct relationship exists
between peak temperatures and the stratigraphic position of the units.

Considering the structural units, temperatures are generally higher in the northern Axial Zone and the
southern CB and decrease progressively both to the north and to the south (Figure 6). Across the Axial
Zone, we determined a temperature shift from ~320–350°C in the hanging‐wall of the Eaux‐Bonnes thrust
to ~370–400°C in the hanging‐wall of the Pic de Bazès‐Arbéost thrust (Figure 6; see location in Figure 3).
Temperatures in the northern Axial Zone are very similar to those obtained in the southernmost outcrops
of the CB across the Ossau valley section (~375–420°C), but considerably lower than those recorded in the
Jurassic units that crop out along the Montcaou section (~430–480°C; Figure 6). Temperature values in
the CB decrease to the north, displaying an almost homogeneous temperature of ~340–360°C across the

Figure 6. Peak temperatures estimates obtained from RSCM. Mean temperature values (and standard deviations) from this and previous studies (Clerc, 2012;
Corre, 2017) are indicated. Circles and gray values represent rock fragments, whereas squared symbols and black values indicate thin sections. Hexagonal
symbols refer to temperature estimates from the previous studies, obtained in all cases from thin section samples.
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Montcaou anticline and its lateral continuation to the west. Lower values
are measured northward, in the hanging wall of the North Pyrenean fron-
tal thrust, with average temperatures of 300–330°C to the east (i.e., thrust
involving basement units, Figure 4a) and <200°C to the west (i.e.,
Rebenacq diapir, Figure 4b).

5. Paleomagnetic Study
5.1. Methodology

Peak temperature estimates were completed with 29 new paleomagnetic
sites (254 demagnetized cores) along the Mesozoic and Paleozoic units
cropping out in the studied profiles. Fine‐grained, phyllosilicate‐rich units
were preferably chosen. Mesozoic sites were mostly collected across the
syn‐rift, Albian shales (13 sites) although Aptian limestones (two sites),
shales (three sites) and basalts (one site), and Jurassic limestones (two
sites) were locally sampled. Paleozoic sites (eight sites) include
Devonian and Carboniferous limestones and slates. We collected at least
one site per fold limb across the kilometric wavelength folds deforming
the CB and the North Pyrenean frontal thrust domain.

Magnetization was measured with both Agico Spinner (Géosciences
Environnement Toulouse [GET]) and 2D squid magnetometers
(Universities of Burgos and Montpellier), whereas stepwise thermal
demagnetization was operated with shielded furnaces, at temperature
steps ranging from 20°C to 100°C and up to a maximum temperature
of 560°C. We determined the paleomagnetic components by means of
principal component analysis (PCA), averaged the directions obtained
by sites, and computed the statistical parameters assuming a
Fisherian distribution (Fisher, 1953) with the routine supplied by
Remasoft (Chadima & Hrouda, 2006). The statistical confidence of fold
tests was determined through the online module provided by
Paleomagnetism.org (Koymans et al., 2016), based on Tauxe and
Watson (1994) method.

To determine the carriers of the magnetization, we conducted thermal
demagnetizations of the composite isothermal remanent magnetization
(IRM, Lowrie test, Lowrie, 1990) on 15 representative samples. A 2G pulse

magnetizer was used to apply three different, decreasing magnetic fields of 1.5, 0.4, and 0.12 T along the
three mutually perpendicular axes of the standard specimens. Besides, temperature‐dependent magnetiza-
tion experiments at low temperature (in the range 10–300 K) were also carried out.

5.2. Results
5.2.1. Magnetic Mineralogy
Three different types of curves can be differentiated, according to the thermal demagnetization of the com-
posite IRM (Figure 7):

1. The type 1 curves display a negligible magnetization along the hard axis (1.5 T) and a hyperbolic decay of
the intermediate and/or soft axis (0.4 and 0.12 T) from room temperature up to 450–550°C (Figure 7a).
This range of unblocking temperatures (Tub < 550°C) and the soft coercivity indicates that magnetite
(potentially altered to maghemite) is the main magnetic carrier (Lowrie, 1990). We observed type 1
curves in samples from sites located in the Paleozoic of the Eaux‐Bonnes unit and the lower Aptian marls
in the hanging wall of the North Pyrenean frontal thrust (site 9F, Figure 3). Note that peak temperatures
are generally <340°C in the area where these samples are located (Figure 6; Table 2).

2. The type 2 curves are characterized by a magnetization which resides in the intermediate (0.4 T) and soft
axis (0.12 T) and unblocks at Tub < 340°C (Figure 7b) which suggests that the magnetic carrier is an iron
sulphide (Lowrie, 1990). We identified this behavior in samples from the lower Aptian marls (Figure 7b)
of the CB and the Paleozoic (12F and 4F), where peak temperatures are >350°C.

Figure 7. Stepwise thermal demagnetization of the composite IRM
(Lowrie, 1990) for representative samples of type 1, type 2, and type 3
curves (see explanation in the text). Applied fields are 1.5, 0.4, and 0.12 T.
The low‐temperature magnetization experiment in Figure 7b was
carried out in a sample from RSCM site OS11 (see location in Table 1).
The peak temperature in this site is 348 ± 3°C.
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3. The type 3 curves are characterized by a strong decay of the hard and/or intermediate axis (1.5 and 0.4 T)
at ~340°C and a hyperbolic decay along the intermediate and/or soft axis (0.4 and 0.12 T) from room tem-
perature up to 550°C (Figure 7c). This behavior suggests a mixture of medium‐ to hard‐coercivity miner-
als with Tub < 340°C (iron sulphides) and soft‐coercivity minerals with Tub < 550°C (magnetite,
Lowrie, 1990). Type 3 curves were measured in samples from the Kimmeridgian limestones in the hang-
ing wall of the Mail Arrouy thrust (1CBP), the Albian marls unconformably overlying the Paleozoic in
the hanging wall of the Pic de Bazès‐Arbéost thrust (3F, Figure 7c), and the Paleozoic in the Ossau valley
(13F).

Magnetite and iron sulphides in the North Pyrenean Zone were previously described by Oliva‐Urcia
et al. (2010) in the Mauléon Basin (to the west of our study area, see location in Figure 2). To better precise
the iron sulphide types present in the CB, we ran low‐temperature magnetization experiments in samples
collected along the Albian marls, following the protocol proposed by Aubourg and Pozzi (2010). The satu-
rated isothermal remanent magnetization acquired at 300 K (RT‐SIRM) shows a large drop on cooling at
~35 K (Figure 7b). On warming, the recovery of RT‐SIRM is not reversible. These observations define the
Besnus magnetic transition (Dekkers et al., 1989; Rochette et al., 1990) which is characteristic of monoclinic
pyrrhotite (Fe7S8).

Table 2
Location of Paleomagnetism Sites with Indication of the Sampled Unit, the Main Magnetization Carrier, and the NRM Intensities

Site
name

X
coordinates

Y
coordinates Unit and lithology Magnetic carrier

Mean NRM Intensity
(mA/m)

Closest RSCM peak temperature
(°C, site)

1OP 708760 4769763 Albian shales Pyrrhotite 0.30 370 ± 12 (1OP)
2OP 708639 4769558 Albian shales Pyrrhotite 0.07 370 ± 12 (1OP)
3OP 710685 4769301 Albian shales Pyrrhotite 0.90 348 ± 5 (OS32)
4OP 710633 4768803 Albian shales Pyrrhotite 1.51 348 ± 5 (OS32)
5OP 711206 4767299 Albian shales Pyrrhotite 8.03 402 ± 15 (OS3)
6OP 710845 4767495 Albian shales Pyrrhotite 9.35 375 ± 9 (OS2)
7OP 712555 4774145 Albian shales Pyrrhotite 0.73 339 ± 11 (OS10)
10OP 704784 4767243 Albian shales Pyrrhotite ‐‐ 407 ± 15 (Corre, 2017)
11OP 705206 4766762 Albian shales Pyrrhotite ‐‐ 407 ± 15 (Corre, 2017)
12OP 706004 4768854 Albian shales Pyrrhotite ‐‐ 372 ± 20 (Corre, 2017)
1CBP 704158 4773029 Kimmeridgian limestones Magnetite 3.86 345 ± 17 (Corre, 2017)
2CBP 718256.96 4761051.82 Lower Devonian limestones Pyrrhotite 0.15 346 ± 12 (CBP2)
3CBP 717125.05 4760274.81 Lower Devonian limestones Pyrrhotite 11.05 346 ± 12 (CBP2)
4CBP 716446.37 4760222.43 Lower Devonian limestones Magnetite +

Pyrrhotite
0.11 346 ± 12 (CBP2)

5CBP 709423 4763678 Lower–Middle Devonian shales Magnetite +
Pyrrhotite

0.14 354 ± 9 (CBP5)

1F 721340.57 4761768.44 Lower Devonian limestones Magnetite 0.45 336 ± 9 (A18)
2F 721617.42 4763722.92 Lower Devonian limestones Pyrrhotite 0.39 347 ± 8 (A19)
3F 721205.82 4763833.13 Albian shales Pyrrhotite 0.38 323 ± 9 (A20)
4F 723386.68 4766467.19 Lower Devonian limestones and

shales
Pyrrhotite 0.28 369 ± 19 (OF3)

5F 723210.03 4768407.01 Lower Aptian shales Pyrrhotite 110.27 419 ± 13 (5F)
9F 711263.65 4780378.87 Lower Aptian shales + volcanics Magnetite 3.74 (marls)

7.54 (volcanics)
< 200 (A1)

10F 710349.55 4775564.33 Upper Aptian limestones (Urgonian
limestones)

Magnetite 0.04 ____

11F 711761.66 4783266.15 Campanian turbidites Magnetite 0.38 < 200 (OS33)
12F 709498.49 4761241.56 Lower Devonian limestones Magnetite +

Pyrrhotite
0.80 ____

13F 710405.09 4764202.77 Lower Carboniferous shales and
limestones

Magnetite 0.005 ____

14F 723006.84 4769079.78 Lower Aptian shales Pyrrhotite 0.16 359 ± 9 (F2‐8)
15F 722859.42 4771514.68 Portlandian limestones ‐‐‐ 0.40 ____
16F 723661.05 4774690.93 Albian shales Magnetite 0.32 336 ± 8 (F2‐9)
17F 723804.4 4777907.46 Upper Aptian limestones (Urgonian

limestones)
‐‐‐ 0.05 323 ± 12 (A14)

Note. RSCM temperatures from sites located at a distance lower than 2 km are indicated.
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5.2.2. Paleomagnetic Components: Unblocking Temperatures and Polarities
Natural remanent magnetization (NRM) varies over five orders in magnitude (10−3‐102 mA/m, Table 2). In
some samples (but never systematically at the site scale), we observed a rather weak viscous overprint for
Tub < 240°C, parallel to the present‐day magnetic field. Stepwise thermal demagnetization reveals the pre-
sence of a complex magnetization consisting of three components that are distinguishable by their unblock-
ing temperature range: a lower (LT, 280–300°C), an intermediate (MT, 300–340 °C), and a high‐temperature
component (HT, 320°C up to 530°C).

LT and MT components, both carried by pyrrhotite, were found in 78% of the sites where stable paleomag-
netic components could be defined. The most widespread component is the MT one (18 sites) that is gener-
ally a characteristic remanent magnetization (ChRM), stable through thermal demagnetization (Figures 8a
and 8b). In geographic coordinates, polarities of MT component are reversed (eight sites), normal (four
sites), and dual (three sites). In six sites, MT components coexist with the LT component. LT components
display polarities that are systematically the opposite to those of the MT components (Figure 8b) and have
been detected in the Albian marls along the Ossau valley and in a Paleozoic site (12F; Table 3).

The HT component, carried by magnetite, shows a site‐scale dispersion that is generally higher than in LT
and MT components (see Table 3). It displays both normal and reverse polarities in geographic coordinates
and commonly represents the single component at the site scale (Figure 8c).
5.2.3. Fold Test and Comparison to the Reference Direction
When possible, we carried out fold tests across the target structures (i.e., the folds affecting the CB) where
component MT was used. Fold test results (summarized in Figures 9a to 9c) indicate that MT groups better
in geographic coordinates, being post‐ to late syn‐folding in the Béon anticline and the two related synclines
in the Ossau cross‐section (better grouping after <17% unfolding, Figures 9a to 9c). At the unfolding step
showing the best clustering (0–17%), MT is mostly north directed and displays a steep, upward plunge.
Fold tests in the lateral continuation of the Jaout syncline across the Montcaou section (sites 5F and 14F,
see location in Figure 3) and the Mail Arrouy structure (sites 3OP and 7OP) show two best fit maxima at 0
and 100% of unfolding that are not statistically distinguishable from each other. Nevertheless, considering
(i) fold test results in the southern Ossau cross‐section (Figures 9a to 9c), (ii) the tight clustering of MT

Figure 8. Paleomagnetic results from the stepwise thermal demagnetizations in orthogonal plots. Diagrams from the
different recognized components and sampled units are represented (geographic coordinates). The magnetic intensity
decay during stepwise demagnetization is also shown. In the orthogonal diagrams, black (white) circles are projected on
the horizontal (vertical) plane.
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components in geographic coordinates, and (iii) their stronger scattering after bedding correction, we rely on
the 0% maxima as those being consistent with the whole data set.

The absence of accessible, mesoscale or kilometric‐scale folds in the Paleozoic and Mesozoic units of the
northern Axial Zone prevented the application of fold tests in this domain. In these units, the most frequent
component is the MT one. It displays normal and dual polarities in geographic coordinates (Figure 9d,
Table 3) and a north‐directed and moderately plunging orientation in geographic coordinates.

Considering the age of the sampled units and the fold test results, a Cretaceous to early Cenozoic age is
roughly inferred for the MT remagnetization (timing of magnetization will be further discussed in
section 6). Paleomagnetic references for the Pyrenean domain during this time span range between
345.5°/50.5° (N = 2, α95 = 6.7°, k = 698.2) for the Early Cretaceous to 000°/46° (N = 4, α95 = 4.7°, k = 291)
for the Late Cretaceous and 0°/52° (N = 4, α95 = 8.4°, k = 90.4) for the early Cenozoic. Comparison between
the direction of the obtainedMT components and the Late Cretaceous and/or early Cenozoic reference direc-
tions (Figure 9) evidences a deviation in the inclination that is strong in the Mesozoic units of the CB
(Figures 9a to 9c) but weaker or even null in the Paleozoic/Mesozoic units in the northern Axial Zone
(Figure 9d). The origin of this inclination difference is addressed in section 6 of this work.

Table 3
Summary of Paleomagnetic Directional Data

Site Comp. n/N D (BTC) I (BTC) α95 k Bedding D (ATC) I (ATC) Polarity

12F LT 4/8 201 −57 9 111 012,60 197 3 Geo 3R/1N
MT 8/8 6.5 60 4 216 012,60 9 0 Geo 6N/2R
HT 3/8 357 60 10 165 012,60 4.5 1 Geo 2N/1R

5CBP HT 7/14 131 −19 10 40 015,83 129 21 Geo 5N/2R
MT 4/14 335 45 21 20 015,83 344 −27 Geo N

13F HT 4/8 59 45 34 8 346,82; 243,71 29 −6 Geo N
2CBP MT 5/9 173 −71 14 30 055,70 218 −11 Geo 2N/3R
1F HT 3/8 189 −37 13 95 151,49 246 −61 Geo R
2F MT 7/11 95 72 10 37 033,77 49 4 Geo N
3F MT 4/10 339 68 29 11 037,62 18 15 Geo N
4F MT 4/11 257 −53 32 10 315,43 193 −54 Geo R
1OP MT 11/14 241 −68 8 36 109,20 262 −52 Geo R

LT 6/14 35 84 23 10 109,20 94 68 Geo N
2OP MT 7/14 237 −52 9 47 227,18 244 −70 Geo R

LT 8/14 48 54 12 21 227,18 48 72 Geo N
3OP MT 10/12 177 83 12 18 174,72 174 11 Geo N

LT 11/12 293 −75 6 58 174,72 341 −11 Geo R
4OP MT 9/13 352 −53 4 158 35,146 242 25 Geo R
5OP MT 13/14 26 −65 3 287 43,119 230 5 Geo R

LT 13/14 200 65 4 138 43,119 52.5 −6 Geo N
6OP MT 13/15 11 −73 4 139 197,69 15 −3 Geo R

LT 10/15 203 74 8 37 197,69 199 5 Geo N
7OP MT 6/14 267 −66 13 28 336,124 180 23 Geo R
10OP MT 5 16 −64 17 29 176,21 8 −44 Geo R
11OP MT 7 194 −46 4 228 038,21 202 −26 Geo R
12OP MT 6 122 −65 6 118.5 135,24 165 −86 Geo R
1CBP HT’ 10/11 118 −68 5 91 042,51 193.5 −41 Geo R

HT 10/11 249 43 6 74 042,51 329 69 Tilt N
9F HT 14/16 10 35 4 110 140,28 33 49 Tilt N
5F MT 6/8 92 −81 25 8 12,121 182 29 Geo R
14F MT 5/9 175 79 6 175 165,50 167 29 Geo 4N/1R
16F HT 4/17 149 −56 17 30 26,114 169 38 Geo R

Note. Stable paleomagnetic components were defined in 23 out of the 29 sampled sites. Name of the considered component, number of samples used to calculate
the site mean paleomagnetic direction (n) from the total number of demagnetized samples (N). Site mean directions are expressed as declination (D) and inclina-
tion (I) before (BTC) and after (ATC) tectonic correction plus the statistical parameters for a Fisherian distribution (α95 and k). Bedding is indicated as dip direc-
tion and dip, and dips higher than 90° indicate overturned bedding. The last column refers to the polarity (normal, N, or reverse, R) of the components before
(geo) or after (tilt) tectonic correction (we chose the option where the component was closer to the reference direction). When dual polarities were defined at the
site scale, the number of samples showing each polarity is indicated.
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Figure 9. (a–c) Fold test (FT) results in the CB (see location of sites in Figure 3). Stereoplots show the orientation of the MT paleomagnetic component before
(left) and after (right) tectonic correction. Both sample (N) and site mean components are shown. Underneath, results of stepwise fold tests (Tauxe &
Watson, 1994) are shown with indication of the unfolding percentage at which the best grouping among components is attained. Site 3OP is transposed to
reverse polarity in (c). The Late Cretaceous and early Cenozoic reference directions are shown (in geographic coordinates; hollow stars indicate the reference
direction in reversed polarity). These reference directions were calculated for a common reference point centered in the study area at 43.04° and −0.35°. For the
early Cenozoic reference, the paleopole position was calculated considering the average paleomagnetic orientation obtained in Taberner et al. (1999) and
Gómez‐Paccard et al. (2012) studies and their location. Afterwards, the expected declination and inclination were computed (from each individual paleopole) for
the central position of our study area. Regarding the Cretaceous reference, we used the paleopole positions computed and compiled by Osete and
Palencia‐Ortas (2006). Folds in the CB have a limited along‐strike extent and are not perfectly cylindrical, which can potentially lead to errors during unfolding
(the direction of the postfolding component is not biased by these potential errors). (d) Average MT component (orange symbols) defined from site means
(black symbols) in the northern Axial Zone, in geographic coordinates (left) and after tectonic correction (right). The Late Cretaceous and early Cenozoic reference
directions are shown. Dual polarity sites (12F and 2CBP) were plotted as normal polarity sites in geographic coordinates. Mean directions were defined
after transposing reverse polarity sites. Note that bedding orientation used to apply the tectonic correction in the Paleozoic sites probably results from the overprint
of Cenozoic folding onto previous Variscan structures.
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5.2.4. Artificial TRM
When analyzing the direction of LT andMT components, we observe that 7 out of 18 sites display paleomag-
netic components at an angle to bedding lower than 20° (Table 3). This raises the question of a possible bias
in the paleomagnetic directions, similar to that observed by Fuller (1963) who reported a strong deviation of
the NRM towards cleavage planes in slate samples, the deviated paleomagnetic component being carried by
anisotropic pyrrhotite. To test this possibility, we designed a three‐step laboratory experiment. As it will be
discussed in section 6, both LT and MT components are likely thermoremanent magnetizations (TRM) that
were blocked when the pyrrhotite was cooled from above its Curie temperature (~320°C) to below it. To
simulate this process, we imprinted an artificial TRM in two samples from sites 4OP and 5OP, where pyrrho-
tite carries the main paleomagnetic component that defined a low angle to bedding (17° and 10°, respec-
tively). We heated these samples at 350°C under a null magnetic field at a rate of 30°C/mn to prevent
against the alteration of the magnetic minerals. To this purpose, the heat transfer to the sample was achieved
by means of FUReMAG infrared‐heating furnace (Poidras et al., 2012) mainly by radiation with a small part
of conduction. Afterwards, samples were cooled down to room temperature in about 20 min while a mag-
netic field of 80 μT was applied at different angles with respect to bedding (from 0° to 80°). We then mea-
sured the artificially created TRM and checked its consistency during stepwise thermal demagnetization
up to 350°C. The full demagnetization of the TRMwas reached at 320°C, implying that pyrrhotite is the mag-
netic carrier and that no additional magnetic minerals were produced upon initial heating at 350°C. The
TRM (see Figure S3 in Supporting Information), artificially created at ambient pressure, is parallel within
few degrees with the direction of the applied magnetic field, independently on its direction with respect to
bedding.

These results suggest that no significant bias towards the bedding plane is affecting the pyrrhotite‐carried
components in the study area, as considered in previous studies dealing with TRM‐like records in the
Himalayan range (Appel et al., 2012; Crouzet et al., 2001).

6. Discussion
6.1. The Structuration of the CB: Constraints from Peak Temperatures and Paleomagnetic Record
6.1.1. Peak Temperatures and Isotherms Geometry
Peak temperatures in the Northern Pyrenees are related to extreme continental thinning during the
Cretaceous and indicate that this episode was characterized by high geothermal gradients (~60 to
80°C/km, Chelalou et al., 2016; Ducoux et al., 2019; Hart et al., 2017; Vacherat et al., 2014). In the study area,
peak temperatures vary between ~330°C and ~480°C, being similar to the RSCM peak temperatures defined
in the Baronnies‐Barouse area (Clerc et al., 2015), located about 30 km to the east and slightly higher than
maximumRSCM temperatures in theMauléon domain, 30–40 km to the west (300–400°C; Clerc et al., 2015).
Our new temperatures fit the westwards temperature decrease along the North Pyrenean Zone defined by
previous studies (Clerc et al., 2015), although this trend is abruptly interrupted further west (in the
Basque Pyrenees) where peak temperatures exceed 550°C (Ducoux et al., 2019). Apart from the E‐W varia-
tion in Cretaceous peak temperatures, previous data in the Eastern Pyrenees also indicate an N‐S zonation,
with the highest temperatures being limited to the southernmost area of the North Pyrenean Zone and the
northern domains being characterized by a rapid decrease of the metamorphic imprint (Clerc et al., 2015).
This N‐S gradient can also be defined from the data set presented in this work, with peak temperatures
decreasing to the north from a temperature maximum located in the southern CB and the northern Axial
Zone (~390°C to ~480°C).

Calculated peak temperatures (Table 1) are independent on the stratigraphic position of the samples (see
Figure S2 in Supporting Information) and are almost homogeneous (~340–360°C) across the area where
the Montcaou anticline and the lateral continuation of the Mail Arrouy structure crop out (Figure 6). In
the Paleozoic basement, a main difference has been established between the Pic de Bazès‐Arbéost unit
(higher temperatures, ~370–450°C) and the Eaux‐Bonnes unit (~320–350°C). Note that sample sites in the
Paleozoic are away from late Variscan intrusive bodies or Permian volcanics (located in the
Eaux‐Chaudes unit, Figure 3) and that obtained RSCM temperatures are significantly (Pic de Bazès‐
Arbéost unit) or slightly higher (Eaux‐Bonnes unit) than those expected from the low‐grade Variscan meta-
morphism affecting the western Axial Zone (<300°C; Ternet et al., 2004). This discards a Paleozoic age for
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the peak temperatures in the northernmost Axial Zone (Pic de Bazès‐Arbéost unit) that cannot be comple-
tely ruled out in the sites along the Eaux‐Bonnes unit showing peak temperatures close to 300°C.

To better constrain the relationship between peak temperatures, folding, and thrusting, we projected RSCM
data on the previously described cross‐sections (Figure 10) and reconstructed the first‐order geometry of iso-
therms in cross‐section view. RSCM data were projected considering the orientation of fold axis across the
study area. Only peak temperature data of clear mid‐Cretaceous age (the Eaux‐Bonnes unit was discarded)
and from sites located on or close (<5 km) to the cross‐sections were considered. Given the variability
and standard deviation of peak temperature values, defined isotherms represent temperature ranges of
~10–20°C that can increase to ~30°C if the inherent RSCM calibration error is considered (Beyssac et al., 2002).

In the southern part of the Ossau valley cross‐section (Figure 10a), we depicted a 390–410°C isotherm that is
shallowly south dipping along the northernmost portion of the Axial Zone and then dips steeply to the north
in the southernmost part of the CB. RSCM data point out that this isotherm is folded but not shifted along
the contact between Paleozoic and Mesozoic units. To the north, the 340–350°C isotherm is inferred to dip
shallowly to the north (10–15°), cutting across the Mail Arrouy structure (Figure 10a).

Across the Montcaou section (Figure 10b), a flat ~365–375°C isotherm can be depicted in the Paleozoic units
of the northern Axial Zone at approximately the same altitude as the ~470–480°C isotherm in the Mesozoic
units that crop out immediately to the north. This significant shift (i.e., ~100°C) of the isotherms suggests
that the contact between the Paleozoic basement and its Mesozoic sedimentary cover behaved as a
south‐directed thrust after peak metamorphism (i.e., during the late Mesozoic–Cenozoic contractional
stages). As the 390–410°C isotherm in the Ossau section, the ~470–480°C and ~420–430°C isotherms in
the southernmost Mesozoic units of the Montcaou profile dip to the north, although the sparse distribution
of samples in this part of the cross‐section prevents the precise geometrical characterization of isotherms
(depicted as dotted lines in Figure 10b). Northwards, peak temperatures decrease, and the ~340–360°C iso-
therm dips ~20–25° to the north in the southern limb of the Montcaou anticline and flattens in its northern
limb, crosscutting folded units and associated faults. Across the North Pyrenean frontal thrust, lower tem-
peratures were measured, and although isotherms cannot be accurately defined, a constant northwards
dip is inferred for them across the Ossau section, whereas they are probably folded in the hanging wall of
the North Pyrenean frontal thrust across the Montcaou section (see the syncline depicted in Figure 10b).

Figure 10. Schematic cross‐sections across the Ossau valley (a) and the Montcaou structure (b) with projection of peak temperatures estimates (only data from
thin sections are considered, from sites located at a distance lower than 4–5 km from the studied transects). Values in the lower part of the sections indicate late
tilting deduced from paleomagnetic data (see details in section 6.2).
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This latter geometry indicates a postmetamorphic folding and offset of the isotherms in the hanging wall of
the North Pyrenean frontal thrust that is consistent with the reactivation of this structure as a north‐directed
thrust during the late Mesozoic‐Cenozoic.

To sum up, RSCM data suggest that isotherms comprised between ~330–480°C cut across the small‐ and
intermediate‐wavelength folds (1 to 4 km) affecting the southern CB in the study area (the Montacou and
Béon anticlines, the Mail Arrouy structure, and the Jaout syncline; see location in Figure 3). This crosscut-
ting relationship between isotherms and folds can be considered as an indication of the relative age between
them, the isotherm imprint postdating the folding. Similar relative time relationships between isotherms
and cover folds have been reported in the Basque‐Cantabrian Pyrenees (Ducoux et al., 2019). Based on
the absolute age of high‐temperature metamorphism (i.e., 85–110 Ma, mostly obtained by 40Ar‐39Ar and
U–Pb dating methods on metamorphic and magmatic minerals; see Clerc et al., 2015 and references therein),
we can propose that these folds were mostly formed during syn‐rift stages in the Northern Pyrenees (i.e.,
in Jurassic to Early to mid‐Cretaceous), before the onset of contraction. This folding age is consistent with
the thickness variations, rapid facies changes, and major unconformities observed in the Jurassic to Early
Cretaceous sedimentary sequence (Figures 3, 4, and 5). They attest for an early and long‐lasting structuring
of the sedimentary cover that is affected by early salt structures as observed further north in the Aquitaine
basin where contractional deformation is less important (e.g., Biteau et al., 2006; Canérot et al., 2005).

Peak temperature isotherms in the study area were later deformed by a larger‐wavelength folding: they are
flat or shallowly south dipping in the northernmost Axial Zone, steeply or moderately dipping in the south-
ernmost CB (where they are partly transported onto the northern Axial Zone, Figure 10b) and flat to shal-
lowly dipping in the northern CB and the North Pyrenean frontal thrust domain. This large‐scale folding
roughly mimics the basement top geometry depicted in the studied cross‐sections (compare sections in
Figures 4 and 12), which suggests that syn‐contractional basement faulting and folding are the main
mechanisms deforming peak temperature isotherms after the peak metamorphic stage.
6.1.2. Constraints From Paleomagnetic Data
6.1.2.1. Remagnetization in the Northern Pyrenees
Remagnetizations in the Northern Pyrenees have been previously described both to the east (Corbières area,
Rouvier et al., 2012) and to the west (Mauléon basin, Oliva‐Urcia et al., 2010) of the study area. In the
Mauléon Basin (distant by ~40 km from our study area), Oliva‐Urcia et al. (2010) documented a remagne-
tized area affected by both HT and MT components, carried by magnetite and iron sulphides, respectively.
These magnetite and iron sulphides components show normal and reversed polarities in geographic coordi-
nates, respectively, both postdate folding, and display a strong clockwise deviation in the declination with
respect to the reference direction.

The paleomagnetic data set presented in this study confirms the widespread occurrence of late remagnetiza-
tions in the Mesozoic units of the North Pyrenean Zone and documents that these remagnetizations also
affect the Paleozoic units in the northern Axial Zone. Similarly to the Mauléon Basin (Oliva‐Urcia
et al., 2010), remagnetization in the study area resides both in magnetite and pyrrhotite.
Pyrrhotite‐carried components are mostly postfolding and display a dominant reverse polarity in geographic
coordinates across the CB (10 out of 12 sites for the MT component, Table 3), whereas dual polarities have
been defined in the northern Axial Zone. They are deviated in inclination but not so strongly in declination
from the expected reference directions.

The comparison between the distribution of pyrrhotite‐ and magnetite‐carried remagnetizations and RSCM
temperatures evidences a good correlation between them: pyrrhotite is present in areas where peak tempera-
tures are >330°C, whereas magnetite occurs where peak temperatures are <340°C (Table 2, see magnetite
and pyrrhotite windows in Figure 11, from Aubourg et al., 2019). Pyrrhotite, in its monoclinic form
(Fe7S8), is a common secondary mineral in low‐grade metamorphic rocks (Appel et al., 2012; Crouzet
et al., 2001; Crouzet, Ménard, & Rochette, 2001; Gillett, 2003; Lambert et al., 1998; Rochette et al., 1990;
Schill et al., 2004; Wehland et al., 2005). Pyrrhotite results from the breakdown of magnetite and pyrite by
a temperature of ~200°C (Gillett, 2003; Rochette, 1988). When magnetite transforms to pyrrhotite, the
magnetite‐carried magnetization is partly or fully replaced by a pyrrhotite‐carried remagnetization
(Aubourg et al., 2012, 2019) whose nature will depend on the peak temperature reached during burial
(see Appel et al., 2012). If temperature is higher than the Curie temperature of pyrrhotite (~320°C), a
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TRM will develop during cooling. This is the case in the studied area, where the peak temperature range
defined in the northern Axial Zone and the CB is usually higher than the Curie temperature of
pyrrhothite, suggesting that the pyrrhotite‐carried remagnetization is a TRM that was locked during the
cooling of the sampled units below 320°C.
6.1.2.2. Age of the Remagnetization
In the study area, the polarity of remagnetizations helps in constraining the age of remagnetization events.
The polarity of the MT remagnetized component across the CB is dominantly reverse, as also defined in the
Mauléon Basin (Oliva‐Urcia et al., 2010). This reverse polarity indicates that the pyrrhotite‐carried remagne-
tization was locked after the long C34 normal polarity chron (124–84 Ma) (Gradstein et al., 2012), coevally to
plate convergence stages (Figure 11).

Previous studies in the Western Pyrenees (Gómez‐Romeu et al., 2019; Teixell et al., 2016) have proposed
three successive stages during the convergence between the Iberian and Eurasian plates (Figure 11). The
early convergence was first accommodated by the closure of the exhumed mantle domain followed by the
overriding of the thinned Iberian margin on top of the European margin, probably starting during Early
Eocene times (proto‐collision in Figure 11). During these early stages, the continental crust progressively
recovered its original thickness before the continental collision by Late Eocene times (Gómez‐Romeu
et al., 2019; Teixell et al., 2016). The timing of these convergence stages is partly constrained by
low‐temperature thermochronology data in the central‐western Pyrenees that evidence rapid cooling at
~50 Ma in the Mauléon Basin (Vacherat et al., 2014). In our study area, (U‐Th)/He dating on zircon (ZHe)
yielded ages of ~35–50 Ma in the hanging wall of the North Pyrenean frontal thrust, of ~34–39 Ma in the
Montcaou anticline, and ~27–29 Ma in the northernmost Paleozoic units of the Ossau valley (Bosch
et al., 2016), which may be interpreted as cooling ages below a closure temperature range of 140°C to
200–220°C (Bosch et al., 2016; Guenthner et al., 2013). Because the closure temperature of (U‐Th)/He system
in zircon is lower than the blocking temperature of pyrrhotite (~320°C), the age of the remagnetization car-
ried by the latter has to be older than the ZHe ages, probably during the early Paleogene (Paleocene–early
Eocene), coevally with the closure of the exhumed mantle domain (Figure 11). Differences in the cooling

Figure 11. Timing of main tectonic, thermal, and magnetization events in the CB and northern Axial Zone (from Early
Cretaceous). The magnetic polarity time scale is from Gradstein et al. (2012). Peak metamorphism age (peak T) is from
Clerc et al. (2015). ZHe ages (Bosch et al., 2016) are interpreted as cooling ages below 220–140°C.
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age of the different structural units are consistent with the changes in the polarity of the MT component: it is
essentially reverse across the CB, whereas both normal and dual polarities are frequent across the northern
Axial Zone. These changing polarities indicate a diachronous cooling, being probably younger in the Axial
Zone than in the Northern Pyrenees (as also suggested by thermochronology data; Bosch et al., 2016).

Taking the early Paleogene as the most probable time interval for the blocking of the pyrrhotite‐carried
remagnetization in the study area (note the prevalence of reverse polarity chrons during this time span,
Figure 11), and considering the fold test results for MT components in the CB (Figures 9a to 9c), we can
quantitatively define that ~85–100% of the fold limb dips were acquired before the collisional stage in the
Western Pyrenees. By considering this relative time constraint together with (i) the crosscutting relationship
between peak temperature isotherms (dated at 85–110 Ma) and the short‐ to intermediate‐wavelength fold-
ing of the sedimentary cover (Figure 10) and (ii) thickness variations and unconformities in the Jurassic–
Lower Cretaceous units, we propose that the main folding event in the study area took place before contrac-
tional times (Figure 11).
6.1.2.3. Horizontal Axis Tilts Deduced From Paleomagnetic Data
The large‐wavelength folding of the isotherms and the deviated paleomagnetic directions in the CB evidence
a late folding stage that took place after the locking of the pyrrhotite‐carried remagnetization. This late fold-
ing can be quantified through the comparison of the remagnetization direction (MT component) and the
early Cenozoic reference (Dec = 0°, Inc = 52°, α95 = 8.4°, k = 90.4, see section 5.2.3) that indicates relatively
slight inclination differences in the Paleozoic units of the Axial Zone (Figure 9d) and strong inclination
deviations across the CB (Figures 9a to 9c). Inclination differences in the Mesozoic units (see calculations
in Table 4) result from a late steepening of paleomagnetic directions attaining: (i) ~60° to the north in the
southern CB across the Ossau valley and (ii) ~40–45° to the north in the Jaout syncline and the Mail
Arrouy structure (Montacou cross‐section, tilt values are indicated in Figure 10). Regarding the Paleozoic
units, postremagnetization tilts are shallow to the south (from 4° to 8°) and shallow to moderate to the north
(8 to 35°), although these tilts are not statistically significant except in site 2F (35° ± 18°). These tilts likely
result from the rotation of units about a horizontal axis that parallels to ~E‐W‐striking fold axis and thrust
planes in the study area.

Horizontal axis tilts in the southern part of theMontcaou section (~44° to the north) equal the dip (~45°N) of
the Lower Triassic units unconformably overlying the Paleozoic basement in the hanging wall of the Pic de
Bazés‐Arbèost thrust (see section 3) and are roughly subparallel to the ~420–430°C and ~470–480°C iso-
therms reconstructed from RSCM data in that portion of the cross‐section (Figure 10b). Similarly, tilts in
the southern part of the Ossau valley cross‐section (~60° to the north) are similar to the dip of the ~390–
410°C isotherm defined in this area (Figure 10a). Tilts defined from the Paleozoic samples in the hanging

Table 4
Calculation of Horizontal Axis Rotations (HARs) or Tilts and Related Uncertainties (ΔHAR)

Sites Dec. MT BFD I MT BFD α95 HAR ΔIobs (α95) ΔI ref ΔHAR

MT component in the Mesozoic units of the Chaînons Béarnais

5OP/6OP (FT1, BFD geo) 19.6 −68.8 2.6 59.2N 2.6 8.4 11

6OP/4OP (FT2, BFD 10%unfold) 355.1 −64.9 4.2 63.1N 4.2 8.4 12.6

4OP/3OP (FT3, BFD 10%unfold) 340.6 −68.8 6.8 59.2N 6.8 8.4 15.2

3OP/7OP (FT5, BFD geo) 114.3 79.9 9.9 41N 9.9 8.4 18.3

5F/14F (FT6, BFD geo) 218.9 83.2 12.6 44N 12.6 8.4 21

MT component in the Paleozoic and unconformably overlying Mesozoic units of the northern Axial Zone
12F 6.5 59.9 3.8 8S 3.8 8.4 12.2
5CBP 335.1 44.8 21.3 8N 21.3 8.4 29.7
2CBP 172.6 −71 14.2 20N 14.2 8.4 22.6

2F 94.8 72.2 10 35N 10 8.4 18.4

3F 339.3 67.6 28.8 16N 28.8 8.4 37.2
4F 257.4 −53.4 32.3 4S 32.3 8.4 40.7

Note. For MT components (postfolding to late syn‐folding), horizontal axis rotations were obtained from the comparison of the orientation of MT in geographic
coordinates (Declination, Dec, and Inclination, Inc) or at the best fit direction (BFD) obtained from fold test (FT) results and that of the early Cenozoic reference
direction (Dec = 000°, Inc = 52°, α95 = 8.4°, k = 90.4). Gray cells indicate statistically significant HARs.
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wall of the Pic de Pic de Bazés‐Arbèost thrust (Ossau valley cross‐section) are conversely more limited, in
agreement with the proposed flat or shallowly dipping isotherms and accordingly to the dip of the
Cretaceous in this unit (Figure 4a). The good agreement between horizontal axis tilts, isotherms dips, and
dip of the Mesozoic units unconformably overlying the Paleozoic basement points out that the rotation of
the remagnetized component and of the peak temperature isotherms mainly results from basement tilting
and folding. Inferred tilts are mainly to the north, accordingly with the location of the sample sites in the
back limb of the Axial Zone basement thrust system (Figures 1b and 3).

6.2. Towards a Kinematic Scenario for the CB: Constraints on the Evolution of the Cover and
Shallow Basement Structure

Based on the presented data sets here, the Ossau valley and Montcaou cross‐sections were restored to
the pyrrhotite‐carried remagnetization and peak temperature times (Figure 12) that, following the pre-
viously suggested and published ages, correspond to the early convergence and the late extensional
stages in the study area, respectively (Figure 11). Cross‐sections were restored from a pin line located
in the footwall of the Pic de Bazés‐Arbèost thrust (Figure 12a; see location in Figure 3). They refer to
the structure of the Mesozoic cover and the shallower basement, but the deep structure of the CB
remains unresolved.

Cross‐section restorations were carried out in two steps. In the first step (remagnetization time, Figure 12b),
isotherms and folds were restored using paleomagnetic data as a paleohorizontal marker (i.e., we back tilted
the horizontal axis rotations calculated from the comparison between the MT remagnetization and the early
Cenozoic reference direction, Table 4). The second restoration step was achieved by flattening the peak tem-
perature isotherms (Figure 12c). We acknowledge that horizontal isotherms represent a simplification of the
temperature field in a hyperextended margin involving salt units. Isotherms in these settings are likely

Figure 12. Stepwise restorations of the Ossau (left) and Montcaou (right) cross‐sections at the time of remagnetization (early shortening stages predating full
continental collision, b) and at the time of peak temperatures (final extensional stages, c). Deformation depths are roughly calculated considering peak
temperature values and the blocking temperature for the pyrrhotite‐carried remagnetization (~320°C) and assuming a 50°C/km geothermal gradient during peak
metamorphism that could decrease to 40°C/km in the early contractional stages predating the recovery of the normal continental crust thickness and the full
continental collision.

10.1029/2019TC005719Tectonics

IZQUIERDO‐LLAVALL ET AL. 25 of 32



deflected from a flat geometry by (i) short wavelength thermal anomalies related to the high thermal con-
ductivity of the salt (Kaiser et al., 2011) and/or (ii) long wavelength anomalies related to the lateral variation
of crustal thicknesses and mantle depths across the margins (Brune et al., 2014; Duretz et al., 2016).
Salt‐related anomalies are estimated to be less than 10°C in supra‐salt units (Grunnaleite &
Mosbron, 2019; Jensen, 1983) and are thus below the resolution of the isotherms defined in this work
(10–20°C uncertainty) and the inherent uncertainty of the applied geothermometer (~30°C). Crustal and
mantle depth‐related anomalies consist of a 100‐s‐km bend of the isotherms towards the rift axis, character-
ized by a <10° outward dip across the hyperextended domain (e.g., Brune et al., 2014; Duretz et al., 2016).
Given the small magnitude of both the crustal‐related and the salt‐related thermal anomalies expected in
the studied scenario, the spatial scale of our restored cross‐sections (~20 km), and the uncertainty on the
obtained RSCM temperatures and isotherms, we consider that the flat isotherms depicted in Figure 12c
represent a simplified but appropriate approximation to the original thermal configuration of the
Cretaceous basin in the Northern Pyrenees. To complete the restorations, fault displacements were restored
by joining isotherms in their side blocks. An inherent uncertainty of 150 to 300 m in fault throws has to be
considered because of the 10–20°C temperature uncertainty of the reconstructed isotherms (maximum of
~425 m, considering the ~30°C RSCM calibration error and an average geothermal gradient of 70°C/km,
Chelalou et al., 2016; Ducoux et al., 2019; Hart et al., 2017; Vacherat et al., 2014). The present‐day topography
line (dotted black line in Figure 12) was also passively restored using remagnetization and peak temperature
isotherms.

Restorations to the peak temperature time (late extensional stages, Figure 12c) evidence a folded Mesozoic
cover in the CB in the late Aptian–Coniacian. The geometrical relationship between peak temperature iso-
therms and bedding across the Montcaou, Mail Arrouy, and Béon anticlines indicates that these folds were
already developed at this stage. At this time (late Aptian–Coniacian), they consisted of upright to
north‐verging folds with steep limbs, the Montcaou and Mail Arrouy structures displaying a longer wave-
length than the Béon anticline. The smaller‐scale folds observed in the Aptian limestones of the southern
CB (Ossau valley cross‐section, Figure 5d) could potentially be second‐order folds related to these
larger‐wavelength structures. Early folding in the CB has been proposed to result (at least partly) from the
gravity gliding of the Mesozoic cover above the Triassic salt (Lagabrielle et al., 2010). This mechanism has
been recognized in other areas of the Pyrenees (Espurt et al., 2019; López‐Mir et al., 2015; McClay et al., 2004;
Saura et al., 2016). Gravity gliding can trigger coeval extensional and contractional structures that develop
updip and downdip the detachment level, respectively (Rowan et al., 2004 among others). The contractional
structures in the downdip area can correspond to tight, upright, or doubly verging folds (Brun & Fort, 2011;
McClay et al., 2003) such as those we propose in the restoration to the peak temperature stage (Figure 12c).
Besides gravity gliding, differential sedimentary loading (because of thickness variations in the Jurassic and
Lower Cretaceous sequence) probably played a major role in early salt withdrawal and folding of the CB, as
recognized further west in the Parentis Basin (Ferrer et al., 2012) and the Basque‐Cantabrian Pyrenees
(Bodego et al., 2018).

During extensional stages (Figure 12c), the boundary between the Paleozoic units of the future Axial Zone
and the Mesozoic of the CB was represented by an extensional shear zone (i.e., the penetratively foliated
zone observed in the Mesozoic of the southern CB, Ossau valley cross‐section, Figure 5c). To the south,
the Cretaceous basin expanded and the Pic de Bazès‐Arbéost structure probably corresponded to the proxi-
mal basin environment, with Cenomanian units consisting of marls and limestones with interbedded brec-
cias and conglomerates (Ternet et al., 1980). To the north, in the CB domain, the presence of lherzolites
embedded within the Keuper units along the hinge zone of the Montcaou and Mail Arrouy structures
(Figure 3) points out that the mantle was exhumed or emplaced at a very shallow level (Clerc et al., 2012;
Corre et al., 2018; Lagabrielle et al., 2010; Pedrera et al., 2017; Teixell et al., 2016; Wang et al., 2016).
Further north, in the North Pyrenean frontal thrust domain, the thinning of the Jurassic and Lower
Cretaceous sequence, together with the peak temperatures decrease (Figure 6), suggests that the
Cretaceous basin floor was uplifted in this area (Figure 4). This basement uplift could laterally connect to
the Grand Rieu High to the west (Hart et al., 2017; Teixell et al., 2016).

The restoration at the pyrrhotite‐carried remagnetization time (early contractional stages, Figure 12b)
depicts how the early inversion was resolved in the CB. This remagnetization was blocked during slow
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cooling associated with mantle domain closure or early proto‐collision stages (Figure 11). Fold tests evidence
that fold limbs in the Béon and Mail Arrouy structure had already acquired 85% to 100% of their dip before
the remagnetization time. Combined with the crosscutting relationships between the peak temperature iso-
therms and the fold limbs, this result suggests that the interlimb angles in these structures have remained
mostly constant from the peak temperature stage to the present day (Figure 12). In this scenario, moderate
fold tightening during contraction could occur through faulting in the hinge zones of the salt domes. Such a
faulting did not shift isotherms and was therefore probably below the uncertainty range of the reconstructed
isotherms (i.e., fault throws below ~425 m). Besides, a contractional or partly contractional origin cannot be
ruled out for the minor folds to the north of the Montcaou structure where no paleomagnetic nor thermal
data constrain fold evolution through time.

Early shortening was mostly accommodated by the closure of the exhumed mantle domain (Jammes
et al., 2009; Jourdon et al., 2020; Lagabrielle et al., 2010; Masini et al., 2014; Tugend et al., 2014) and
the reactivation of early extensional basement faults in the southern basin margin (these extensional
faults could locally be preserved, Figures 5a and 5b) as top to the south thrusts. Reactivated faults
transported passively the early folded cover in the CB in their hanging wall. In the Montcaou section,
the isotherms shift at the boundary between the northern Axial Zone and the CB points out that
shortening produced the inversion of the extensional fault found at this location (Figure 12, 2b). On
the contrary, the restoration of the Ossau valley cross‐section proposes that contraction was mostly
resolved through the inversion of the Pic de Bazès‐Arbéost fault that produced an early folding of the
isotherms and the inherited Cretaceous folds in its hanging wall (Figure 12, 1b). Latter contraction was
probably accommodated by thrusting along these two faults (the fault at the contact between the CB
and the northern Axial Zone and the Pic de Bazès‐Arbéost fault) and by the initiation of subsequent base-
ment thrusts in their footwalls (compare stages a and b in Figure 12). Basement thrusting produced the
stack of basement units and the strong northwards tilt of the folded Mesozoic sequence in the CB. Tilt
values range between 63° ± 13° and 41° ± 18° and have been successfully quantified thanks to the paleo-
magnetic record (Table 4, Figure 10). Regarding the northern CB basin margin, thermal estimates indi-
cate a minor inversion along the North Pyrenean frontal thrust, especially to the west where the low
peak temperatures (<200°C) both in the hanging wall and the footwall of this structure indicate a limited
displacement (the Rebenacq diapir, Figure 6). To the east, the peak temperatures slightly increase and the
~330–340°C isotherm is folded and uplifted in the hanging wall of the North Pyrenean frontal thrust
(considering the footwall of the thrust as reference, Figure 10), suggesting an eastward increase in the
vertical motion of this thrust.

A minimum shortening value in the Ossau valley cross‐section (Figure 12.1) of ~15 km was estimated
considering (i) the Pic de Bazés‐Arbèost thrust geometry depicted in Figure 4b and (ii) the peak tem-
perature values in the footwall and the hanging wall of this thrust (from this and previous studies;
see Figure 6). Displacement in the North Pyrenean frontal thrust is not considered, and there are no
constraints to define the percentage of shortening accommodated before and after the remagnetization
event (i.e., early Paleogene). Nevertheless, the absence of significant vertical axis rotations in the study
area (i.e., the declination of paleomagnetic vectors is consistent across the two considered sections and
with the declination of the early Cenozoic reference) suggests that the postremagnetization shortening
was similar across the two studied profiles (Figure 12). Note that these minimum shortening estimates
could attain erroneous values of ~23 km if the Cretaceous horizons are completely unfolded at the time
of extension.

7. Conclusions

This work provides an extensive data set of paleomagnetic and RSCM peak temperatures throughout the CB
and the northern Axial Zone, in the Northern Pyrenees. Based on these two independent constraints, we
restored deformation geometries across two different cross‐sections (the Montcaou and Ossau valley cross‐
sections) and semiquantitatively demonstrate that folding across the CB mostly took place before the onset
of continental collision.

Peak temperatures in the study area were reached during the mid‐Cretaceous (110–85 Ma) and led us to
reconstruct almost straight isotherms that crosscut folds and faults affecting the Mesozoic units of the CB.
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This crosscutting relationship suggests that most of these cover structures were formed before the record of
this thermal event.

Paleomagnetic data reveal that the studied area is affected by a widespread remagnetization carried
by pyrrhotite that was blocked after fold limbs had acquired the ~85% to 100% of their dip. A good
correlation between >350°C peak temperatures and the occurrence of this remagnetization points out
that it is a TRM acquired during the cooling of the sampled units. Considering the age of peak tempera-
tures and previously published low‐temperature thermochronological data, we estimated an early
Paleogene age for the remagnetization, meaning that folding in the CB was essentially completed before
collisional stages.

The early folding (Jurassic to Early to mid‐Cretaceous) in this domain is consistent with field observations
such as the thinning of Jurassic and/or lower Aptian units towards the hinge zones of anticlines or the pre-
sence of Lower Cretaceous units unconformably overlying older, early folded units. Contractional folding
across the CB is revealed to be very limited, and Cenozoic shortening in the shallow basement units is shown
to be resolved through the reactivation as south‐directed thrusts of the extensional structures along the
southern margin of the Cretaceous basin. These faults passively transported the folded CB in their hanging
wall. Basement thrusting produced a strong northwards tilt (ranging between 63° ± 13° and 41° ± 18°) of the
folded Mesozoic sequence in the CB. This study evidences that the proper characterization of salt‐cored,
syn‐extensional folding strongly controls the reliability of orogenic shortening estimates in fold‐and‐thrust
systems reactivating previous extensional basins.
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