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Abstract We investigate the present-day orogenic architecture of the Pyrenean-Cantabrian

junction corresponding to a boundary between inverted rift segments using seismic interpretation, field
data, and borehole information. This junction was formerly attributed to a major NNE-SSW striking
Pamplona transfer fault segmenting the Basque-Cantabrian and Mauléon basins during both rifting

and convergence. Our study shows that the orogenic architecture results from a strong decoupling
between the thick-skinned (basement-involved) and the thin-skinned (detached in the Upper Triassic
evaporites) modes of deformation. The evaporites decoupling horizon was responsible for the transport
and allochthony of the former rift basins over large distances on top of the Basque massifs and the Ebro
and Aquitaine foreland basins. A crustal-scale cross-section depicts the allochthony of the Basque massifs
forming a crustal wedge over the crusts of Iberian, Ebro, and Eurasian affinity. Three-dimensional analysis
of the present-day architecture suggests that two phases of rifting and related basins can be recognized:
the Late Jurassic-Barremian and the Aptian-Cenomanian basins. Furthermore, we show that during the
Aptian-Cenomanian, the Mauléon and Basque-Cantabrian rift segments spatially overlapped north and
south of the Basque massifs and were controlled by WNW-ESE striking extensional faults. These results
discard the existence of a major Pamplona transfer fault and argue for NNE-SSW direction of extension
during the mid-Cretaceous. This study emphasizes the role of inheritance during rifting and reactivation
and provides a new syn-rift template, which controlled the Alpine reactivation. Finally, these results

have major implications for the Iberia-Eurasia plate boundary and the kinematics of the North Pyrenean
basins.

1. Introduction

The Pyrenean-Cantabrian orogenic system (Figure 1a) resulted from the inversion of a hyperextended rift
system that developed during the Late Jurassic-Late Cretaceous all along the Iberian, Ebro, and European
plate boundaries (Teixell et al., 2018; Tugend et al., 2014). Before this extensional event, Triassic rifting,
Stephano-Permian to late Variscan tectonics involving strike-slip and extensional deformation, and Var-
iscan and pre-Variscan tectono-metamorphic events also affected the Pyrenean-Cantabrian domain (e.g.,
Burg et al., 1994).

The structural style of the Pyrenean-Cantabrian orogen and the related tectono-sedimentary evolution
change significantly along-strike. These changes are mainly expressed by differences in width, asymmetry
of the double-wedge, thrust kinematics, involvement of basement, and topography. Differences in basement
involvement and topography are so strong that different geological and physiographic units formed, receiv-
ing distinct names such as Cantabrian and Pyrenean Ranges. The main factors controlling the orogenic
structural style, and as a result of the along strike differences, are the inversion of the inherited Mesozoic
rift template and the distribution of the Triassic salt (Beaumont et al., 2000; Jammes et al., 2014; Teixell
et al., 2018). Other factors, such as the weakness of the inherited Variscan crust and the lithospheric ther-
mal state, have also contributed to the structural evolution and the observed longitudinal changes (Clerc &
Lagabrielle, 2014; Jammes et al., 2014). These longitudinal changes are so strong that Souquet et al. (1977)
proposed to subdivide the Pyrenean-Cantabrian orogenic system into three main segments, bounded by two
major crustal-scale transverse structures: the Segre and Pamplona faults. This interpretation was in opposi-
tion to the most accepted structural subdivision into strike-parallel zones (Choukroune & Mattauer, 1978;
Mattauer, 1968; Séguret, 1972). However, in the transition between the eastern and central Pyrenees, it has
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Figure 1. (a) Map of the Mesozoic rift basins between France and Spain. Location of the study area (Basque Pyrenees) is indicated by the red square. Modified
after Masini et al. (2014). (b) Eurasia-Iberia kinematic scenarios at mid-Cretaceous time. Strike-slip scenario (1) after Stampfli & Borel (2002) and orthogonal

rifting scenario (2) after Manatschal and Miintener (2009). Br.: Brianconnais. Modified after Tavani et al. (2018). (c) Models for the Pyrenean-Cantabrian

junction during Aptian to Cenomanian. BCB, Basque-Cantabrian basin; PF, Pamplona fault.
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been demonstrated that the prominent oblique NE-SW structures do not correspond with a crustal-scale
transfer fault (“the Segre fault”). Instead, they represent oblique thrusts and related folds that developed
by progressive rotation during the development of a major thrust salient in the central Pyrenees (Mufioz
et al., 2013; Sussman et al., 2004; Vergés, 2003). The other major transfer fault at the western edge of the
western Pyrenees, the Pamplona fault, is still considered a major structural element of the chain, regard-
less the difficulties to recognize a prominent fault in the field (DeFelipe et al., 2017; Ducoux et al., 2019;
Saspiturry, Cochelin, et al., 2019).

The transition from the western Pyrenees to the eastern part of the Cantabrian segment, herein referred to
as the Pyrenean-Cantabrian junction (Figure 1a) represents a key area for the understanding of the con-
tractional reactivation of the Pyrenean-Cantabrian rift system as it delimits two distinct reactivated rift seg-
ments. In the western Pyrenees, the Mauléon basin represents a hyperextended domain (Masini et al., 2014;
Saspiturry, Razin, et al., 2019; Tugend et al., 2014). This domain is shifted to the south further west at the
eastern edge of the Basque-Cantabrian Basin (BCB; Figures 1a and 2). These basins formed during the Late
Jurassic to Late Cretaceous rifting, in relation to relative displacements between the Iberia-Ebro-Europe-
an plates and were associated with local mantle exhumation (DeFelipe et al., 2017; Jammes et al., 2009;
Lagabrielle et al., 2010) and High-Temperature/Low-Pressure (HT/LP) metamorphism of the sedimentary
cover (Albarede & Michard-Vitrac, 1978; Clerc et al., 2015; Cuevas & Tubia, 1999; DeFelipe et al, 2017, 2018;
Ducoux et al., 2019; Golberg & Leyreloup, 1990; Mendia & Ibarguchi, 1991; Montigny et al., 1986). Subse-
quent shortening due to the northward displacement of Iberia/Ebro lead to the inversion of these basins
and their incorporation into the Pyrenean double-wedging orogen (see review in Teixell et al., 2018). The
present trend of the orogen is strongly controlled by the axis of the inherited rift system and shows signif-
icant left-stepped shifts along a poorly characterized NNE-SSW striking lineament/zone defining the so-
called Pamplona fault in the Basque Pyrenees (Figures 1a and 1c).

Former publications generally proposed, or suggested, the existence of this fault as a major, sharp litho-
spheric transfer fault responsible for the transfer of deformation between the two segments (Figure 1c;
Rat, 1988; Razin, 1989; Richard, 1986). The occurrence of a major transfer fault at the Pyrenean-Cantabrian
junction suggests a decoupling of these two realms during Mesozoic rifting and Cenozoic convergence, and
raises questions about where and how major structural units terminate laterally (e.g., rift basins, orogenic
slab). It also questions the general kinematics and/or location of the Iberia-Ebro-Europe plate boundaries
(Figure 1b; e.g., Angrand et al., 2020; Nirrengarten et al., 2018; Tavani et al., 2018; Tugend et al., 2015).
These recent geodynamic models involving a continental block (Ebro) in between the classical Iberia-Eu-
rope plate boundary have been proposed to solve some of the geometric and kinematic issues involved by
the counter-clockwise rotation and the lateral displacement of the Iberian plate along a single, localized
plate boundary. In these three plate models, part of the sinistral strike-slip deformation is distributed be-
tween the North Pyrenean Zone and the Central Iberian Chain (Figure 1). However, none of these models
have discussed how such a kinematic evolution relates to the occurrence of a supposed major NNE-SSW
striking Pamplona fault extending from the Ebro to the European plates.

The kinematics of the Iberian plate during the Late Jurassic to Late Cretaceous is heavily debated due to the
lack of reliable constraints and the poorly defined pre-chron 34 restoration of the southern North Atlantic
(Barnett-Moore et al., 2016; Nirrengarten et al., 2018). Indeed, during the Late Jurassic to Campanian/San-
tonian (chron 34), two extreme kinematic scenarios (see Nirrengarten et al., 2018 for details) have been pro-
posed to account for the formation of basins along the Iberia-Ebro-Europe plate boundaries (Figure 1c). One
model involves a pure E-W strike-slip displacement, of up to 400 km, leading to the formation of pull-apart
basins (Figures 1b and 1c, left inserts; Canérot, 2017; Choukroune & Mattauer, 1978; Choukroune, 1992;
Oliva-Urcia et al., 2010), suggesting that the NE-SW striking structures such as the Pamplona fault might
correspond to basin-bounding faults. The opposite model proposes orthogonal, N-S extension from Late
Aptian onwards that post-date a yet poorly defined Late Jurassic-Early Cretaceous transtensional phase
(Angrand et al., 2020; Tugend et al., 2015). In this scenario, the Pamplona fault would correspond to ei-
ther a sharp (e.g., Rat, 1988; Tugend et al., 2015) or soft (Roca et al., 2011) transfer zone, segmenting and
transferring the deformation between the Mauléon and the Basque-Cantabrian basins (Figures 1b and 1c,
right inserts). The absence of strong criteria from onshore geology makes it difficult to arbitrate between
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the different models and to constrain the timing of deformation between the different plates (e.g., Tavani
et al., 2018; Teixell et al., 2018).

Yet, the existence of this so-called Pamplona transfer fault (sometimes also referred to as a transform
fault, e.g., Razin, 1989) is speculative as it is based only on indirect observations or on local, second-order
structures. As a consequence, its age, length, and depth remain evasive and unconstrained (e.g., Chevrot
et al., 2014; Jammes, Tiberi, et al., 2010). Moreover, recent studies about segmentation in rift and orogenic
systems have revealed the variety and the complexity of such domains (e.g., Allken et al., 2012; Bubeck
et al., 2017; Granado et al., 2017; Péron-Pinvidic et al., 2017; Zwann et al., 2016), far away from the simple
model involving a major strike-slip fault. In particular for rift systems, it appears that they depict more tran-
sitional domains accommodating the segmentation via transfer (complex sets of oblique, strike-slip faults)
or accommodation zones (overlapping rift basins potentially associated with block rotations; e.g., Zwaan
et al., 2016), sometimes at the tips of V-shaped basins.

Our in-depth study of the regional geology and of existing models points out the need of a careful analysis
of the architecture of the Pyrenean-Cantabrian junction to evaluate the mode of deformation in the Basque
Pyrenees. At present no models integrating small and large-scale observations, involving the role of inher-
itance and describing the timing, nature, and kinematics of this segmented system have been proposed. As
such, a better determination of the present-day architecture is necessary to decipher the type of boundary
(sharp/soft transfer zone, accommodation zone) and the kinematics between the Pyrenean and the Can-
tabrian rift segments during Mesozoic rifting (Figure 1c).

In our study we address the following questions:

- How do the Pyrenean and Cantabrian segments connect in the Basque Pyrenees? Do they interfere
through time or do they evolve independently?

- How is the deformation partitioned across the junction during both extensional and compressional
events?

- How can the rift template be defined and what was its role during reactivation?

In this study, new and existing N-S and E-W striking cross-sections and a geological map integrating new
and existing field data are presented to characterize the deformation affecting the Basque Pyrenees and to
discuss the nature, origin, and evolution of the junction between the Cantabrian and Pyrenean segments.
We describe the present-day architecture and define the role of inheritance in controlling the present-day
architecture. Finally, we discuss the implications for the location and kinematics of the Iberia-Ebro-Eurasia
plate boundaries.

2. Geological Setting
2.1. Evolution of the Cantabrian and Pyrenean Segments in the Pyrenean-Cantabrian System
2.1.1. Variscan and Late to Post Variscan Phase

The Pyrenean-Cantabrian orogenic system has been superimposed on the former Variscan orogen. In the
study area, it involved the Variscan foreland (Ballévre et al., 2014; Delvolvé et al., 1998), where Carboniferous
flysch sediments (“Culm” facies) were deposited coeval with granitic magmatism and HT/MP-LP

Figure 2. (a) Geological map of the Western Pyrenean-Eastern Cantabrian system. Location of boreholes, cross-sections, and seismic interpretations presented
in this study are shown on the map. Details on the distribution of the Late Cenomanian basinal versus platform facies are provided in supporting information
(Figure S1) based on geological maps, wells, and publications (e.g., Bodego & Agirrezabala, 2017; Daguin, 1948). (b) Simplified map representing the main
structures and units. Massifs/basins: Ald, Aldudes massif; Arb, Arbailles massif; AG: Aya granite; BCB: Basque-Cantabrian basin; Bid: Bidarray Permian basin;
Bscy sync: Biscay synclinorium; CB: Chainons Béarnais; CV: Cinco Villas massif; GRH: Grand Rieu High; Igtz: Igountze massif; Lbd: Labourd massif; Mdbz:
Mendibelza massif; MIn: Mauléon basin; NdM: Nappe des Marbres; O-B: Oroz-Betelu massif; Rh: La Rhune massif; Sr: Sare basin; St-J-L: St-Jean-de-Luz basin;
Urs: Ursuya massif. Thrusts: NPFT: North Pyrenean Frontal Thrust; SPBT: South Pyrenean Basal Thrust. Extensional faults: NMD: North Mauléon Detachment;
SMD: South Mauléon Detachment. Transfer/transverse faults: AFZ: Andia Fault Zone; Ay: Ayherre; Bd: Bardos; Ib: Ibarron; Idy: Tholdy; SJPP: St-Jean-Pied-
de-Port; Sn: Saison; Sr: Saraill¢; Hd: Hendaya. Boreholes: Aie-1: Ainhice-1; Aitz-1: Aitzgorry-1; Astr-1: Astrain-1; At-1: Atauri-1; Bad-101: Bardos-101; Ceg-1:
Cegama-1; Cor-1: Corres-1; Gst-1: Gastiain-1; HN-101: Hasparren-101; Lne-1: Labenne-1; P-1/2/3/4/5/6: Pamplona-1/2/3/4/5/6; P-Sur-1: Pamplona Sur-1; SL-3:
St-Lon-3; SMG-1: Ste-Marie-de-Gosse-1; UM-1: Uhart-Mixe-1; Urb-1/2/3: Urbasa-1/2/3; UZ-1: Ustaritz-1; Zuf-1: Zufia-1; Zga-1: Zufiiga-1.
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metamorphism in the hinterland (330-295 Ma) (Cochelin, 2016; Martinez Catalan et al., 2007). The
Variscan belt involved the collision between Gondwana and Laurussia (Aguilar et al., 2013; Arthaud &
Matte, 1975; Cochelin, 2016) from Devonian to Permian. At latest Carboniferous-earliest Permian times the
belt developed an orocline formed by the present-day Ibero-Armorican arc (Ballevre et al., 2014; Martinez
Catalan et al., 2007). This Late Variscan stage is related to N-S to NW-SE compression (in present-day coor-
dinates) associated with dextral strike-slip displacement and dome formation (Aguilar et al., 2015; Arthaud
& Matte, 1975; Cochelin, 2016). At this stage, metamorphism evolved from medium to low pressure and
granulite facies metamorphism affected the lower structural levels (Ribeiro et al., 2019). This event is com-
patible with local extensional exhumation of the deep structural levels, coeval with a dextral strike-slip
tectonic setting, and the onset of extensional collapse of the Variscan orogen. It was also contemporaneous
to or followed by calc-alkaline granitic magmatism and volcanism (Aguilar et al., 2013; Bixel & Lucas, 1987;
Denéle et al., 2011; Lago et al., 2004). Afterward, a significant change in magmatism occurred at Late Per-
mian times: alkaline magmatism announced the onset of the extensional break-up of Pangea and the onset
of a new tectonic cycle (Denéle et al., 2011; Lago et al., 2004).

In the Variscan basement caught up in the Basque massifs (Figure 2), various generations of Var-
iscan folds and a major NE-SW trending thrust dipping toward the east between the Cinco Villas
and Labourd massifs have been described (Campos, 1979; Heddebaut, 1973; Mohr & Pilger, 1965;
Muller & Roger, 1977). In the Aldudes and Oroz-Betelu massifs, Variscan folds and thrusts are most-
ly striking NW-SE to N-S (Campos, 1979). Note that E-W structures formerly attributed to the Var-
iscan have been described in the Aldudes massif as well (e.g., Muller & Roger, 1977), however, they
most probably correspond to Alpine-related structures as they seem to deform the Lower Triassic unit
(Figure 2a). N-S to NE-SW and NW-SE trending folds deform the detritic flysch of the “Culm” facies
of mid-Carboniferous age, which composes the major part of the Cinco Villas massif (Campos, 1979).
The Aya granite pluton, emplaced at 267 Ma within Devonian metasediments, is cropping out in
the Cinco Villas massif together with its contact metamorphism (e.g., Denéle et al., 2011). Late to
post-Variscan granulites are at present exposed within the Ursuya unit or as smaller blocks within
the Cretaceous basins. On the Labourd massif, the N°20E-trending Bidarray basin, filled by Permian
and Triassic red beds, has been attributed to the Permian transtensional event (Bixel & Lucas, 1987;
Saspiturry, Cochelin, et al., 2019).

However, little is known about the crustal position of the Ursuya granulites before onset of the Cretaceous
rifting. While some studies (Cochelin, 2016; Ducasse et al., 1986; Guitard et al., 1996; Saspiturry, Cochelin,
et al., 2019; Vissers, 1992) propose a scenario in which the granulites were exhumed during Late Variscan to
Permian, other studies propose a mid-Cretaceous age for the exhumation (Hart et al., 2016, 2017; Jammes
et al., 2009; Masini et al., 2014). The lack of clasts of granulite rocks within the Permian and Lower Triassic
clastics (Hart et al., 2016; Saspiturry, Cochelin, et al., 2019) together with field observations (for details, see
Jammes et al., 2009; Masini et al., 2014) suggest a post-Triassic exhumation and denudation of the gran-
ulites, as supported by thermochronological data (Hart et al., 2016, 2017). However, based on combined
field observations, the orientation of the syn-kinematic high-grade deformation (Vielzeuf, 1984) and on the
existing thermochronological data set, Saspiturry, Cochelin, et al. (2019) proposed that the granulites were
exhumed during the Permian in relation with the formation of a metamorphic core complex in an E-W ori-
ented transtensional regime. Note that both scenarios have been recognized in the eastern Pyrenees where
a Late Variscan and a mid-Cretaceous ages have been determined in the granulites of the Roc de Frausa
massif (Axial Zone) and in the Agly massif, respectively (Aguilar et al., 2015; Odlum & Stockli, 2019), high-
lighting the complexity to identify a unique solution for the exhumation history of the granulites in the
Pyrenean realm.

The post-Variscan, Late Permian-Triassic episode corresponds to an isostatically equilibrated lithosphere on
which widespread Lower Triassic fluviatile sandstones followed by Jurassic shallow marine sediments were
deposited without showing evidence for major aggradation. Moreover, the control of Variscan structures on
the Mesozoic evolution of the Basque Pyrenees was suggested by Arthaud and Matte (1975), Garcia-Mondé-
jar et al. (1996), Muller and Roger (1977) or recently Saspiturry, Cochelin, et al. (2019) based on their orien-
tation. However, no clear reactivation of Variscan structures has been evidenced so far.
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2.1.2. Rifting Episodes

The large-scale kinematics of the Iberian plate is poorly defined during Late Jurassic and Early Cretaceous
rifting due to the lack of well-defined magnetic anomalies and pin points (Figure 1). After a poorly con-
strained Triassic transtensional event (e.g., Angrand et al., 2020; Soto et al., 2017; Soula et al., 1979), the
opening of the southern North Atlantic initiating in Late Jurassic involved a sinistral displacement of Iberia
with respect to Eurasia. Choukroune and Mattauer (1978) and Choukroune (1992) proposed a sinistral
strike-slip deformation between the Iberian and Eurasian plates resulting in the formation of pull-apart
basins belonging to a Late Jurassic to Late Cretaceous single rift event based on the kinematic scenario of
Olivet (1996). In contrast, other studies (Jammes et al., 2009; Tugend et al., 2015) proposed a main Early to
Late Cretaceous north-south extensional event that followed the first phase of transtensional deformation
that may be responsible for the formation of Late Jurassic to Early Cretaceous basins. In this study, we will
describe the different rifting events and discuss their kinematic evolution based on the description of the
Basque Pyrenees (Figures 1 and 2).

2.1.2.1. Triassic Rifting

The Early to Middle Triassic is represented by the deposition of Lower Triassic continental detritic sand-
stones that are overlain by marine limestones belonging to the Muschelkalk Fm. This evolution can be ob-
served throughout the Eurasian and Iberian plates. It is followed by the deposition of claystones and evap-
orites of the Keuper Fm (Stevaux & Winnock, 1974). in confined basins. This rifting event, which remains
poorly constrained, is proposed to have formed along E-W to NW-SE directed transtensional systems related
to the opening of the Neotethys and/or the Central and/or northern North Atlantic (Boess & Hoppe, 1986;
Doré et al., 1999; Scotese & Schettino, 2017).

In the Pyrenean-Cantabrian system, these basins were controlled by N°50-60E, N°80E and N°110E to
N°140E normal faults in the Aquitaine basin (Curnelle, 1983; Muller & Roger, 1977; Peybernés & Sou-
quet, 1984; Puigdefabregas & Souquet, 1986; Rat, 1988; Soula et al., 1979) and NW-SE to W-E faults in the
Cantabrian system (Garcia-Mondéjar et al., 1986; Lopez-Gomez et al., 2019) that may have been used as
pathways for the Late Triassic alkaline magmatism (ophites). The significant amount of ophites in the NE
corner of the Nappe des Marbres (Figure 2a), as well as the presence of breccias at the bottom of the Jurassic
succession in the hanging wall of the Leiza fault (Figure 2b) would account for the last stages of this rift
event (Gallego et al., 1994).

The Lower Triassic sandstones and the Upper Triassic evaporites are widespread in the Cantabrian and
Pyrenean domains. However, the extent and importance of this extensional event, and hence the origi-
nal thickness of the Keuper evaporites, remain poorly constrained as part of the Late Triassic evaporites
have been remobilized during subsequent tectonic events (e.g., Labaume & Teixell, 2020). Subsequently, the
widespread transgressional carbonate platform of the Jurassic from the NW marks the transition to an open
sea shelf environment during a period with little tectonic activity (Biteau et al., 2006; Gallego et al., 1994).

2.1.2.2. Late Jurassic to Barremian Rifting

This tectonic phase, which roughly takes place at the initiation of rifting along the western margin of the
Iberian plate (Barnett-Moore et al., 2016; Nirrengarten et al., 2018), corresponds to the deposition of the
Purbeck-Weald shallow marine to continental deposits occurring in various locations of Western Europe
and especially in Spain and France (e.g., BCB: Abalos, 2016, Abalos et al., 2008; Tavani et al., 2013; Cameros:
Casas Sainz, 1993; Parentis: Ferrer et al., 2012; Pyrenees: Peybernes, 1982).

In the study area, Late Jurassic to Barremian basins have been described in the BCB (e.g., Amiot, 1982; Ca-
mara, 2020; Campos, 1979; Del Pozo, 1971; Lamare, 1936; Llanos, 1980; Pujalte, 1977; Soler, 1971) and in the
Central and Western Pyrenees (e.g., Canérot et al., 1978; Combes et al., 1998; Delfaud, 1970; Lenoble, 1992;
Peybernes, 1978). In the Western Pyrenees, they appear as disconnected small basins (e.g., Delfaud, 1970)
associated with the formation of bauxites on the Jurassic limestones at the southern margin of the basin
(Chainons Béarnais), followed by the formation of lignite and deposition of Wealdian carbonates (Canérot
et al, 1978, 1999; Combes et al., 1998; Peybernes, 1978). A broader basin (central BCB) with marine deposits
has been described in the BCB together with smaller basins (east of the Hendaya fault) (e.g., Amiot, 1982;
Soler, 1971). The depositional environment shows a high variability with marine to lagoonal or lacustrine
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deposits going from limestones to shale, anhydrite, and sandstones (Campos, 1979; Delfaud, 1970; Pey-
bernes, 1978; Soler, 1971). In the Nappe des Marbres (north-east BCB), Late Jurassic (late Oxfordian-Kim-
meridgian) clastic wedges interlayered with ramp carbonates were sourced from the N-NW, attesting for
an emerged area (Aurell et al., 2003; Badenas, 1996) that would correspond to the Basque massifs. In the
Arzacq and Mauléon basins, authors (Delfaud, 1970; Puigdefabregas & Souquet, 1986; Richard, 1986)
suggest that these basins were related to basement subsidence accommodated along N°10E to N°50E and
N°110E structures. In the BCB, Salomon et al. (1982) showed similar orientations and geometries associated
with variations in depocenter thicknesses that they related to subsiding rotational blocks.

Because the kinematics and structures governing these marine to continental basins are poorly constrained,
their importance for the subsequent tectonic events is difficult to estimate. Yet, their sparse distribution
in Western Europe seems to reveal a complex pre-Aptian diffuse Iberia-Ebro-Europe plate boundary that
needs, in detail, to be defined.

2.1.2.3. Aptian to Cenomanian Rifting

This period corresponds to accretion of oceanic crust in the Bay of Biscay and to the formation of deep E-W
striking hyperextended basins within the Cantabrian and Pyrenean systems. This hyperextension event
leads locally to mantle exhumation (DeFelipe et al., 2017; Lagabrielle et al., 2010), alkaline magmatism
(Azambre & Rossy, 1976; Montigny et al., 1986), and HT/LP metamorphism of the sedimentary cover (Al-
baréde & Michard-Vitrac, 1978; Clerc et al., 2015; Cuevas & Tubia, 1999; Ducoux et al., 2019; Golberg &
Leyreloup, 1990; Martinez-Torres, 1992; Mendia & Ibarguchi, 1991; Montigny et al., 1986). The increase of
accommodation space in the North Pyrenean Zone and in the BCB is expressed in the sedimentation by the
transition from Aptian carbonate platform and marls to thick Albian turbidite sequences, referred to as the
“Flysch Noir” (Rat, 1959; Souquet et al., 1985).

In the study area (Figure 2), this hyperextension is controlled by WNW-ESE striking extensional faults
such as the South and the North Mauléon Detachment faults (SMD and NMD, respectively) (Masini
et al., 2014) or the reactivated SPBT/Barbarin and Leiza faults at the bottom of the eastern BCB (DeFe-
lipe et al., 2017, 2018; Ducoux et al., 2019; Larrasoaiia, Parés, Millan, et al., 2003). Note that an alterna-
tive structural architecture has been proposed by Saspiturry, Razin, et al. (2019) for the Mauléon basin,
refuting the existence of the SMD and NMD as major detachment faults and proposing that the Occabe
normal fault (SMD equivalent) and the North Arbailles fault (NMD equivalent) represent antithetic struc-
tures related to a south-dipping St-Palais detachment. Kinematic indicators and lateral ramps argue for an
NNE-SSW displacement along these structures (Jammes et al., 2009; Masini et al., 2014). Several studies
proposed that most of the present-day compressional structures (e.g., Amotz, Leiza, Sainte-Barbe, Lakoura
thrust faults) reactivated former extensional faults during the Cenozoic convergence (e.g., DeFelipe, 2017;
Ducoux et al., 2019; Labaume & Teixell, 2020; Razin, 1989; Saspiturry, Razin, et al., 2019; Teixell, 1993;
Teixell et al., 2018). Moreover, N-S to NNE-SSW transfer faults (TF) have been recognized in both basins.
In the Mauléon basin, they control the progressive westward opening toward the late Albian to Cenomani-
an St-Jean-de-Luz basin (e.g., St-Jean-Pied-de-Port, Ayherre, and Ibarron TF) (Claude, 1990; Razin, 1989,
Figure 2b). In the BCB, the Hendaya and Pamplona faults (Figure 2b) are considered to represent transfer
faults, even though their role during Aptian to Cenomanian rifting is still poorly understood (e.g., Aller &
Zeyen, 1996; Jammes, Tiberi, et al., 2010). The Pamplona fault is usually considered as the eastern termi-
nation of the BCB basin (e.g., Cuevas & Tubia, 1999; Frankovic et al., 2016; Garcia-Mondéjar et al., 1996;
Pedreira et al., 2003). The location of the former rift axis is given by the occurrence of the granulite and
mantle rocks such as observed along the E-W Chainons Béarnais and Leiza (or Leitza) fault (e.g., Azam-
bre & Monchoux, 1998; DeFelipe, 2017; DeFelipe et al., 2017; Lagabrielle et al., 2010; Lamare, 1936; Lla-
nos, 1980; Mendia & Ibarguchi, 1991). This is supported by the HT/LP metamorphism of the Late Triassic
to Albian rocks of the Nappe des Marbres (Ducoux et al., 2019; Lamare, 1936; Martinez-Torres, 1992) and
Chainons Béarnais (Corre et al., 2018). In the St-Jean-de-Luz basin, an enigmatic block of marmorized and
scapolite-bearing Jurassic limestones is cropping out to the south of Biarritz (BRGM, 1963) suggesting that
the mid-Cretaceous metamorphism could extent north of the Cinco Villas massif. In both systems, the late
Cenomanian could represent the end of fault-controlled subsidence and the transition to post-rift thermal
subsidence (e.g., Teixell et al., 2018). This is suggested by the formation of carbonate platforms (“calcaire
des Cafions”) on the margins of the Mauléon-St-Jean-de-Luz basins (e.g., Cuvillier et al., 1964; Floquet
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et al., 1988; Puigdefabregas & Souquet, 1986; Razin, 1989) and on the southern margin of the BCB (e.g.,
Feuillée & Rat, 1971; Floquet, 1998; Grife, 1999) while deep water turbidites or marls are deposited above
hyperextended domains (e.g., Puigdefabregas & Souquet, 1986, Figure 2 and supporting information). Dur-
ing this time, the Basque massifs were considered to form a basement high with episodes of emersion
(Floquet et al., 1988; Mathey, 1986; Razin, 1989; Vacherat et al., 2017). However, a recent publication from
DeFelipe et al. (2019) suggests, based on temperatures determined by inverse modeling of low-temperature
thermometry data, that the Cinco Villas massif was covered by several kilometers of sediments during the
Late Cretaceous. These authors propose that a large part of the sedimentary pile was composed of syn-rift
sediments deposited over the massif in the hanging wall of the Ollin fault.

In contrast to the Late Jurassic—Barremian rift event, the Aptian—Cenomanian depositional environment
is mostly deep marine and the distribution of the basins follows a roughly continuous E-W trend. The Ap-
tian—Cenomanian rift event argues for a north-south extension direction as indicated by the existing kine-
matic data such as N°20E transfer faults (Razin, 1989; Roca et al., 2011; Tavani et al., 2018), N°110E detach-
ments faults (DeFelipe et al., 2017; Jammes et al., 2009; Masini et al., 2014; Saspiturry, Razin, et al., 2019),
and the continuous E-W stripe of HT/LP metamorphic rocks along the North Pyrenean Metamorphic Zone
(e.g., Clerc et al., 2015). However, Late Jurassic-Barremian deformation is difficult to assess due to the lack
of recognition of any pre-Aptian structures and to the significant amount of salt sealing basement faults. As
such, the role of any Late Jurassic-Barremian structures on the evolution of the hyperextended rift event is
unknown and likely underestimated. Moreover, the eastern termination of the BCB and the western termi-
nation of the Mauléon basin, although considered in studies to correspond to the Pamplona fault, have not
been characterized due to the lack of exposure.

2.1.2.4. Convergence and Collision

The convergence between the Iberian, Ebro, and Eurasian plates initiated at 83.5 Ma (latest Santonian)
due to the northward migration of the Africa plate with respect to Europe (e.g., Macchiavelli et al., 2017;
McClay et al., 2004; Thinon et al., 2001). This led to the northward underthrusting of lithospheric material
below the Eurasian crust in the Pyrenean segment (e.g., Chevrot et al., 2018 and references therein). This
compressional event is associated with syn-orogenic flysch sedimentation that initiated during Santoni-
an in the external part of the orogen (e.g., Boillot & Capdevila, 1977; Capote et al., 2002). Main crustal
thickening occurred from Eocene onward resulting in a double asymmetric wedge-type crustal architecture
(Abalos, 2016; Camara, 1997; Mouthereau et al., 2014; Mufioz, 1992; Seguret, 1972; Teixell, 1990; Teixell
et al., 2016, 2018). In most parts of the Pyrenean and Cantabrian systems, tectonic inversion led to the in-
version of hyperextended basins and reactivation of WNW-ESE rift structures such as the North Pyrenean
Frontal Thrust (NPFT) and the South Pyrenean Basal Thrust (SPBT) (e.g., Lagabrielle et al., 2010; Mouth-
ereau et al., 2014; Roca et al., 2011; Teixell et al., 2016, 2018; Tugend et al., 2014; Vacherat et al., 2017).

Across the Pyrenean-Cantabrian junction, the westward continuation of the north-directed Pyrenean sub-
duction was debated (Ducasse et al., 1986; Turner, 1996) but was recently confirmed by active and passive
seismic imaging (Diaz et al., 2012; Pedreira et al., 2003). Reactivation of WNW-ESE rift structures and clo-
sure of hyperextended domains has been proposed in the Mauléon, BCB, and St-Jean-de-Luz basins (e.g.,
DeFelipe et al., 2017; Ducoux et al., 2019; Johnson & Hall, 1989; Lagabrielle et al., 2010; Larrasoaiia, Parés,
Millan, et al., 2003; Razin, 1989; Saspiturry, Razin, et al., 2019; Teixell, 1993; Tugend et al., 2014). Howev-
er, the timing of initiation of tectonic inversion in this area remains poorly constrained. In these basins,
shortening was partially accommodated by thin-skinned deformation (deformation of the Upper Triassic
evaporites and its sedimentary cover) occurring along the Triassic Keuper evaporite decollement level (e.g.,
Camara, 2020; Carola et al., 2013; Claude, 1990; Larrasoaiia, Parés, Millan, et al., 2003; Le Pochat, 1982;
Razin, 1989) eventually rooting on thick-skinned (deformation of the Lower Triassic sandstones and be-
low) crustal thrusts such as the Labourd thrust, the NPFT and the SPBT (e.g., Cadmara, 1997; Richard, 1986;
Teixell, 1998; Teixell et al., 2018).

Despite the recognition of reactivated normal faults, the timing of reactivation and the role of thin-versus
thick-skinned deformation is unrevealed in the Basque Pyrenees. In particular, little is known about the
role of both Late Jurassic—Barremian and Aptian—Cenomanian structures controlling the reactivation.
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This geological setting highlights the remaining questions about the evolution of the Basque Pyrenees. The
complex tectonic events and the occurrence of a decoupling salt level at the base of the Mesozoic sediments
make it difficult to decipher the structural framework of the Pyrenean-Cantabrian junction. As such, au-
thors often refer to a NE-SW striking crustal fault, referred to as the Pamplona fault, to accommodate the
deformation between both systems.

2.2. The Pamplona Fault: Previous Interpretations and Kinematic Implications

The Pamplona fault (PF) has been initially defined as a N°20E structure located south of the Basque massifs
by (1) the alignment of salt diapirs between the Jaca-Pamplona basin and the BCB, (2) the eastern termina-
tion of the Nappe des Marbres against the Aldudes massif, and (3) the opposite transport direction of the
main thrusts on each side of the PF (Feuillée & Rat, 1971; Rat, 1988; Richard, 1986). The salt diapirs are usu-
ally referred to as the Estella-Elizondo diapirs (Feuillée & Rat, 1971) or “diapirs Navarrais” (Richard, 1986)
and define a lineament that runs from Estella to the Basque massifs (Brinkmann & Logters, 1968). In this
study, and to avoid overinterpretation, we will solely refer to the aligned, well-defined rounded-shape di-
apirs observed on the map as the Estella-Pamplona diapirs (Figure 2). Garcia-Mondéjar et al. (1996) pro-
posed that the diapirs originated on an inherited NNE-SSW Variscan structure. In this area, the proposed
PF separates a western domain (BCB) composed of Jurassic to Turonian sediments from an eastern domain
(Jaca-Pamplona basin) where Upper Jurassic to Lower Cretaceous sediments are either reduced or absent
(eroded or never deposited) (Larrasoaiia, Parés, Millan, et al., 2003; Richard, 1986). Note that Pueyo-An-
chuela et al. (2007), based on well stratigraphy and gravimetric data, proposed the existence of the Early
Cretaceous Oroz-Betelu-Unzué fault, parallel to the PF and located near the Oroz-Betelu massif (Figure 2).
To the north of the Basque massifs, Razin (1989) and Claude (1990) described a change of the deformation
mode across the Bardos (and Ayherre) fault due to the absence of indurated Jurassic to Lower Cretaceous
sediments on the western side of this fault (Figure 2). As such, and because of its NE-SW trend, this fault
is sometimes considered as the northward continuation of the PF (Claude, 1990; Razin, 1989), even though
some authors are shifting its trace east of the Labourd massif (e.g., Jammes et al., 2009; Larrasoafia, Parés,
Millan, et al., 2003; Martinez-Torres, 1992). An east to west jump of the Moho from 40 to 30 km across the
Basque massifs has been described by Daignieres et al. (1982) from a seismic refraction profile, although
a lack of data in this area has been pointed out by the authors. However, a more recent and longer E-W
refraction profile from Pedreira et al. (2003) did not confirm this Moho jump beneath the Basque massifs,
but only a diffuse E-W crustal velocity change at ~15-20 km depth. At shallow depth, a deepening of the
top basement toward the west (i.e., from the Jaca-Pamplona basin to the BCB) has been identified in the
eastern BCB from seismic reflection and well data (e.g., Vergés, 2003; Pueyo-Anchuela et al., 2007). Diaz
et al. (2012) proposed, based on three largely offset N-S receiver function analysis, that the European Moho
is offset across the Pamplona fault. South of the Basque massifs, Ruiz, Gallart, et al. (2006); see also Ruiz,
Diaz, et al. (2006) attributed a ~20 km wide cluster of earthquakes to a segment of the Pamplona fault,
among which they reported a strike-slip component (both sinistral and dextral) for three of them based
on their focal mechanisms. Note however that these three focal mechanisms concern only very shallow
earthquakes (0.37, 0.40, and 5.98 km deep) most probably related to the Estella-Pamplona salt diapirs and
in particular to the salt-related Andia fault zone (Larrasoaiia, Parés, Millan, et al., 2003). On the other hand,
gravity anomaly maps highlight a shift of a shallow high-density anomaly from the Mauléon basin toward
the south-east in the Basque Pyrenees (Casas et al., 1997), and Chevrot, Villasefior, et al. (2014) identified a
P-wave velocity contrast at >50 km depth in the Basque Pyrenees.

Because the orientation of the PF (N°20E) is similar to Variscan and Triassic structures and to the trend
of the Bidarray Permian basin (see Section 2.1.1), authors proposed a Variscan to Triassic and/or Jurassic
age for this structure (e.g., Curnelle, 1983; Garcia-Mondéjar et al., 1996; Martinez-Torres, 1992; Muller &
Roger, 1977; Rat, 1988). However, the role of this structure in the Pyrenean evolution and kinematics is
controversial and different authors proposed different scenarios depending on the position, age, and ex-
tent of the PF. In summary, two competing models have been proposed for the Mesozoic (Figure 1): (1)
Normal fault in a pull-apart setting due to E-W transtension (suggested by Choukroune & Mattauer, 1978;
Choukroune, 1992; Larrasoafia, Parés, del Valle, et al., 2003); and (2) N°20E transfer fault (Rat, 1988; Roca
et al., 2011; Saspiturry, Cochelin, et al., 2019; Tugend et al., 2015) segmenting the Mauléon basin and BCB.
In the latter interpretation, the PF was either interpreted as a hard or a soft transfer zone.
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(1) Based on a kinematic restoration between the Iberian and Eurasian plates and on the triangular shape
of the Cretaceous rift basins north of the North Pyrenean Fault (NPF) (e.g., Debroas, 1987), Choukroune
and Mattauer (1978) proposed a model of pull-apart basins (Figures 1b and 1c). These basins developed
across the actual Cantabrian and Pyrenean mountain chains due to the supposed eastward displace-
ment and rotation of the Iberian plate relative to the Eurasian plate. SE-NW directed kinematics has
been suggested from interpretation of AMS data within Albian sediments of the Mauléon basin (Oli-
va-Urcia et al., 2010). In this model, the eastward displacement occurred along the NPF, defined as
a Variscan to Alpine strike-skip fault defining the Iberia-Eurasia plate boundary. In the Eastern and
Central Pyrenees, the NPF corresponds to a jump in the Moho topography (Arthaud & Matte, 1975;
Choukroune et al., 1973; Choukroune & Mattauer, 1978; Daignieres, 1978; Roure et al., 1989). Note that
the western continuation of the NPF (as a major E-W steep fault) in the Western Pyrenees remains de-
bated, so is the location of the Iberia-Eurasia plate boundary (e.g., Engeser & Schwentke, 1986; Larras-
oafia, Parés, del Valle, et al., 2003; Peybernés & Souquet, 1984; Rat, 1988; Schott & Peres, 1988). As such,
studies attempted to define the Iberian or Eurasian affinity of the different Palacozoic Basque massifs.
Some studies suggest a plate boundary in the western prolongation of the Nappe des Marbres, that is,
the Aldudes massif would belong to the Iberian plate and the Labourd/Cinco Villas massifs to the Eur-
asian plate. These studies are based either on the location of the HT/LP metamorphic rocks (Engeser &
Schwentke, 1986; Peybernés & Souquet, 1984), on the Hercynian structural orientation (Martinez-Tor-
res, 1992), or on the paleomagnetic orientation of the Triassic red beds (see Larrasoafia, Parés, del Valle,
et al., 2003 and references therein). In contrast, Rat (1988) suggested that the structural pattern and the
presence of the N-S Pamplona fault make it difficult to involve displacement within the Basque massifs,
and proposed that they all belong to the Eurasian plate. A similar proposition (excluding the Oroz-Bete-
lu massif, of Iberian affinity) is made by Schott and Peres (1988) based on paleomagnetic data from the
Basque massifs.

(2) Alternative interpretations involve a N-S to N°30E sinistral (or dextral, see review in Larrasoaiia, Parés,
Millan, et al., 2003) Pamplona strike-slip fault in the Basque Pyrenees that follows Late Variscan struc-
tural trends (Arthaud & Matte, 1975; Garcia-Mondéjar et al., 1996; Mattauer, 1968; Muller & Rog-
er, 1977). A transfer fault was used to explain the transfer of deformation from the Western Pyrenees to
the eastern Basque-Cantabrian system during both Cretaceous extension and Cenozoic inversion (e.g.,
Roca et al., 2011; Saspiturry, Cochelin, et al., 2019; Tugend et al., 2015). These interpretations are based
on geological and geophysical interpretations and the present-day observed offset of the mid-Creta-
ceous rift axis (BCB to Mauléon rift systems) (Figures 1b and 1c¢).

It has to be noticed that all previous studies either describe the PF from a large-scale point of view (e.g.,
Richard, 1986) while seismic (Camara, 2020) or field (Larrasoafia, Parés, Millan, et al., 2003) studies fo-
cused either on the eastern termination of the BCB or the western termination of the Mauléon basin
(Claude, 1990; Razin, 1989; Saspiturry, Cochelin, et al., 2019). In this study, we focus on the evolution of
both the BCB and Mauléon basin and their relationship with inherited structures using large-scale seismic
data and field observations.

2.3. Map Description of the Cantabrian-Pyrenean Junction

We have compiled a geological map of the Basque Pyrenees based on previous geological maps, publica-
tions and our own observations (Figure 2). As such, the French part of the map is modified after the 50,000
harmonized geological map of the BRGM (Genna, 2007) and the Spanish part from the geological maps
of IGME (Gabaldon, Hernandez Samaniego, Ramirez del Pozo, Ramirez del Pozo, et al., 1984; Gabaldon,
Merino, et al., 1984; Gabaldén, Herndndez Samaniego, Ramirez del Pozo, Carbaya Olivares, et al., 1984;
Campos et al., 1972b, 1972a; Campos & Garcia-Duefias, 1972; Carbayo et al., 1972, 1977; Del Valle, 1972;
Del Valle, Villalobos, et al., 1973, 1972; Gabaldén et al., 1985; Juch et al., 1972; Knausse et al., 1972; Merino
et al., 1984; Puigdefabregas et al., 1976; Ramirez et al., 1986) and Abalos (2016). The St-Jean-de-Luz and
Sare basins are modified after the work of Razin (1989) and the south-west region of the Mauléon basin
is from Masini et al. (2014). The Oroz-Betelu massif area is constrained from Ciry et al. (1963) and the
Variscan structures of the Basque massifs are taken from Heddebaut (1973), Mohr and Pilger (1965) and
Campos (1979, and references therein).

LESCOUTRE ET AL.

11 of 40



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006134

On a map view, the Palaeozoic rocks of the Basque massifs show Variscan deformation mainly character-
ized by NE-SW to NW-SE faults and folds. This north-trending attitude contrasts with the main WNW-ESE
Variscan structural trend in the western part of the Axial Zone (i.e., the south-easternmost part of Fig-
ure 2a), although there more N-S trending structures are also observed (Matte, 2002; Ternet et al., 2004). The
Variscan structures are rather continuous throughout the massifs (e.g., the main Variscan thrust; Schoef-
fler, 1982) and are truncated by the N°20E Permian structures of the Bidarray Permian basin (part of the
Labourd massif) and by the Aya magmatic intrusion within the Cinco Villas massif.

The Lower Triassic sandstones seal the Variscan and Permian structures, but they never crop out on top
of the Ursuya granulitic unit. At the scale of the Basque massifs, the Lower Triassic sandstones form
a continuous and only slightly deformed rim that marks the tectonic or stratigraphic contact with the
post-Lower Triassic sedimentary cover. Lower Triassic red beds are absent along the eastern edges of the
Labourd and Aldudes massifs, either as a result of structural omission by Early Cretaceous extensional
faults (SMD and NMD detachments) or by erosion in the uplifted footwall (SE corner of the Aldudes
massif; Figure 2).

The Upper Triassic evaporites are well represented throughout the study area, where they mostly appear
along compressional structures (e.g., Chainons Béarnais, Nappe des Marbres, Figure 2a) and along N°20E
structures (e.g., Saison or Tholdy transfer faults in the Mauléon basin, Figure 2b). They contain blocks and
fragments of Palaeozoic and Mesozoic rocks as well as granulites and mantle rocks (e.g., Leiza faults and
Chainons Béarnais). In the eastern BCB, the Upper Triassic evaporites crop out in diapirs (Estella-Pamplo-
na diapirs; Figure 2b) containing blocks of Mesozoic and Palaeozoic rocks. Moreover, garnet-biotite-silli-
manite bearing paragneisses, which are typical for granulite facies metamorphism, and scapolite-bearing
Jurassic blocks have been reported in the Estella diapir (Cincunegui et al., 1943; Pflug & Schdll, 1976).

The supra-evaporite sequence appears on a map view as tilted and folded by E-W to WNW-ESE trending
structures within the BCB and Mauléon basin. The Jurassic rocks are very often associated with Triassic
evaporites and Alpine thrusts (Figure 2a). Interestingly, on the south-western part of the Aldudes massif,
the Jurassic limestones and marls are missing and Aptian to Albian conglomerates and calcareous sand-
stones are overlaying directly Upper Triassic ophites, Middle Triassic limestones, and Lower Triassic sand-
stones (Figure 2a). No Jurassic rocks are observed within the Jaca-Pamplona basin and very few within the
St-Jean-de-Luz basin.

Upper Jurassic to Barremian rocks corresponding to the Purbeck-Weald facies are observed in the Mauléon
basin and BCB and behave similar to the Jurassic limestones in the present-day architecture. However, they
are reduced or absent in both the Nappe des Marbres, the St-Jean-de-Luz basin, and the Jaca-Pamplona
basin.

The Aptian to Santonian syn-to post-hyperextension sequences roughly follow a WNW-ESE trend at region-
al scale and depict a sigmoid shape around the Palaeozoic Basque massifs (Figure 2a). WNW-ESE (N°110E)
rift structures such as the SMD and NMD are well preserved in the southwest of the Mauléon Basin (Fig-
ure 2b; Masini et al., 2014) and display a rotation toward the north when approaching the Labourd massif
and especially the Bidarray Permian basin. In the St-Jean-de-Luz basin, the rift-inherited Amotz fault (Rich-
ard, 1986) shows a similar WNW-ESE orientation, while the reactivated Ste-Barbe back-thrust (Razin, 1989)
shows a roughly WSW-ENE orientation. In Figure 2 (and supporting information), we depict the limit
between Late Cenomanian shelf and basinal facies deposits, corresponding to the sediments deposited at
the end of rifting and at the beginning of thermal subsidence. The axis of rift basins, where the crust was
significantly thinned, displays basinal facies characterized by marls or deep water turbidite deposits while
the surrounding domains show shelf environment characterized by carbonate platform deposits, often on-
lapping onto the Palaeozoic basement.

The post-Santonian (syn-convergence) rocks crop out mainly north of the NPFT and south of SPBT (also to
the north of the SPBT in the Jaca-Pamplona basin) where they have been deformed along WNW-ESE-ori-
ented folds. Compressional structures show mainly an E-W to WNW-ESE orientation (e.g., NPFT, SPBT,
Aralar, and Amotz faults) except around the Basque massifs where various thrust fault orientations are
observed (e.g., NNE-SSW Labourd thrust, WSW-ENE Roncesvalles thrust, Figure 2b).
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Figure 3. N-S cross-sections across the eastern (a) and western (b) Labourd massif. Note the allochthony of the Labourd massif on the Aquitaine platform and
the preservation of pre-Alpine structures on top of the Labourd basement. Location in Figure 2. Description of the figure is provided in the text.

3. Cross-Sections and Seismic Interpretations Across the Pyrenean-Cantabrian
Junction

In the following, we describe cross-sections and seismic interpretations that correspond to key areas to de-
scribe the architecture of the studied area. These cross-sections cover an N-S zone that follows the hypothet-
ic trace of the Pamplona fault between the Mauléon-St-Jean-de-Luz basins, Labourd-Cinco Villas massifs,
and BCB-Jaca-Pamplona basins (see Figure 2). The seismic profiles (only available in PDF format), which
have been shot between 1968 and 1983 by Repsol oil company, and the borehole information displayed in
the following are available on demand on the IGME website (info.igme.es/sigeof/). To project boreholes (at
depth) on the seismic lines (in time) and to juxtapose geological cross-sections (in depth) next to the inter-
preted seismic sections, we manually apply a simple time-depth conversion of 4.5 s (TWT) corresponding
to 10,000 m by vertical stretching of the seismic sections. Such simple time-depth conversions are justified
by the results of conversions based on well logs in equivalent settings further to the east, where a similar
conversion rule was deduced (Ferndndez et al., 2012).

3.1. Western Mauléon Basin-Labourd Massif

Figures 3a and 3b are N-S cross-sections across the Aldudes, Labourd and Ursuya massifs (Figure 2a).
Cross-section 3a runs in the eastern part of the Labourd massif, from the Aldudes massif to the Mauléon
basin. The cross-section 3b runs in the western part of the Labourd massif, from the Aldudes massif to
the Aquitaine platform via the St-Jean-de-Luz basin. The St-Jean-de-Luz basin and southern Aquitaine
platform section are modified after the seismic interpretation of Serrano et al. (2006). The subsurface data
are constrained by own field measurements (Figure 4) and observations and the BRGM geological maps
(Genna, 2007). The assumption on the location of mantle (or high density) rocks at very shallow depth on
our cross-sections is based on the results from Wang et al. (2016).

The southern part of cross-section 3a shows the Palaeozoic rocks of the Aldudes massif and the Albian
SMD (Hart et al., 2017; Masini et al., 2014). To the north, in the hanging wall of the SMD, the Lower Trias-
sic sandstones of the Jara massif are tilted toward the south. They are overlain by Late Triassic evaporites,
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Jurassic limestones, and Albo-Cenomanian breccias and shales (Masini et al., 2014). The NMD and the
allochthonous Mesozoic cover compose the northern face of the Jara massif. Further to the north, the NMD
truncates the south-dipping Louhossoa lineament (Figure 2b) which juxtaposes the granulite facies meta-
morphic rocks of the Ursuya unit to the north, to the low to medium grade Palaeozoic rocks of the Baigoura
massif to the south. This structural relationship has been described by Jammes et al. (2009), which defined
the Louhossoa lineament as a mid-crustal shear zone eventually exhumed and titled by the NMD during
the Late Cretaceous rifting phase. Note that an alternative scenario from Saspiturry, Cochelin, et al. (2019)
considers the Louhossoa structure to be Late Variscan in age, related to the exhumation of the granulite,
and as such refutes the existence of the NMD. However, the latter study does not provide information on
how crustal extension was accommodated in this area during the mid-Cretaceous rifting. The northern tip
of the Ursuya unit is capped by an overturned syncline composed of Albian to Turonian deposits and the
tectono-sedimentary breccias of the Bonloc through (Jammes et al., 2009; Richard, 1986). The Late Triassic
to mid-Cretaceous rocks of the Arbéroue Croissant (Figure 2b) are tilted toward the north along a south-ver-
gent thrust and display about 200 m of Neocomian deposits unconformably laying on Middle Jurassic sedi-
ments (Upper Jurassic eroded) (Richard, 1986).

Cross-section 3b is located to the west of the previous section, however, in this western section, no sedi-
mentary cover is preserved on the Ursuya unit and the Labourd thrust is cropping out. Moreover, to the
north, the Hasparren 101, Bardos 101 and Ste-Marie-de-Gosse 1 boreholes and the seismic interpreta-
tion (modified after Serrano et al. [2006]) show that the Mesozoic cover is thrust on top of Late Creta-
ceous calcareous flysch and the Aquitaine platform along the NPFT, detached into the Upper Triassic
salt. In the hanging wall of the NPFT, Upper Jurassic (only Oxfordian) to mid-Albian sediments were
not drilled by the Hasparren 101 and Bardos 101 boreholes (Figure 3b). To the south of the section, the
Lower Triassic sandstones seal the Bidarray Permian basin and display a remarkably flat bedding that
extends to the Aldudes massif, which depicts a large anticlinorium up to the Roncesvalles fault where
Lower Triassic rocks crop out again (Figure 2a). Near the Ursuya unit, the Lower Triassic sandstone beds
are affected by several south-vergent low offset normal faults and are abruptly dipping toward the NE
in the proximity of the Louhossoa lineament (Figures 3b and 4), suggesting a post-Triassic age for the
Louhossoa shear zone.

At depth, the occurrence of the autochthonous Aquitaine basement has been attested by the Hasparren
101 borehole, which highlights the stratigraphic contact of the Turono-Senonian calcareous turbidites
onto the Lower Triassic sandstones at 6,212 m. To restore the allochthonous mid-Cretaceous Mauléon
and St-Jean-de-Luz basins between the Labourd massif and the thick Aquitaine crust, Razin (1989) pro-
posed a major thrust (“Chevauchement Pyrénéen,” or NPFT) that transported the Labourd and Cinco
Villas massifs on top of the Aquitaine basement during Pyrenean convergence. Such important thrust
sheet loading is likely responsible for the general southward tilt of the Aquitaine basement observed on
seismic sections (e.g., Serrano et al., 2006). Beneath the St-Jean-de-Luz basin on Figure 3b, we suggest
the reactivation and the rotation of a former north-dipping extensional fault that bounded the Aquitaine
basin (where the entire Mesozoic sequence in preserved) from the paleo-high drilled by the Hasparren
101 borehole to the south (corresponding to the western continuation of the Grand Rieu high? See Le
Rouat borehole further east in Lescoutre et al., 2019). A thrust fault subsequently formed within the
basement high and merged upward with the NPFT beneath which the roll-over syncline of the Mesozoic
cover from the Aquitaine basin was overturned and eventually scraped off. On both sections, we display
the north-vergent Labourd thrust (Hall & Johnson, 1986; Razin, 1989; Zolnai, 1971), which has been
suggested based on map relationships showing the Jurassic rocks of the St-Jean-de-Luz-Mauléon basins
being overlain by the Ursuya unit on its north-western part, and by the large-scale folding of the Alpine
structures in the basins that mimics the shape of the Labourd massif to the north. The location of the
mantle at depth is extrapolated from the tomographic cross-section of Wang et al. (2016) that reveals a
fast anomaly from about 10 km depth below the eastern Labourd massif. Note that, in addition to the
large-scale interpretations of Wang et al. (2016) or Saspiturry, Razin, et al. (2019) involving a dome-
shaped mantle body, our interpretation suggests that mantle slices might have been emplaced within
the crust in the hanging wall of orogenic thrusts. The occurrence of such mantle bodies associated with
crustal rocks at very shallow depth is further supported by the occurrence of serpentinized mantle rocks
in the Ursuya massif (locality of Sohano; Figure 4).
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Figure 5. N-S cross-section across the St-Jean-de-Luz basin. Modified after Razin (1989). Location in Figure 2. See
caption in Figure 3. Description of the figure is provided in the text.

These cross-sections highlight the allochthony of both the Labourd massif (southern margin of the
mid-Cretaceous basins) and the Mesozoic sediments that composed the Mauléon and St-Jean-de-Luz ba-
sins on top of the Aquitaine basin (northern margin of the St-Jean-de-Luz-Mauléon basins) via the NPFT
(Figure 3). The Labourd massif has been transported several kilometers northwards in the hanging wall of
the Labourd thrust (>8 km according to Richard, 1986), displacing the granulitic and Palaeozoic rocks of
the massif on top of the Cretaceous sediments of the Mauléon and St-Jean-de-Luz basins. They also show
that the Labourd thrust crosscut the thin-skinned Arbéroue backthrust (Figure 2a), suggesting that the
Labourd thrust postdates the thin-skinned deformation of the Mauléon basin accommodated northward by
the NPFT. Moreover, the Labourd thrust reaches the surface along the western margin of the Labourd mas-
sif (Figure 2b) and propagates at depth eastward beneath the southern Mauléon basin and the NMD/SMD
(Figures 3a and 3b). This suggests that it could correspond to a lateral ramp during the Alpine orogeny that
potentially reactivated a former extensional detachment surface, which evolved westward as an NNE-SSW
oriented relay ramp during rifting as observed for the SMD/NMD (Figure 2). Interestingly, very little Alpine
imprint is observed throughout the massif allowing a good preservation of the Cretaceous rift architecture
and the Permian basin (Figure 4). Finally, the comparison of the Mauléon - St-Jean-de-Luz basins on both
cross-sections shows a western domain where the Neocomian to mid-Albian deposits are very reduced or
absent (Figure 3b) in comparison to the eastern section (Figure 3a), suggesting that the Ayherre-Bardos
faults (Figure 2b) might have represented the western termination of a basin during the Early Cretaceous
such as proposed by Richard (1986).

3.2. St-Jean-de-Luz Basin-Northern Cinco Villas Massif

Figure 5 is an N-S cross-section across the St-Jean-de-Luz basin, north of the Cinco Villas massif, modified
and simplified after Razin (1989). This cross-section runs through the Cinco Villas massif, the Sare basin,
and the St-Jean-de-Luz basin up to the Ste Barbe back-thrust (Figure 2). The tectono-stratigraphic units
have been delimited based on the geological maps from the BRGM (Genna, 2007). The Ustaritz 1 borehole
has been used to determine the stratigraphic units at depth.

To the south of the section, the Lower Triassic sandstones are unconformably overlain by the deltaic Zugar-
ramurdi conglomerates and sandstones (Feuillée, 1964; Prave, 1986) deposited during the Late Albian to
Early Cenomanian and are affected by strong contractional deformation. On top, the Upper Cenomanian to
Coniacian Sare carbonate platform and Campanian calcareous flysch are steeply dipping toward the north
and form the southern flank of the Sare basin syncline, which corresponds to the eastern continuation of
La Rhune massif (Figure 2). The Sare basin is bounded to the north by the north-dipping Amotz reactivated
normal fault that corresponds to the southern margin of the St-Jean-de-Luz basin. Here, the fault-related
Amotz breccias show clasts of Paleozoic to Mesozoic rocks. These breccias are time equivalent to the Ascain
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sandstones (or St Pée sandstones; Souquet et al., 1985) and to the deep facies turbidites of the Flysch Noir
(or locally “Flysch de Mixe”). As such, it suggests a Late Albian to Cenomanian age for this fault, before it
was reactivated. At depth (Ustaritz borehole, interpretation of Teyssonniéres, 1983), these sandstones and
turbidites lie on about 50 meters of Upper Hettangian sediments. South-vergent thrust faults soling out
into the Upper Triassic evaporites and reactivating paleo-normal faults (e.g., Ste Barbe thrust) have been
described by Razin (1989). They are locally cross-cut and overturned by north-vergent thrust faults that
used the same décollement level. Further to the north of our section, the Labenne 1 borehole displays the
repetition of the Eocene deposits into the Lutetian décollement horizon (Razin, 1989). This décollement
has not been recognized further south at the surface nor at depth in the Ustaritz borehole and as such, this
décollement needs to be rooted deeper below the Mesozoic cover of the St-Jean-de-Luz basin (i.e., in the
footwall of the NPFT).

This section highlights the allochthony of the Late Albian to Cenomanian St-Jean-de-Luz basin that was
controlled by WNW-ESE and WSW-ENE normal faults associated with the westward prolongation of the
Mauléon basin. In the basin, Middle Jurassic to mid-Albian sediments have not been observed and were
probably never deposited as only clasts of Lower Jurassic sediments have been observed in the Upper Al-
bian deposits (Richard, 1986). The Upper Albian deltaic facies are overlain by up to 2,000 m of syn-rift tur-
bidite deposits. From Late Cretaceous onwards, the basin was affected by thin-skinned thrusting toward the
south that reactivated normal faults (e.g., Ste Barbe fault) and by north-vergent thin-skinned thrusts that
transported the Mesozoic sequence on top of Eocene deposits (Razin, 1989). The basin shows a general tilt
toward the north that reflects the crustal buttress involved by the thick-skinned northward displacement
of the allochthonous Cinco Villas massif on top of the Aquitaine platform along the NPFT. The amount
of shortening has been estimated to 60 km by Razin (1989) based on structural considerations and basin
reconstruction.

3.3. Eastern BCB-Southern Cinco Villas Massif

Figure 6 represents an N-S cross-section across the eastern BCB, south of the Cinco Villas massif. To
avoid complexities raised by the Estella-Pamplona diapirs, we split the cross-sections into two segments.
The northern segment runs from the Cinco Villas massif to the Aralar thrust, where previous (Bodego
et al., 2015) and new field measurements (Figure 7) together with the geological map (Del Valle, Villalobos,
et al., 1973) are used to constrain the upper part of the section. The line drawing and the suggestion of in-
terpretation of the OS13 seismic line (projected, see location on Figure 2a) are used to constrain the deeper
part of the section (Figures 2 and 6). The southern segment is located further to the west and runs from the
Aralar thrust to the Ebro basin to the south. As such, the Aralar thrust can be used as a reference to extend
the cross-section to the southwest, where seismic lines and boreholes are available. We used the RL40 and
ALL2 seismic lines, Urbasa-2, Zufiiga-1, and Gastiain-1 boreholes, and subsurface data from IGME geologi-
cal maps to constrain this segment (Figure 2a). Note that CAmara (2020) has recently proposed an interpre-
tation of the seismic profiles RL40 and ALL2.

On the northern segment (Figure 6), the north-dipping Ollin thrust, located at the southern edge of the
Cinco Villas massif, places the Triassic and Paleozoic rocks of the massif on top of the Mesozoic sediments
of the Central Depression (DeFelipe et al., 2018, 2019). The Ollin thrust has been suggested to correspond
to a former north-dipping Cretaceous extensional fault, reactivated during the Alpine orogeny by DeFelipe
et al. (2018, 2019) based on thermochronological data and structural considerations. Note that the contin-
uation of the Ollin thrust at depth has been proposed to correspond to the present-day location of aligned
seismic hypocenters (Ruiz, Gallart, et al., 2006; DeFelipe et al., 2018). The Central Depression shows a
thick succession of Upper Cretaceous calciturbidites on top of a very reduced Upper Triassic, Jurassic, and
Albian sequences unconformably overlying Lower Triassic sandstones (Bodego et al., 2015; Iriarte, 2004).
Toward the south, the Nappe des Marbres displays a thicker Aptian (Urgonian platform facies) and Albian
to Cenomanian (calcareous turbidites) sequences unconformably laying on top of either very reduced Pur-
beck-Weald sediments or more generally on Jurassic limestones and marls (Lamare, 1936). The Mesozoic
succession is underlain by the Upper Triassic evaporites, which represent the detachment horizon (e.g.,
DeFelipe et al., 2018; Ducoux et al., 2019). The Upper Triassic to Albian sediments of the Nappe des Marbres
shows recrystallization and dypire formation related to the mid-Cretaceous HT/LP event. This metamor-
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Figure 6. N-S cross-section and seismic interpretation across the BCB. Red arrows on seismic profile OS-13 point toward a continuous reflector gently dipping
toward the south and interpreted as the Leiza fault, whereas pink arrows indicate the thick sub-parallel reflectors interpreted as the Lower Triassic sandstones.
Location in Figure 2. See caption in Figure 3. Description of the figure is provided in the text.

phism increases toward the north (Martinez-Torres, 1992; Ducoux et al., 2019) up to the Leiza fault, where
metric-scale folds and quartz-rich fluid veins are observed. Nevertheless, a significant E-W variation of the
recorded metamorphic temperatures has also been observed along the hanging wall adjacent to the Leiza
fault (Ducoux et al., 2019). Indeed, recorded maximum temperatures (T.,) show maximum values to the
north of the Nappe des Marbres (up to 578°C) and decrease significantly to the west of the village of Leiza
(411°C) as well as in the eastern corner of the Leiza fault (368°C). In its eastern termination, i.e., where the
granulite and mantle rocks of Ziga are cropping out (Figures 2a and 9), the temperatures decrease by about
200°C in 8 km. As a result, isotherms are oblique to the basal detachment in all directions. Unfortunately,
there are no data to constrain the geometry and values of the isotherms along the western border of the
Aldudes massif. On the OS-13 seismic line (Figure 6), we interpret a strong low-angle reflector dipping
toward the south as the continuation at the depth of the Leiza fault as it rises up northwards, connecting
with its trace at surface (Figures 6 and 7). This reflector lies beneath a package of sub-parallel semi-trans-
parent reflectors (e.g., at X = 4,000 and between 0 and 1 s) that we attribute to the Mesozoic sedimentary
cover detached over the Leiza fault within the evaporite décollement. Underneath, some reflectors display
either north or south-dipping planar (e.g., between 1.0 and 1.2 s north of the profile) or folded packages
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des Marbres. For caption, see Figure 2.

(e.g., between 0.6 and 1.1 s at X = 7,000) that could correspond to the detached and deformed Mesozoic
sedimentary cover over the south-dipping Lower Triassic sandstones. The latter is probably deformed by
south-vergent thrust faults such as observed further north with the Ollin thrust. The southern boundary
of the Nappe des Marbres is represented by the south-dipping Aralar thrust, which delimits a southern
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domain composed of thick (>300 m) Upper Jurassic to Barremian sediments deposited in a lagoonal to la-
custrine environment. On the Aralar ridge, the mid-Cretaceous rocks are mostly represented by carbonate
platforms (Feuillée, 1971; Mathey, 1986), contrasting with the deep water turbidites and flysch sediments
of the Nappe des Marbres.

On the southern segment, the top Neocomian is projected from the seismic line of Figure 10 and the Ur-
basa-2 borehole (Figure 2a). The Purbeck-Weald sequence and the Aptian-lower Cenomanian succession
above show a continuous shallow south dipping panel underneath the unconformity at the bottom of the
upper Cenomanian carbonates and obliquely above a strong reflector, which is interpreted as the top of the
Keuper. This geometry suggests that the syn-rift packages form a salt-detached hanging wall ramp-syncline
basin (Roma et al., 2018), suggesting a decoupling along the Upper Triassic evaporites during deposition.
Above the Neocomian sequence, we identified the continuous reflectors of the Urgonian facies (Aptian)
onto which the reflective semi-continuous horizons of the sandstones and claystones of the Upper Albian
Utrillas formation (Carola i Molas, 2014) are onlapping. The Aptian to Cenomanian sequence is getting
thin below the Urbasa syncline and increases again southward against the Barbarin thrust. On the south-
ernmost part of the section, underneath the Ebro basin, strong and remarkably flat reflectors located at
2.5-2.7 s (TWT) can be assigned to Upper Albian-Upper Cretaceous sediments (Carola et al., 2013; Carola i
Molas, 2014) that occur over the seismic basement characterized by a chaotic reflection pattern (Gallasteg-
ui, 2000). These reflectors can be followed underneath the SPBT and the Urbasa syncline, at least as far as
the northern edge of the ALL2 seismic line (Figure 6), where the top basement (locally deformed by normal
faults) is tilted toward the north. In the Ebro foreland basin, syn-convergence sediments are thickening and
deformed toward the SPBT (Figure 6; Riba Arderiu, 1992; Almar et al., 2008). The hanging wall ramp-syn-
cline geometry of the syn-rift reflectors, as well as the flat-lying reflectors underneath the Urbasa syncline
in continuation with the autochthonous Upper Cretaceous succession of the Ebro foreland, imaged by the
seismic data (Figure 6), not only demonstrates decoupling along the Triassic salt during the extensional
deformation but also reactivation of this detachment as a south-vergent thrust during the contractional
deformation. This geometry also rules out the involvement of the basement underneath the thrust front as
proposed recently (DeFelipe et al., 2018). Further north, the sole thrust would involve the basement under-
neath the Aralar thrust. This can explain the regional southward tilting of the Mesozoic succession at the
northern limb of the Urbasa syncline and the rise of the top basement observed on the northern segment of
the section. This south-vergent crustal thrust can also account for the northward tilt of the Ebro basement.

The cross-section and seismic interpretation highlight a strong decoupling and an allochthony of the post-
salt Mesozoic cover. Indeed, these sections show that at least 20 km of northward displacement has been
accommodated by the Leiza fault in order to bring the thick metamorphic sedimentary sequence of the
Nappe des Marbres above the thinned and unmetamorphosed sediments of the Central Depression (e.g.,
DeFelipe, 2017, 2018). Note that the strong allochthony of the Mesozoic cover contrasts with the interpre-
tation of Ducoux et al. (2019), which assumes less horizontal displacement along the Leiza fault. Indeed,
these authors suggest an abrupt transition from the Central Depression to the exhumed mantle via a single
E-W trending reactivated normal fault (Leiza fault). In contrast, our interpretation proposes a more gradual
transition between the unstretched crust of the Basque massifs and the hyperextended domain as suggest-
ed by the stratigraphic units cropping out in the Central Depression and the reflections interpreted in the
seismic data underneath the Nappe des Marbres (OS-13 on Figure 6). Moreover, this difference of interpre-
tation raises problems that have not been addressed before such as the eastern termination of the Leiza fault
and the 3D geometry of this fault system. In Figure 8, we present a geological cross-section running from
the Cinco Villas massif to the north up to the Aldudes massif to the east of the BCB, crossing the Central
Depression and the north-eastern extremity of the Nappe des Marbres. This section is characterized by two
low-angle faults detached in the Upper Triassic evaporites. The major structure (thick line) corresponds to
the Leiza fault and juxtaposes the allochthonous metamorphic sedimentary cover of the Nappe des Marbres
over the unmetamorphosed sedimentary cover of the Central Depression, whereas the minor detachment
(thin line) underlies the para-autochthonous sedimentary cover of the Central Depression and is responsi-
ble for the second-order thrust imbricates and salt structures recognized in the eastern corner of the Central
Depression (Figures 2a and 9). In this context it is important to note that the Leiza fault has been folded in
the footwall of the Ollin thrust, as evidenced by its steeply south dipping to vertical attitude at its northern
front (Figures 6, 7, and 8; see also DeFelipe et al., 2018, 2019). It has been detached into the Triassic evapo-
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Figure 8. NW-SE geological cross-section in the north-eastern part of the BCB, from the Cinco Villas massif to the
Aldudes massif. Location in Figures 2 and 9, for caption, see Figure 3. The Leiza fault brought the allochthonous
sedimentary cover of the Nappe des Marbres over the Aldudes massif and the Central Depression. Mantle and granulite
rocks (green and brown stars) observed at the base of the Leiza fault and described at the Ziga locality have been
projected on the section. Note that both the Leiza fault and the Nappe des Marbres have been folded by the Ollin thrust
and by the large anticline formed by the Aldudes massif.

rites, which include fragments of granulite and mantle rocks together with Jurassic marble clasts, particu-
larly near the eastern edge of the east-west trace (Figures 7 and 9a) (DeFelipe et al., 2017, 2018). The Jurassic
succession that continues parallel to the Leiza fault all along its trace to the south is folded into a syncline
(Figure 8), which eastern termination is visible east of the village of Ziga, where the mantle rocks crop out
(Figure 9a). East of this termination the Aldudes massif represents a large, west-plunging, E-W striking an-
ticlinal in the hanging wall of the Roncesvalles thrust to the south (Lescoutre & Manatschal, 2020) and the
Aldudes fault to the north-west, as evidenced by the continuous outcrop of lower Triassic sandstones along
its southern, northern and western boundaries (Figure 9). On a map view, the limit between the Mesozoic
cover of the Nappe des Marbres and the underlying Lower Triassic sandstones of the Aldudes massif is
curved, following the limits of the large Aldudes massif anticlinal and suggesting that both the basement
and the sedimentary cover have been folded during convergence and subsequently eroded (Figure 8). All
these relationships suggest that the Leiza fault, and the overlying sedimentary cover of the Nappe des Mar-
bres, do not die out into the Aldudes massif as suggested previously and as implied by the model of Ducoux
et al. (2019). Thus, we propose that the Leiza fault has been folded and continues to the south following an
N-S orientation and tectonically juxtaposes the metamorphic Mesozoic sediments of the Nappe des Marbres
against the west-dipping Lower Triassic sandstones of the Aldudes massif (Figures 8 and 9a). This tectonic
contact is always represented by the Upper Triassic evaporites and an unusual amount of ophites. Along
this contact, we identified allochthonous clasts and blocks of folded Paleozoic basement embedded in the
evaporites (Figures 9b-9e), attesting that this thrust has detached into a former extensional décollement
level that put the denuded Paleozoic basement in tectonic contact with the base of the Nappe des Marbres.
These observations are similar to what is observed in the Chainons Béarnais in the Eastern Mauléon basin
(Labaume & Teixell, 2020; Lagabrielle et al., 2010; Teixell et al., 2016). Note that this eastern part of the Leiza
fault has been considered for some authors to represent a portion of the Pamplona fault that would crop out
in the same area (e.g., DeFelipe et al., 2017).

Based on our interpretation, more than 35 km of displacement had to occur along the SPBT to restore back
the Upper Cretaceous sediments of the hanging wall with respect to their equivalent beds in the autochtho-
nous Ebro foreland basin (Figures 6, 10, and 11; Carola et al., 2013; Larrasoaiia, Parés, Millan, et al., 2003;
Martinez-Torres, 1993; Mufioz, 2019). The Aralar thrust seems to reactivate a south-dipping normal fault
that defined the northern margin of a Late Jurassic-Barremian basin as evidenced by the very reduced
continental deposits or even absence of deposition in its footwall (Nappe des Marbres). At the mid-Creta-
ceous time, the Aralar ridge probably represented a transitional domain between a shallow environment,
characterized by a carbonate platform to the south, and a deeper environment toward the north character-
ized by turbidites (Mathey, 1986). To the south, the seismic interpretation suggests that the Barbarin thrust
reactivated a north-dipping normal fault controlling the deposition of the Aptian to Cenomanian sediments
(e.g., Larrasoafia, Parés, Millan, et al., 2003). Interestingly, only limited contractional internal deformation
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Figure 10. E-W seismic interpretation across the Estella-Pamplona diapirs. Hanging wall drop faults above the diapirs are based on Larrasoaiia et al. (2003a).
Location in Figure 2. See caption in Figure 3. Description of the figure is provided in the text.

is observed in this allochthonous unit of the BCB (see also Ducoux et al., 2019 for the northern part of the
BCB) except along the northern margin of the Purbeck-Weald basin (Aralar thrust).

3.4. BCB-Jaca-Pamplona Basin Transition

Figure 10 is an E-W seismic interpretation across the eastern BCB and Jaca-Pamplona basin, crossing the
Estella-Pamplona diapirs. We used the ALL7 and AN10 seismic lines and the Urbasa-2, Urbasa-3, and Pam-
plona-3 boreholes to constrain the interpretation. Note that a previous interpretation of seismic profile
AN10 has been published by Vergés (2003), and Camara (2020) has proposed an interpretation of seismic
profile ALL7.

On the western part, the section shows a >10 km wide anticline composed of Jurassic to Cenomanian rocks
and a core composed of Late Triassic evaporites (Figure 10). The Urbasa-2 borehole reports about 2000 m of
Berriasian to Barremian sediments (5,842-3,880 m) affected by reverse faults, which are likely responsible
for the disrupted reflectors observed on the seismic line at the location of the well. These Berriasian to Bar-
remian sediments are mainly marls, claystones, and sandstones, sometimes interbedded with claystones,
anhydrites, and lignite (e.g., from 4,350 to 4,100 m). Lignite has also been described within the Neocomian
sediments of the Chainons Béarnais associated with bauxites (see Section 2.1.2.2). On top of them, about
1,900 m of Aptian to Cenomanian sandstones and marls are observed, followed by Turonian to Palaeocene
marls and limestones. Toward the east, the Berriasian-Barremian deposits are thinning out and terminate

Figure 9. (a) Structural data of the eastern part of the Nappe des Marbres. Note the Leiza fault delimiting the allochthonous Nappe des Marbres from the
Aldudes massif and the Central Depression. CD, Central Depression; NdM, Nappe des Marbres. For caption, see Figure 3 (b) Outcrop picture of the western
border of the Aldudes massif (location: 43°03’51.6”N; 1°37’04.0”W). A massive block of Muschelkalk is embedded in the Upper Triassic evaporites on top of
the Lower Triassic sandstones (in the background, not visible). (¢) Typical varicolored Upper Triassic evaporites. (d) Allochthonous block of folded Palaeozoic
schists embedded in the evaporites. (e) Allochthonous block of Palaeozoic polymictic breccias (detached from the outcrop).
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Figure 11. N-S seismic interpretation across the Jaca-Pamplona basin. Location in Figure 2. See caption in Figure 3.
Description of the figure is provided in the text.

along the location of the Estella-Pamplona salt diapirs such as evidenced by the Pamplona-3 borehole.
However, the Aptian to Cenomanian sediments continue to the east of the diapirs, although with a thinner
succession in the Pamplona-3 borehole, but yet reaching 1,400 m of thickness and displaying a similar li-
thology to the western domains. All along the section, the sedimentary cover is floored by the Upper Triassic
salt that lays upon the rather thin Late Cretaceous to Cenozoic rocks of the Ebro basin, which successively
shallows toward the east (7,500-5,000 m).

The section displayed in Figure 10 highlights the eastern, present-day termination of the Late Jurassic to
Barremian basin that corresponds to the trace of the Estella-Pamplona diapirs (Figure 2b). Indeed, Aptian
to Cenomanian sediments displays similar thickness and facies on both sides of the diapirs (see Urbasa-2
and Pamplona-3 boreholes), arguing for an eastern prolongation of the BCB south of the Aldudes massif.
However, Upper Jurassic to Barremian deposits, if deposited, have been eroded before Aptian east of the
diapirs. As such, the change in Cretaceous sedimentary thickness on both sides of the Estella-Pamplona
diapirs (see Section 2.2; Vergés, 2003) cannot be solely attributed to the Aptian-Cenomanian rifting event
and might actually correspond to the eastern termination of a Late Jurassic to Barremian basin. Subsequent
overburden and fault reactivation could have sustained salt mobilization, which would be responsible, to-
gether with basinward displacement above the extensional detachment, for the thickness variation and
onlap geometries observed within the Aptian-Cenomanian sequence of this E-W section. Note that the
large anticline on the western part of the section has been interpreted as an inverted turtle salt anticline by
Céamara (2020).
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In this section, the Mesozoic sedimentary cover has been transported toward the south during the con-
tractional reactivation of the previous extensional detachment along the SBPT due to thin-skinned defor-
mation controlled by the distribution of the Upper Triassic evaporites. Displacement was initiated within
the deformed Upper Triassic horizon and resulted in the formation of a structural relief once the BCB was
transported in the hanging wall of the thrust. The difference of thickness of the allochthonous unit from the
Jaca-Pamplona basin to the BCB led to the formation of a “hanging wall drop fault” and to the deposition of
a thick syn-convergence sequence on the eastern part of the Estella-Pamplona diapirs, such as proposed by
Larrasoana, Parés, Millan, et al. (2003).

3.5. Jaca-Pamplona Basin

Figure 11 represents an N-S seismic interpretation across the southern part of the Jaca-Pamplona basin. We
used the PP17 V seismic line and the Astrain-1 and Pamplona-5 boreholes for this section.

On this section (Figure 11), the northern part shows about 1,200 m of Aptian to Cenomanian siltstones
and sandstones (Astrain-1 well) laying on Jurassic marls and Upper Triassic claystones and gypsum. This
Mesozoic sequence overthrust the Upper Cretaceous to Cenozoic sediments deposited on top of the Ebro
basement. On top of the Aptian-Turonian succession in the hanging wall of the SPBT, the syn-convergence
sediments can be divided into two sub-units. The lower unit is thinning toward the foreland and is overlain
by the upper unit which appears thicker toward the south where it shows a syncline against the SBPT. In the
footwall of the SPBT, the syn-convergence sediments (>4,000 m) of the Ebro basin display a syncline with
strongly inclined (to overturned) beds in the northern limb, while further south the sediments are sub-hori-
zontal and are detached from the lower autochthonous succession along Paleogene evaporites. Below, the
basement of the Ebro basin slightly dips toward the north at about 5,000 m depth.

This section highlights the eastern prolongation of the Aptian-Cenomanian BCB in the Jaca-Pamplona
basin with up to 1,200 m of deposits and the absence of Upper Jurassic-Barremian sediments. Here again,
the Mesozoic sediments have been transported toward the south along the SPBT. The Upper Triassic salt
controlled the thin-skinned deformation that carried the Aptian-Cenomanian basin above the Ebro fore-
land basin such as testified by the pre-convergence sedimentary pile on top of the Palaeozoic basement.

As such, the seismic interpretations across the BCB (Figure 6) and Jaca-Pamplona basins (Figures 10
and 11) show that both basins have been synchronously transported on top of the Ebro/Duero basin along
the SPBT and that no strike-slip movement occurred between them during convergence. This is testified by
the preservation of the rounded shape Estella-Pamplona diapirs (Figure 2; Frankovic et al., 2016) and by the
absence of any strike-slip deformation along the Estella-Pamplona diapirs during convergence (Larrasoaiia,
Parés, Millan, et al., 2003). As a consequence, the SPBT represented the southern margin of the Aptian-Cen-
omanian BCB east and west of the Estella-Pamplona diapirs.

4. Discussion

4.1. Relationship Between the Leiza Fault and the Basque Massifs: A New Structural
Interpretation

In this study, we show based on seismic interpretations and geological cross-sections that the Leiza fault,
a former extensional detachment fault detached in the Upper Triassic evaporites, has been reactivated and
was responsible for the northward transport of the Nappe des Marbres over the Mesozoic sediments of
the Central Depression (Figures 6 and 8). In accordance with the interpretation of DeFelipe et al. (2018),
we argue that this fault has accommodated a significant northward displacement (>20 km) of the Nappe
des Marbres over the Central Depression and potentially over the Cinco Villas massif and has been subse-
quently deformed by the thick-skinned south-vergent Ollin thrust. Such a thick allochthonous sedimentary
cover, together with any pre-to post-rift para-autochthonous sediments, transported over the Cinco Villas
massif might also account for the 240-280°C burial temperatures that have been estimated on this massif
during the Late Cretaceous (DeFelipe et al., 2019; see Section 2.1.2.3). Moreover, and in contrast to former
studies, we argue that the Leiza fault is not terminating in outcrop along the western border of the Aldudes
massif. Instead, we propose that it continues above the Aldudes massif but has been subsequently eroded.
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Figure 12. (a) Present-day crustal cross-section across the BCB to St-Jean-de-Luz basin (see also simplified section in Lescoutre and Manatschal [2020]).
Location of cross-section in Figure 13. Note the juxtaposition of thin-skinned and thick-skinned thrusts of opposite vergence and the allochthony of the

BCB and St-Jean-de-Luz basin on both sides of the crustal wedge. Moho depths are from Diaz et al. (2012) and Daignieres et al. (1982), and we plot the layer
segments defined on seismic reflections from profile one of Pedreira et al. (2003). The location of these geophysical profiles is presented in Figure S1. Note that,
due to the lateral projection of these data onto our N-S cross-section and because of the uncertainties related to data projection in related publications, vertical
offset between the different data is observed (e.g., Moho depth between the different geophysical data sets). (b) Restored cross-section at Cenomanian time
depicting the architecture of the overlapping rift basins north and south of the Basque massifs. (c) Restored crustal section at Barremian time. Variation of the
Moho depth from south to north is based on present-day crustal thickness.

Thus, the west-plunging attitude of the Aldudes antiform shows, in map view, a continuous outcrop of the
Leiza detachment characterized by allochthonous blocks of basement embedded within the Upper Triassic
evaporites (Figures 9b-9d). North of this antiform, the Nappe des Marbres and the Leiza fault have been
folded into a tight syncline in between the Aldudes and Cinco Villas massifs (Figure 8). As a consequence,
the restoration at Cenomanian time of such a 3D system requires to displace the Nappe des Marbres and
the footwall cutoff of the Leiza fault south of the Aldudes massif, and of the Basque massifs in general (Fig-
ures 12a and 12b). This new scenario is able, for the first time, to explain the occurrence of the mantle and
granulite rocks in between the Aldudes and Cinco Villas massifs, where no rift structures have been recog-
nized to account for such amount of crustal thinning. It also discards the existence of an N-S Pamplona fault
delimiting the eastern termination of the Nappe des Marbres against the thick crust of the Aldudes massif.
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4.2. Role of Inheritance for the Architecture of the Pyrenean-Cantabrian Junction

The role of inherited structures in shaping the present-day architecture of the Basque-Cantabrian junc-
tion is difficult to assess. Despite NNE-SSW oriented structures are very common in the study area (Fig-
ure 2b), they cannot be linked to one particular tectonic event only. Indeed, it seems that this orientation
guides the structural evolution of the Basque Pyrenees from Variscan to Alpine convergence (e.g., Variscan:
Garcia-Mondéjar et al., 1996; Permian: Lucas, 1987; Triassic: Curnelle, 1983; Late Jurassic-Barremian: Feu-
illée & Rat, 1971; Aptian-Cenomanian: Razin, 1989; Santonian to Miocene: Razin, 1989; see Section 2.1).
This is particularly well documented by the turning of the Albo-Cenomanian SMD and NMD from a WNW-
ESE to NNE-SSW orientation along the preserved NNE-SSW Bidarray Permian basin (Figure 4). Moreover,
this orientation is also observed in the Alpine structures as exemplified by the Oyarzun and Labourd lateral
ramps (Figure 2b), although in this case, it is more difficult to identify the nature and age of the inherited
structure that is at their origin. Thus, at this stage, it is difficult to clearly define the role of inherited struc-
tures on the tectonic evolution of the Basque-Cantabrian junction. Nonetheless, we attribute an importance
to inheritance in controlling the orientation and location of the Late Jurassic-Barremian basins (e.g., Del-
faud, 1970; Feuillée & Rat, 1971; Razin, 1989) as observed along the Estella-Pamplona diapirs (Figure 10) or
the Mena-Sedano-Poza de la Sal structure (western BCB) (e.g., Del Pozo, 1971; Feuillée & Rat, 1971), both
of which depicting NNE-SSW aligned diapirs.

In this study, we identify the north-western and south-western limits of a Late Jurassic-Barremian basin in
the BCB that corresponds to the reactivated Aralar thrust and SBPT/Barbarin thrust, respectively (Figure 6).
This basin probably also controlled the initiation and localization of Aptian-Cenomanian hyperextended
basins as indicated by the development of a thick sedimentary wedge against the former SPBT. However,
the migration of the deformation into areas where no Late Jurassic-Barremian deposits are observed (i.e.,
Nappe des Marbres; Figures 6 and 12) shows that, apart from inheritance, the rift propagation was con-
trolled by other processes as well.

The occurrence of thick Upper Triassic evaporites in many places affected by subsequent Late Jurassic to
Cenomanian extension shows that salt tectonics has significantly controlled the style of deformation during
the multiple rifting episodes and the later convergence. Indeed, throughout the study area it can be shown
that the post-Triassic sedimentary cover was detached above a rather continuous and efficient decoupling
level defined by the Upper Triassic evaporites, and eventually displaced above the extremely thinned conti-
nental crust and the exhumed mantle. This is well documented by the occurrence of mantle and granulite
clasts embedded within the Keuper at the base of the Jurassic to Cenomanian sedimentary cover (e.g.,
DeFelipe et al., 2017; Jammes, Manatschal, et al., 2010; Lagabrielle et al., 2010). This décollement horizon
has been reactivated during the tectonic inversion resulting in a decoupling of the sedimentary cover (thin-
skinned) from the shortening of the underlying basement (thick-skinned) (Figure 12). Our work highlights
the importance of inheritance on controlling the thin- and thick-skinned deformation during extension and
reactivation.

4.3. Structural Evolution of the Aptian-Cenomanian Rift Basins

Based on field and seismic observations and integration of drill hole data, we propose a new model for the
Aptian to Cenomanian rift architecture, which has strong implications for the paleogeographic, kinematic,
and reactivation history of the Pyrenean-Cantabrian junction.

Previous interpretations suggested the occurrence of a crustal-scale NNE-SSW Pamplona fault that seg-
mented the BCB and the Mauléon basin as either a normal fault in E-W-directed transtensional pull-apart
basins or as a transfer fault in an N-S to NNE-SSW extensional direction (see Figure 1). In this study, we
show that the St-Jean-de-Luz basin represents the western continuation of the Mauléon basin from Late Al-
bian onwards, as indicated by the occurrence of more than 2000 meters of deep water turbidites in this basin
(Figure 5). Similarly, we identified the prolongation of the BCB east of the Estella-Pamplona diapirs (i.e., in
the Jaca-Pamplona basin; Figures 10 and 11) where up to 1,400 m of Aptian-Cenomanian sediments have
been recorded. We suggest that the St-Jean-de-Luz and the western Jaca-Pamplona basins represent the
western and eastern continuation of the Mauléon basin and BCB respectively (Figures 5,10, and 11). The
Aptian-Cenomanian BCB likely narrows toward the east and terminates in the vicinity of the Oroz-Betelu
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massif. There, post-rift Santonian carbonates unconformably overlie the Lower Triassic red beds all around
the massif (Upper Triassic evaporites are lacking). Only in the NW corner of the massif, the upper Albian
sandstones and conglomerates (Ciry et al., 1963) are in fault contact (NE-SW striking fault) with the Lower
Triassic sediments that could be interpreted as reminiscent of extensional faults segmenting the eastern
edge of the BCB (Figures 2 and 13). The Late Albian to Cenomanian St-Jean-de-Luz basin probably tipped
out against the Landes high or Biscay massifs (Voort, 1964) from where the basin was fed (Razin, 1989). The
extend of the Aptian-Cenomanian hyperextended basin is well shown by the distribution of the post-rift
upper Cretaceous facies distribution (Figures 2 and S1), which includes the western Jaca-Pamplona and
St-Jean-de-Luz basins.

In this study, we also highlight former WNW-ESE extensional faults (SPBT, SMD, NMD, NPFT, and Amotz
faults) that bounded the Aptian-Cenomanian BCB, Mauléon, and St-Jean-de-Luz rift basins (Figures 2,
3, 5, and 6). The orientation of these structures corresponds to the trend of the HT/LP Albo-Cenomani-
an metamorphic rocks and exhumed mantle/granulite rocks in the BCB and Mauléon basins (e.g., Clerc
et al., 2015). Moreover, several NNE-SSW trending second-order transfer or release faults such as the Ibar-
ron, Saison, or St-Jean-Pied-de-Port faults have been described across the area. However, in our study area,
there are not any evident major NNE-SSW transfer faults that allow for crustal segmentation along the
corridor, which has been historically referred to as the Pamplona fault. Indeed, the western boundary of the
Aldudes massif is here proposed to correspond to the continuation of the folded Leiza fault, corresponding
to a reactivated extensional detachment. Further north, in the Labourd massif the NNE-SSW faults corre-
spond either to Permian extensional faults related to the development of the Bidarray basin (Saspiturry,
Cochelin, et al., 2019) or to the lateral termination or rotation of some of the extensional and contractional
Alpine structures along the inherited NNE-SSW structural trend (Variscan to Permian in age). Note also
that these N°20E oriented structures are not solely observed along this corridor but in many places within
the Pyrenean-Cantabrian system, suggesting that they might have been overinterpreted because of the ob-
vious rift segmentation in the Western Pyrenees. The only structural feature that could be referred to as the
Pamplona structure corresponds to the lineament of the Estella-Pamplona diapirs, extending from the SPBT
to the Aralar thrust (Figure 13b). However, it has been shown recently that these diapirs are surrounding a
depocenter of the pre-Aptian sediments of the BCB that developed by salt evacuation (Camara, 2020). The
Late Jurassic-Barremian sediments do not terminate abruptly at the eastern margin of the BCB coinciding
with the lineation of diapirs observed at surface. Instead, these sediments terminate by onlap above the pre-
rift Jurassic carbonates and by truncation with the extensional detachment and related extensional faults
and diapirs which, in detail, are not distributed along a single lineament (Figure 10). These diapirs have
probably initiated over NNE-SSW striking basement-involved faults (which could be named the Pamplona
fault system?) at the eastern boundary of a pre-Aptian basin, but the basin has been subsequently decoupled
and transported above the Triassic evaporites both during extension and contraction.

As a consequence, we show that the Pyrenean-Cantabrian junction in the Basque Pyrenees corresponds
to an accommodation zone during the mid-Cretaceous, and that the termination of the Cantabrian and
Pyrenean rift segments were characterized by a V-shaped geometry south and north of the Basque massifs
(previously suggested by Floquet & Mathey, 1984). The evolution of such overlapping extensional segments
in analog and numerical models shows that the intermediate block, here corresponding to the Basque mas-
sifs, is able to rotate in a clockwise direction (e.g., Liao & Gerya, 2015; Tentler & Acocella, 2010). This
observation is consistent with paleomagnetic data from the Permo-Triassic red beds of the Basque massifs,
where significant clockwise vertical-axis rotations (~20°-37°) of these massifs between the Triassic and the
Late Cretaceous have been calculated (see Oliva-Urcia et al., 2012 and references therein). However, the
reliability of these paleomagnetic values is questioned by the same authors due to the scarcity of the data,
the often large variability of results from site to site for the same massif, the presence of multiple magnetic
components of unknown age, and the difficulty to define the reference plate model for the sampled massifs.
Note moreover that such rotations, if taken into account, imply that the present-day NNE-SSW inherited
Variscan-Permian structural trend was initially striking NNW-SSE. One should note that, based on analog
models, hard linkage such as transfer faults have been shown to preferentially develop between offset rift
axis during oblique to very oblique extension, while overlapping rift segments better develop in orthogonal
settings (Acocella, 2008; Zwaan & Schreurs, 2017). The comparison with analog models provides additional
credits against any major E-W transtension during Late Aptian to Cenomanian in the Pyrenean domain.

LESCOUTRE ET AL.

28 of 40



Y Yed N | o
F\C 1o Tectonics 10.1029/2020TC006134

ADVANCING EARTH
AND SPACE SCIENCE

[a] Present-day

20 km
Landes High _

S~
~
~
-

$ Cinco
...w”az"...

o}.\
pC O
oL (D s
o..;;\.‘- ; - 3
oy .
e T, oé\i%t I
\‘{\ ;;.'h N 0. elu
© I %}6 "?"m\._— _______ o
O o g Aoiz el
ol

T~ & b . GUarga

L Estella-Pamplona
diaplrs

/(,{' Thick-skin thrust/supposed

.»*° Thin-skin S point
1 .»*" Thick-skin S point

(%]
]
-

[b] Cenomanian

) Basque
‘" Massifs

'j,o / Ebro Block

Q ‘(/ v ~ )
/ ~~ Extensional faults
/ Transfer/release faults

[ J
v L
v, ‘ . Rift axis

Figure 13. (a) Present-day thin-skinned and thick-skinned thrusts at the Pyrenean-Cantabrian junction. (b) Attempt of restoration of the Aptian-Cenomanian
rift basin architecture at Cenomanian time. Note the overlapping rift architecture (accommodation zone) during Aptian-Cenomanian and the proposed limits
and interpretation of the Leiza fault within the BCB.

LESCOUTRE ET AL. 29 of 40



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2020TC006134

Our results in general discard the existence of a major NNE-SSW striking Pamplona fault that would trans-
fer the deformation between the Cantabrian and the Pyrenean rift segments. All these observations argue
for an N-S to NNE-SSW direction of extension during Aptian to Cenomanian in the Basque Pyrenees as
already suggested by Tugend et al. (2015), Tavani and Mufioz (2012), and Tavani et al. (2018). This is also
in line with kinematic indicators described from the SMD and NMD (Masini et al., 2014) in the Mauléon
basin.

4.4. A New Model for Inheritance and Reactivation at the Pyrenean-Cantabrian Junction

These new results, implying overlapping WNW-ESE striking rift basins north and south of the Basque mas-
sifs and rebutting crustal decoupling between the Cantabrian and Pyrenean rift segments, suggest a new
initial framework for the reactivation of this domain during Pyrenean convergence. In particular, little is
known about how reactivation proceeds in such a system where weak rift basins overlap in the direction of
shortening.

In the following, we identify and characterize the thin-skinned (supra-salt) and thick-skinned (crustal)
deformation on an N-S crustal cross-section (Figure 12a; note that a simplified version of this section has
been published by Lescoutre and Manatschal [2020]) and on a map view (Figure 13a). In Figures 12 and 13,
we plot the thin-skinned and thick-skinned singular points (S point; e.g., Willett et al., 1993), which corre-
spond to the location of the basal tip of the double-wedge formed by the post-salt unit (thin-skinned) and
crustal unit (thick-skinned), respectively, during contractional deformation. As such, the location of the
thin-skinned S points for the Mauléon-St-Jean-de-Luz and BCB-Jaca-Pamplona basins correspond to the
intersection between the NPFT and Amotz-Arbéroue thrusts, and SPBT and Leiza thrusts, respectively. The
location of the thick-skinned S point corresponds to the former wedge at reactivation initiation and as such,
corresponds at present-day to the axis between the north-vergent and south-vergent crustal thrusts.

In Figure 12a, we project the cross-sections of Figures 5 and 6 on a crustal-scale cross-section running from
the Ebro basin to the Aquitaine basin via the BCB, the Cinco Villas massif, and the St-Jean-de-Luz basin.
The top basement is defined by seismic interpretations and the Hasparren 101 borehole, while the Moho
depth is constrained by the studies of Diaz et al. (2012) and Daignieres et al. (1982). We also propose a
restoration of the cross-section at a late rifting stage (i.e., Cenomanian; Figures 12b) and a pre-Apto-Ceno-
manian stage (i.e., Late Barremian; Figure 12c) taking into account crustal “volume” preservation using the
Imagel software (https://imagej.nih.gov/ij/). In detail, this software allows, among others, to measure the
surface and length of an image based on pixels, and has been used to check and update our cross-sections
so that we preserve the same amount of material in both the upper and the lower crust between each time
step (>95% of surface preservation), as well as the length of the top Lower Triassic (considered as a marker
horizon to analyze deformation from the Cretaceous rifting to the Alpine deformation). Based on these
cross-sections and our study, we propose a general map (Figure 13a) highlighting the main thin-skinned
and thick-skinned structures of our study area.

Thin-skinned thrust faults south of the Basque massifs correspond to the SPBT (and the Barbarin thrust
fault that is part of the splay faults), the Leiza fault, and the Aralar thrust (Figure 6). At least 35 km of
southward displacement has been accommodated along the SPBT and minimum of 20 km have been es-
timated along the north-directed Leiza fault (Figures 6 and 12). Both reactivated Aptian-Cenomanian de-
tachment faults and transported the supra-salt sedimentary cover above the thick crusts of the Ebro and
Basque massifs, respectively. The internal part of the BCB shows only minor north-vergent thrust faults
mainly reactivating inherited structures such as the Late Jurassic-Barremian Aralar paleo-normal fault or
the E-W striking squeezed salt structures observed in the Nappe des Marbres (Ducoux et al., 2019). North
of the Basque massifs, the frontal part of the north-vergent NPFT represents the thin-skinned reactiva-
tion of an Aptian (or Late Albian in the St-Jean-de-Luz basin) to Cenomanian extensional detachment
fault (Razin, 1989). The NPFT is responsible for a significant northward transport of the Mesozoic basin
as highlighted by Figures 3 and 5 where it unconformably overlies the Cenozoic deposits on top of the
Aquitaine platform (>20 km of displacement according to our restored cross-section in Figure 12). Most
of the thin-skinned thrusts that crop out at the surface at present-day are dipping toward the north such as
the Arbéroue, Amotz, and St-Barbe thrusts, which reactivated north-dipping Aptian-Cenomanian and Late
Albian-Cenomanian detachment faults. The Chainons Béarnais display a similar architecture as observed
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in the Nappe des Marbres and in the St-Jean-de-Luz basins, with E-W striking squeezed salt walls that are
affected by minor south-vergent thrusts (e.g., Labaume & Teixell, 2020; Lagabrielle et al., 2010; Razin, 1989).

The thick-skinned deformation can be defined by surface geology and by deep imaging of the crust. In our
study, we identified and summarized major north-vergent thick-skinned thrusts such as the Labourd, Ain-
hoa, and the NPFT (e.g., Razin, 1989; Teixell et al., 2016) that are located on the northern part of the Basque
massifs (Figures 2 and 13a). The NPFT, which accommodated a significant amount of crustal shortening,
is relayed northward from east to west across the Saison transfer fault (Masini et al., 2014) and has been
identified in both the Mauléon and St-Jean-de-Luz basins. This structure can be continuous toward the west
and correspond to the North Iberian/Pyrenean Front located at the south of the Landes High (e.g., Roca
et al., 2011). South-vergent crustal thrusts such as the Roncesvalles, Ollin, and Lakoura thrusts are observed
on the southern border of the Basque massifs (DeFelipe, 2017; Ruiz, Gallart, et al., 2006; Teixell, 1990, 1998).
Note that, in contrast to our interpretation, the Ollin thrust has been proposed to reach as deep as 30 km
during the formation of the orogen based on the present-day distribution of seismicity (Ruiz, Gallart,
et al., 2006; DeFelipe et al., 2018). However, the focal mechanism associated with this fault shows that it
has been reactivated as an extensional feature related to post-orogenic extension, which may, as such, have
later propagated in the underlying crustal rocks of the European crust. Moreover, these interpretations did
not consider the closure of the St-Jean-de-Luz basin to the north and the related amount of crustal shorten-
ing accommodated along the thick-skinned NPFT, which imply underthrusting of European crust beneath
the Basque massifs and associated crustal thickening (Moho at ~30 km in the overriding plate). Seismic
interpretation across the BCB argues for a south-vergent crustal thrust below the Urbasa syncline (see Sec-
tion 4.3). Note that this thrust (Aoiz thrust on Figure 12a), that we interpret as being responsible for the
underthrusting the Ebro crust beneath the Basque massifs and as such to the juxtaposition of denser lower
crustal rocks over upper crustal metasedimentary rocks, may explain the velocity anomaly at mid-crustal
depth observed on the velocity models of Pedreira et al. (2003); see thick black lines in Figure 12a). Based
on receiver function analysis, Diaz et al. (2012) imaged a continuous north-dipping “slab” from east to west
below the Basque massifs, connecting the Cantabrian and Pyrenean segments. The WSW-ENE striking
orientation of the Roncesvalles thrust, which differs from the general WNW-ESE striking of contractional
structures, has been suggested to represent a shortcutting structure in between the inverted Pyrenean and
Cantabrian rift segments (Lescoutre & Manatschal, 2020), and may be parallel as such to the trend of the
“slab” at depth. Such reorientation of the contractional structures and of the orogenic wedge in general in
the Basque Pyrenees (Lescoutre & Manatschal, 2020) may explain the diffuse eastward disappearance of
the mid-crustal to lower crustal velocity anomalies on the E-W velocity models of Pedreira et al. (2003) and
Daigniéres et al. (1982), formerly attributed to the Pamplona fault (see Section 2.2; DeFelipe et al., 2018;
Pedreira et al., 2003).

These observations suggest a decoupling between the thin-skinned and thick-skinned deformation at the
scale of the orogen. The entire BCB-western Jaca-Pamplona basin has been transported and uplifted along
the thin-skinned SPBT and Leiza faults on top of the colliding Ebro and Basque crustal blocks (Figures 8,
10, and 12) and leading to the formation of a sedimentary wedge at the front of the allochthonous Basque
massifs (Figures 6 and 12). Similarly, the Mauléon and St-Jean-de-Luz basins have been transported along
the thin-skinned NPFT and Arbéroue-Amotz faults during the crustal shortening that brought the Basque
massifs above the Aquitaine basin (Figures 3, 5, and 12). In that aspect, it is interesting to point out that
the footwalls of the NPFT and Aoiz thrusts correspond to the top of the former European and Ebro rifted
crustal domains, respectively, while the hanging walls correspond to the rift basins onto which they were
formerly detached (Figures 12a and 12b). Independently, the crustal deformation appears to be continuous
from the Pyrenean to the Cantabrian segments. Indeed, crustal thrusts do not show a change in vergence or
any major offset across the Basque Pyrenees (Figure 13a). As such, change in thrust vergences previously
attributed to the Pamplona fault (see Section 2.2) actually corresponds to the present-day juxtaposition of
the thin-skinned and thick-skinned deformations (Figure 13a). Moreover, on a map view (Figure 13a), the
crustal faults depict a sigmoid shape across the Pyrenean to Cantabrian systems and do not argue in favor
of a crustal decoupling between both systems (see also Lescoutre & Manatschal, 2020). Complexities on the
cylindric reactivation pattern are brought by the Labourd and Oyarzun lateral ramps that we can eventu-
ally attribute to oblique N-S to NW-SE convergence direction (Macchiavelli et al., 2017) with respect to the
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inherited NNE-SSW trend in the area. In this context, the existence of a regional scale NNE-SSW crustal
fault decoupling the reactivation between the Pyrenean and the Cantabrian segments is unlikely.

Our mapping and field data evidence a good preservation from the Alpine deformation of the Labourd
and the Basque massifs in general such as represented by the Bidarray Permian basin, the SMD and NMD
rift structures and the distribution of the Lower Triassic sandstones. Moreover, previous authors (Mas-
ini et al., 2014; Teixell, 1998; Teixell et al., 2016) suggested that in the western Mauléon basin, a larger
amount of basement was involved in the orogenic prism that formed on top of the NPFT, and along which
a piece of lower crustal or subcontinental mantle was transported and responsible for the present-day
positive gravity anomaly (Casas et al., 1997). This peculiar structural framework has been interpreted by
Lescoutre and Manatschal (2020) as the result of the reactivation of the overlapped, weak Pyrenean and
Cantabrian hyperextended rift basins and the inability to deform the intermediate crustal block formed
by the Basque massifs. Indeed, hyperextended domains have been shown to localize the initiation of reac-
tivation and the northward underthrusting of the Iberian crust (e.g., DeFelipe, 2017; Jammes et al., 2009;
Lescoutre & Manatschal, 2020; Masini et al., 2014; Mouthereau et al., 2014; Quintana et al., 2015; Teixell
et al., 2016, 2018; Vacherat et al., 2017). However, in this area, the western Mauléon basin and the eastern
BCB rift systems might compete during reactivation. As a consequence, geophysical data reflect this struc-
tural complexity that we can barely observe in the field.

4.5. Implications for Kinematics of the Western Pyrenees

The kinematics between Iberia, Ebro, and Europe and the location of the plate boundaries have been widely
debated in the Pyrenean community (see Figure 1). At a plate kinematic scale, geodynamic reconstruc-
tions involve a significant strike-slip component from Valanginian to Santonian between Iberia and Eurasia
(Stampfli & Borel, 2002). At the scale of the Pyrenean-Cantabrian system, previous kinematic scenarios
imply either a Late Jurassic to Late Cretaceous E-W strike-slip deformation associated with the formation
of pull-apart basins or an N-S extension associated with offset rift segments along transfer faults from either
Early Cretaceous or Aptian (see 2.2). However, none of these scenarios satisfy geophysical or geological ob-
servations (Barnett-Moore et al., 2016; Nirrengarten et al., 2018). Based on geological and geophysical con-
straints, Nirrengarten et al. (2018) propose that the Iberia and Eurasia plate kinematics can imply a more
diffuse boundary with the interplay of a Landes High and an Ebro block, where transtensional deformation
might be distributed between the Central Iberian rift system and the Pyrenean system.

In our study, we show that the Aquitaine and Ebro basements were connected via the Basque massifs from
Aptian onward and that Aptian-Cenomanian rift systems opened along an N-S direction of extension (Fig-
ure 13b). Furthermore, we did not observe evidence for major strike-slip deformation (E-W or N-S) or ro-
tation from Triassic onward within the Basque massifs, neither at larger scale such as suggested by the
redundancy of the NNE-SSW Variscan to Triassic inherited trend on both the Aquitaine and Ebro blocks
(e.g., Ebro: Feuillée & Rat, 1971; Basque massifs: Lucas, 1987; Aquitaine: Curnelle, 1983). Moreover, similar
orientations of Permo-Triassic structures (e.g., Teruel fault) have been described in the south-eastern part
of the Ebro basin (Arche & Lopez-Gdémez, 1996; Vargas et al., 2009, Figure 1).

As a consequence, the Ebro block can hardly be displaced and rotated by 400 km from Europe during the
Jurassic and Cretaceous. In this context, the existence of the NPF, on which most of the sinistral strike-slip
movement was supposedly accommodated, seems unlikely in the Western Pyrenees (e.g., Chevrotet al., 2014;
Mattauer & Séguret, 1971). Furthermore, the western prolongation of the NPF across the Aldudes-Labourd
massifs and at the location of the Leiza fault (e.g., Arthaud & Matte, 1977; Combes et al., 1998; Floquet &
Mathey, 1984; Hall & Johnson, 1986; Martinez-Torres, 1992; Mathey et al., 1999; Mendia & Ibarguchi, 1991;
Muller & Roger, 1977; Rat, 1988) is not corroborated by our study (see also Saspiturry, Cochelin, et al., 2019)
and would imply an even greater offset as we need to restore back the Leiza fault south of its present-day
situation. As such, questions remain about the accommodation of the sinistral strike-slip movement. Al-
though we cannot exclude that part of the movement was accommodated along NNE-SSW transfer faults in
the BCB and Mauléon basin (e.g., Canérot, 2017; Iriarte & Garcia-Mondéjar, 2001; Tavani et al., 2018), such
structures certainly do not account for the proposed 400 km of eastward displacement of Iberia with respect
to Eurasia during Aptian to Albian extension.
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As a consequence, we suggest that the strike-slip deformation took place, if it existed, either outside the
present-day Pyrenean-Cantabrian junction or along a diffuse plate boundary, as previously proposed by
Larrasoana, Parés, Millan, et al. (2003). The lateral component had to be accommodated during the Late
Jurassic to Late Barremian/Early Aptian (i.e., from about M0 to C34 magnetic anomalies) associated with
the formation of sparse and confined pull-apart basins. Finally, these results suggest that affecting an Ibe-
rian or Eurasian affinity to the Palaeozoic basement on both sides of the NPF or in the Basque massifs is
misleading as the Ebro block could be part of Eurasia since the Triassic (see also discussion in Larrasoaifia,
Parés, Millan, et al. [2003]). In any case, the Basque massifs would be a bridge connecting the European and
Ebro crusts between the overlapped BCB and Mauléon hyperextended basins.

5. Conclusion

This study aimed to define the nature and the evolution of the Pyrenean-Cantabrian junction with particu-
lar emphasis on the role of structural inheritance. We used field cross-sections and seismic interpretations
combined with drill hole data to describe the present-day architecture of the eastern and western termi-
nations of the BCB and Mauléon basin, respectively, that correspond to the trace of the formerly defined
Pamplona fault. Our results show that:

(1) Aptian-Cenomanian rifting took place along an NNE-SSW direction of extension controlled by WNW-
ESE striking detachment faults and NNE-SSW transfer/release faults, associated with mantle exhuma-
tion and HT/LP metamorphism in WNW-ESE oriented V-shaped basins. The Late Jurassic-Barremian
rift episode was potentially controlled by similar WNW-ESE and NNE-SSW structures. In our study
area, we showed that Aptian-Cenomanian rifting initiated but did not propagate at the location of Late
Jurassic-Barremian basins.

(2) The Aptian to Cenomanian BCB and the Mauléon basin propagated further eastward and westward
respectively, than the trace of the so-called and suggested Pamplona fault. As a consequence, we discard
the occurrence of any major NNE-SSW fault to transfer the deformation from the Cantabrian to the
Pyrenean rift segments and the use of the transfer fault/zone terminology on which the Pamplona fault
is usually related. Instead, we propose the term “Basque massifs accommodation zone” which better
defines the nature and architecture of the area.

(3) No major strike-slip or rotational deformation has been observed in the Basque Pyrenees as argued
by the conspicuous Variscan to Triassic inherited NNE-SSW trend across the Aquitaine and Ebro
basements.

(4) Thin-skinned and thick-skinned structures display a contrasting architecture in the study area. Thin-
skinned deformation reactivated and transported the former Aptian-Cenomanian rift basins while
thick-skinned deformation seems to shortcut across the Basque Pyrenees, eventually responsible for
the preservation of the pre-Alpine structures in the Basque massifs.

These results have major implications for the kinematics of the Basque Pyrenees and for the architecture of
the Pyrenean-Cantabrian junction:

(1) The architecture of the Basque Pyrenees at Cenomanian time results in two overlapping rift segments
north and south of the Basque massifs, corresponding to an accommodation zone. As such, the tecton-
ic evolution of the Cantabrian-Pyrenean junction cannot be explained by crustal decoupling between
both systems.

(2) The Ebro is proposed to be connected with the Eurasia plate along the Basque massifs zone since the
Triassic and therefore undermines any important strike-slip displacement along the NPF during the
Jurassic and Cretaceous.

(3) The Iberia-Eurasia plate boundary has to be located outside the study area or had to occur over a more
diffuse area during the Late Jurassic to Barremian.
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