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Highlights

The mid-Cretaceous Marguareis extensional system of the Western Alps is introduced
This system forms part of the eastern portion of the Iberia-Eurasia plate boundary
This eastern portion included structures of the SE France basin

The Early to mid-Cretaceous plate margin had a purely divergent movement
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Abstract

In this work we provide a reappraisal of the mid-Cretaceous extensional basins located to
the east of the Pyrenean mountain ranges, from the easternmost portion of Iberia to the
Briangonnais Domain of the Western Alps fold-and-thrust belt. These features are reviewed and
compared with those of the Bay of Biscay-Pyrenean rift, with the aim of defining geometry,
kinematics, timing and lateral extent of the eastern termination of the Mesozoic Iberia-Eurasia plate
boundary. Timing and direction of extension, as well as the style of structural segmentation in the
Bay of Biscay - Pyrenean rift, are similar to those of basins exposed to the east of the Pyrenean
mountain ranges. In both areas, the divergent movement between Iberia and Eurasia caused NNE-
SSW oriented extension recorded in WNW-ESE elongated Late Jurassic to mid-Cretaceous basins,
segmented by NNE-SSW trending transfer zones.

In this work we also individuate and introduce the eastern termination of the Iberia-
Eurasia plate boundary. This is the Marguareis extensional system of the Briangonnais Domain of
the SW Alps. The crustal-scale Marguareis extensional system involves Paleozoic and Mesozoic
rocks and includes a tens of km long transfer fault flanking an extensional domino array that
accounted for ca. 2 km of extension along 6 km long sections. When post-Cretaceous alpine
rotation is removed, the mid-Cretaceous transfer fault and the extension direction of the Marguareis
extensional system become oriented parallel to those of the other portions of the plate boundary,
indicating its pertinence to the Bay of Biscay-Pyrenean rift system.

Reviewed and newly presented data about the mid-Cretaceous tectonics spanning from
the easternmost portion of Iberia to the Western Alps indicate that: (i) the Marguareis extensional
system and the extensional structures of south France constituted the easternmost portion of the
segmented and laterally terminating Bay of Biscay-Pyrenean rift system; (ii) this easternmost
portion of the Iberia-Eurasia plate boundary was characterised by a purely divergent Early to mid-

Cretaceous movement.
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1 Introduction

1.1 The Cretaceous Iberia-Eurasia plate boundary controversy

The geometry, kinematics, and lateral extent of the Iberia-Eurasia plate boundary during the
Cretaceous period remains a question of considerable debate among earth scientists. The origin of
such debate goes back to the dawn of plate tectonics and underlies on the mechanism by which the
Bay of Biscay opened. Indeed, during the early 70’s, three main hypotheses about the opening of
the Bay of Biscay were postulated (Choukroune et al., 1973). In this early work the opening of the
V-shaped Bay of Biscay was described in terms of the rotation of Iberia around Eulerian poles that
would have been approximately located either (i) to the east of Iberia (Fig. 1a), (ii) close to Paris
(Fig. 1b), or (iii) within the Pyrenean mountain range (Fig. 1c). Each of these hypotheses has
different implications for the opening mode of the Bay of Biscay and implies contrasting amounts
of rotation for Iberia with respect to Eurasia: the first hypothesis entails a rift-perpendicular opening
mode for the Bay of Biscay by means of an eastward diminishing divergence between Iberia and
Eurasia. The second one involves a left-lateral motion of Iberia with respect to Eurasia along a
dominant strike-slip transform plate boundary. The third hypothesis implies divergence between
Iberia and Eurasia in the Bay of Biscay coeval with convergence between these two plates east of
the Euler pole in the NE corner of Iberia (i.e., scissor-type model).

In the light of geological and geophysical research during the last 40 years, these early
models have been updated and improved as shown by the works of Jammes et al. (2009) and
Tugend et al. (2014) in regards of the rift-perpendicular opening mode (Fig. 1a); those of Olivet
(1996) or Stampfli and Borel (2002) in relation to the strike-slip mode (Fig. 1b), or the scissor-type
mode (Fig. 1¢) by Sibuet et al. (2004), Vissers and Meijer (2012), and Vissers et al. (2016).

Despite the amount of data and scientific outputs, the debate is far from over. One of the
main reason for this is provided by the uncertainties associated with the data constraining the
Cretaceous movement of Iberia. As an example, while it is undisputed that Iberia underwent a

certain amount of counter-clockwise rotation with respect to Europe coevally with the opening of
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the Bay of Biscay (van der Voo, 1969), the published vertical axis rotation values span between 20°
to 40° (see Neres et al., 2012 and Barnett-Moore et al., 2016 for recent reviews). It is also unclear
whether the rotation took place during a large portion of the Cretaceous period (Galdeano et al.,
1989), or was only limited to the Aptian stage (Gong et al., 2008; Vissers et al., 2016). Similarly,
the nature and age of the Bay of Biscay floor have received different interpretations: many authors
support the occurrence of a large domain of exhumed subcontinental mantle in the Bay of Biscay
(e.g. Thinon et al., 2003; Jammes et al., 2009; Roca et al., 2011; Tugend et al., 2014; Manatschal et
al., 2015; Nirrengarten et al., 2017), whereas other workers lean towards a largely oceanic nature
(e.g. Sibuet et al., 2004; Vissers and Meijer, 2012) or a mixed model of intruded exhumed mantle
(Pedreira et al., 2015). These different ideas about the nature of the Bay of Biscay imply different
interpretations for the age and significance of some of the magnetic anomalies (Sibuet et al., 2004)
and, ultimately, entail different positions for Iberia at the beginning of the Bay of Biscay opening.
The reliability of geological data in constraining the plate tectonic evolution of this large domain
has also been questioned. The absence of any evidence for a mid-Cretaceous convergence stage in
the Pyrenean area is striking, as the Pyrenean area was experiencing a well-constrained extensional
regime during that time (e.g. Muifioz, 2002; Vergés et al., 2002; Jammes et al., 2009). However,
while many authors argue that this makes the scissor-type scenario unrealistic (e.g. Tugend et al.,
2014), others frame the mid-Cretaceous extension within the development of back-arc basins
associated with the subduction of oceanic crust (Sibuet et al., 2004). In summary, the scissor-type
model has its strength in the interpreted pattern of magnetic anomalies, and in the predicted amount
of vertical axis rotation of Iberia. However, it is not proved that all the interpreted magnetic
anomalies in the Bay of Biscay floor correspond to a Penrose-type oceanic crust. In addition, there
is no evidence for an ophiolitic sequence preserved in the Pyrenees, under the Ebro foreland basin
or along the Catalan Coastal Ranges. The weakest argument for the scissor-type scenario is the lack
of any unequivocal geological proof for mid-Cretaceous convergence in the NE Iberia. On the other

hand, the strike-slip scenario is consistent with the amount of vertical axis rotation documented for
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Iberia as well; it partly fits with the magnetic anomalies, but the geological evidence for hundreds
of kilometres of left-lateral motion of Iberia during the mid-Cretaceous is missing. Therefore, the
rift-perpendicular solution is the most geologically-supported scenario. It is also consistent with the
pattern of magnetic anomalies for the area where no mantle exhumation is inferred. Its weakest
point though is the amount of vertical axis rotation: the coeval opening of the Bay of Biscay and the
Pyrenean arm requires, if the Iberian plate is considered rigid, a Euler pole to the east of Iberia,
which implies values of rotation of nearly 10° (Choukroune et al., 1973), largely below the
published ones (e.g. van der Voo, 1969). Another problem with the rift-perpendicular model is the
expected left-lateral movement of Iberia as the Atlantic opening progressed northward of the
Azores-Gibraltar transfer zone at Late Jurassic-Early Cretaceous times (Stampfli and Hochard,
2009). Ultimately, each of these three scenarios apparently has its strengths and weaknesses and
none of them can fully reconcile the available geological and geophysical datasets.

The key observation to solve this problem is that each of the three postulated hypotheses
implies a different style of termination for the eastern Iberia-Eurasia plate boundary (Fig. 2). In fact,
an additional controversy arises when joining the opening of the Bay of Biscay-Pyrenean rift with
the Alpine Tethys further east, in particular with the so-called Valais “ocean” (e.g. Stampfli et al.,
1998; Stampfli and Hochard, 2009; Beltrando et al., 2012). In the rift perpendicular scenario, as
proposed by Manatschal and Muntener (2009), the Bay of Biscay-Pyrenean rift and the Alpine
Tethys are diachronous and non-connected rifts, as the former is thought to terminate eastwards
around the NW continental margin of the Alpine Tethys (Fig. 2a). Coherently, the Sardinia-Corsica-
Brianconnais block is considered part of both Iberia and Eurasia. In the strike-slip type scenarios,
the left-lateral motion of Iberia with respect to Eurasia is partly or completely accommodated to the
east by the development of the Valais “ocean” (Fig. 2b). This ocean is interpreted by several authors
as a mid-Cretaceous branch of the Jurassic Alpine Tethys; it would represent a sort of dilation jog
of the North Pyrenean Fault (e.g. Stampfli and Borel, 2002; Rosenbaum and Lister, 2005; Handy et

al., 2010), establishing the connection between the Bay of Biscay-Pyrenean rift system and the
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Alpine Tethys, and separating the Sardinia-Corsica-Briangonnais block from Eurasia. However, the
nature and position of the Valais “ocean” within the nearby spreading systems is significantly
biased by the complexity of the Alpine thrust stacking and folding and associated metamorphism
(e.g., Schmid et al., 2004; Froitzheim et al., 2008). Importantly, the reported mid-Cretaceous
spreading ages for the Valais “ocean” have been challenged by U-Pb dating of magmatic zircons
which have provided disparate spreading ages, from Early Carboniferous (337 Ma; Bussy et al.,
2008), to Permian (267 and 272 Ma; Beltrando et al., 2007), or even Late Jurassic (163-155 Ma;
Liati and Froitzheim, 2006). In the scissor-type scenario, the Pyrenean arm is connected to the
Alpine Tethys as well. However, the connection is not ensured by the Valais “ocean” but, rather, the
Pyrenean arm is considered part of the Alpine Tethys undergoing north-ward subduction during the
mid-Cretaceous. The occurrence of a transform zone bounding the subduction to the east is forecast
(e.g. Advokaat et al., 2014), kinematically separating the Corsica-Sardinia-Briangonnais block from
Iberia (Fig. 2¢), which implies that this block was part of Eurasia.

The reconstruction of the Mesozoic palacogeography immediately east of the Pyrenees,
(Fig. 3) is not straightforward. This area has been strongly modified by the Cenozoic convergence
stage between Eurasia and Africa (e.g. Dercourt et al., 1986; Dewey et al., 1989; Mazzoli and
Helman, 1994; Handy et al., 2010; Frizon de Lamotte et al., 2011; Carminati et al., 2012; Faccenna
et al,, 2014) and by the subsequent back-arc overprint associated with the late Oligocene to
Miocene opening of the Liguro-Provencal basin (e.g. Alvarez et al., 1974; Réhault et al, 1984;
Hippolyte et al., 1993; Doglioni et al, 1997; Séranne, 1999; Gattacceca et al., 2007; Bache et al.,
2010; Jolivet et al., 2015; Granado et al., 2016). As a result of this deformation history, the
Briangonnais is exposed in the Western and Central Alps, whereas relics of the Valais “ocean”
occur in the easternmost Western Alps and further east, in the Central and Eastern Alps (Schmid et
al., 2004); the Corsica-Sardinia form an independent block (Fig. 3). Albeit all these uncertainties,
information about the eastern termination of the Iberia-Eurasia plate boundary can be obtained from

the occurrence and orientation of Cretaceous extensional structures in this area, along with their



355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413

affinity with structures of the western and central portions of the Iberia-Eurasia plate boundary.
These features can provide robust insights on the eastern termination of the plate boundary.

The main goal of our work is to present both new information and reappraisal of published
data about the mid-Cretaceous geological framework of this area and evaluate its kinematic

compatibility with the mid-Cretaceous structures of the Pyrenean rift.

1.2 An overview of the Cretaceous Iberia-Eurasia plate boundary

The westerly Bay of Biscay arm includes a central area made of oceanic crust with an 83 Ma
fossil ridge, in between the northern (European) and southern (Iberian) continental margins (Tugend
et al., 2014, 2015). These margins are made of thinned continental crust and exhumed mantle (e.g.
Boillot et al., 1979; Thinon et al., 2002; Cadenas and Fernandez-Viejo, 2017) (Fig. 3b). Whereas
the northern margin has persisted broadly undeformed since the end of rifting, the southern margin
has been severely deformed by Late Cretaceous to Cenozoic compressional deformation (e.g. Roca
et al., 2011; Pedreira et al., 2015). To the east the Mesozoic Iberia-Eurasia plate boundary continues
into the Pyrenean arm (Fig. 3b). The Pyrenean arm was constituted by a segmented rift system
formed by partly interconnected basins that have been inverted and incorporated into the Pyrenean
mountain belt (Fig. 3a) during the Late Cretaceous to Cenozoic convergence between Iberia and
Eurasia (e.g. Puigdefabregas and Souquet, 1986; Roure et al., 1989; Mufioz, 1992; Teixell, 1998;
Vergés et al., 2002; Mouthereau et al., 2014). Despite the significant compressional overprint, the
original architecture of the Pyrenean arm is still recognisable (Fig. 3b). Exposures of subcontinental
lithospheric mantle exhumed by the end of the Cretaceous rifting have been reported for a long time
in the Pyrenees (e.g. Lacroix, 1895; Vielzeuf and Kornprobst, 1984; Lagabrielle and Bodinier,
2008; Jammes et al., 2009; Lagabrielle et al., 2010; Masini et al., 2014; Clerc et al., 2015). These
exposures occur along a narrow WNW-ESE elongated ribbon (Fig. 3b), flanked to the north and to
the south by Late Jurassic to mid-Cretaceous basins of the European and the Iberian continental

margins (e.g. Souquet et al., 1985; Lanaja, 1987; Rat, 1988; Johnson and Hall, 1989; Debroas,
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1990; Camara, 1997; Garcia-Senz, 2002; Muifioz, 2002; Vergés et al., 2002; Tavani and Granado,
2015; Teixell et al.,, 2016). To the west, these basins and the exhumed mantle exposures are
segmented by major transfer zones, namely the Santander and Pamplona faults (e.g. Roca et al.,
2011; Tugend et al., 2014) which run broadly perpendicular to the orientation of the extensional
basins (Fig. 3b). The eastern limit of subcontinental mantle exposures is located a few tens of
kilometres to the west of the Mediterranean Sea coastline, and is thus considered the eastern
termination of the Pyrenean Arm. Further to the east-northeast, Cretaceous extensional deformation
is reported in the Provence region (e.g. de Graciansky et al., 1987; Hibsch et al., 1992; Montenat et
al., 1997; Homberg et al., 2013). The Provence constitutes the easternmost portion of the Pyrenean
orogenic system (Fig. 3a). In this easterly sector, a set of inherited Paleozoic to Mesozoic NNE-
SSW to NE-SW striking transverse faults occur (Fig. 3b), i.e. the Cévennes, Nimes, and Durance-
Aix faults from west to east (Masse and Philip, 1976). During the Late Cretaceous to Cenozoic time
interval, these faults have provided the left-lateral transpressive junction between the E-W trending
and north-verging Pyrenean structures of the Pyrenees and of the Languedoc-Provence region (e.g.
Mauffret and Gennesseaux, 1989; Séranne et al., 1995; Lacombe and Jolivet, 2005; Molliex et al.,
2011; Bestani et al., 2016) (Fig. 3a). Concerning the pre-contractional activity of the NNE-SSW to
NE-SW striking Cévennes, Nimes, and Durance-Aix faults, several authors such as de Graciansky
and Leimone (1988) and more recently Masse et al. (2009), have documented major WNW-ESE
striking Early to mid-Cretaceous normal faults bounded by NNE-SSW to NE-SW striking transfer
faults in the Provence region (Fig. 3). Given that the NNE-SSW to NE-SW striking transfer faults
of this area are oriented about parallel to the major transfer faults that segment the Bay of Biscay-
Pyrenean rift system (i.e., Pamplona and Santander faults), the easterly Provence region shares a
structural similarity with the Bay of Biscay-Pyrenean rift system. In this work we propose that this
series of transversal faults played a major role during rifting between Iberia and Eurasia, acting as
transform zones that accommodated rift segmentation, and transferred the extensional deformation

to the NE of the Pyrenean arm of the rift (Fig. 3¢). In agreement with our working hypothesis, we
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also present field survey data from an area that we consider the easternmost remanence of the
Cretaceous Iberia-Eurasia plate boundary: the Marguareis area of the Briangonnais domain.

The presentation of data in the next sections is organised as follows: we first provide a
review on the timing and kinematics of the various basins of the Pyrenean Arm (Section 2) and of
the area comprised between the easternmost portion of the Pyrenees and the Provence region
(Section 3). Finally, in Section 4, we introduce the Marguareis extensional system. The provided
comprehensive review about the Cretaceous extension recorded to the east of the Bay of Biscay-
Pyrenean rift allows us to propose that the Marguareis extensional system represents the
easternmost structure of the segmented Bay of Biscay-Pyrenean rift. At the light of the work carried
out in the Marguareis area, we discuss the three possible scenarios previously introduced for the
development of the Bay of Biscay-Pyrenean rift and its eastwards continuation during the mid-

Cretaceous.

2 An overview of the Pyrenean Arm

The westernmost sector of the Iberian-Eurasian plate boundary is constituted by an E-W
trending fossil oceanic ridge, located on the abyssal plain of the Bay of Biscay (Fig. 3b), and
inactive since early Campanian times (e.g. Sibuet et al., 2004; Roca et al., 2011). The oceanic ridge
is flanked to the north and to the south by Aptian-Albian to Campanian oceanic crust (Figs. 3b, 4)
(Tugend et al., 2014). The domain of oceanic crust fades out towards the north, the south, and the
east into a domain of sub-continental mantle exhumed during Barremian to Aptian times (Thinon et
al., 2003; Roca et al., 2011). The V-shaped Bay of Biscay wedges out toward the east, where it
terminates into the E-W elongated Parentis basin (Fig. 4), which is filled by as much as 8 km of
Upper Jurassic to Albian synrift sedimentary rocks (e.g. Ferrer et al., 2008). The southern margin of
the Bay of Biscay includes an emerged area with small exposures of the Upper Jurassic to Lower
Cretaceous synrift sequence (named Asturian basin by Lepvrier and Martinez-Garcia, 1990). In

these small-sized areas, the background fracture pattern indicates a synrift NNE-SSW oriented
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extension (Site 1 of figure 4a) (Granado et al., in press).

The Santander Transfer Fault and the Landes Plateau divide the Bay of Biscay and the
Pyrenean arms. The latter during the Cretaceous was occupying the area presently comprised
between the Santander Fault to the west and the southern prolongation of the Cévennes Faults to the
east (Fig. 4a) (e.g. Tugend et al., 2014). In this area, the Late Jurassic-Early Cretaceous extensional
structures belonging to the Pyrenean Arm of the rift have been inverted and incorporated into the
Pyrenean belt. These extensional structures include major lithospheric-scale shear zones that were
responsible for the development of the continental margin basins (e.g. Souquet et al., 1985; Rat,
1988; Debroas, 1990; Muiioz, 2002; Vergés et al., 2002) and, ultimately, for the exhumation of sub-
continental lithospheric mantle (e.g. Johnson and Hall, 1989; Jammes et al., 2009; Clerc and
Lagabrielle, 2014; Tugend et al., 2014; Masini et al., 2014; Teixell et al., 2016); no oceanic crust
has ever been documented in the Pyrenean Arm. The along strike structural variations of the
Pyrenees are as well controlled by the inherited segmented configuration of the Bay of Biscay-
Pyrenean rift system, with major NNE-SSW transfer zones striking roughly perpendicular to the
main extensional basins.

Based on the lateral continuity of such extensional domains, the Pyrenean Arm has been
further divided into two portions separated by the lithospheric-scale Pamplona transfer fault (Fig. 4)
(e.g. Munoz, 2002). The Basque-Cantabrian basin forms the westernmost portion of the Pyrenean
rift (Fig. 4a). It has an overall E-W elongated shape and it is filled by up to 10 km thick Upper
Jurassic to Albian/Cenomanian synrift infill (e.g. Garcia-Mondéjar et al., 1986; Rat, 1988). The
Basque-Cantabrian basin is bounded to the west by the N-S trending Santander transform fault
(Roca et al., 2011) and to the east by the Pamplona fault (Fig. 4a), an inherited Paleozoic structure
that acted as a transform fault during rifting (e.g. Rat, 1988; Larrasoaia et al., 2003). In the Basque-
Cantabrian basin, multiple Late Jurassic to Early Cretaceous local extension directions are recorded
by meso-structures (Tavani and Mufioz, 2012) and inferred from studies of anomaly of magnetic

susceptibility (AMS; Soto et al., 2008; Oliva-Urcia et al., 2013; Site 2 in figure 4a). The dominant
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synrift extension direction provided by these studies is roughly NNE-SSW (Site 2 of figure 4a)
(Tavani and Mufioz, 2012), which is nearly parallel to the Santander transfer zone and
perpendicular to the elongation of the basin.

A few tens of km to the south of the Basque-Cantabrian basin, the Cameros basin was
forming part of a suite of Mesozoic extensional basins now exposed along the Iberian Chain (Figs.
3 and 4). These basins formed in the interior of the Iberian plate, disconnected from the Bay of
Biscay-Pyrenean rift, along the NW-SE elongated Central Iberian rift system (e.g. Alvaro et al.,
1979; Salas and Casas, 1993; Salas et al., 2001; Vergés and Garcia-Senz, 2001). The Central Iberian
Rift contributed significantly to the continental separation between Iberia and Eurasia (Salas et al.,
2001; Tugend et al., 2015). Analogously to the Basque-Cantabrian basin, extension direction
recorded by meso-structures in the Upper Jurassic to Lower Cretaceous synrift sediments of the
Cameros basin is NNE-SSW (Mata et al., 2001), whereas AMS studies provide two mutually
orthogonal directions, corresponding to NNW-SSE to NW-SE and WNW-ESE to NE-SW (e.g. Soto
et al., 2008; Garcia-Lasanta et al., 2014) (Site 3 in figure 4a).

Immediately to the east of the Pamplona fault, the axis of mid-Cretaceous extension is
shifted northward. Intense extensional deformation is recorded in the Arzacq and Mauléon basins,
which are divided by the Grand Rieu ridge (Daigniéres et al., 1994; Teixell, 1988; Jammes et al.,
2009, 2010; Masini et al., 2014; Teixell et al., 2016). The northerly Arzacq basin developed on the
European plate and displays a rather simple E-W elongated sag-like geometry (e.g. Masini et al.,
2014) with a Tithonian to Albian synrift infill (Biteau et al., 2006). Extensional deformation was
more intense on the Mauléon basin to the south (e.g. Fortané et al., 1986; Johnson and Hall, 1989;
Jammes et al., 2009; Lagabrielle et al., 2010; Masini et al., 2014), where sub-continental mantle was
exhumed. The lithospheric extensional detachment system involved the Mesozoic sedimentary
succession, crustal rocks, and upper mantle lherzolites. Measured S-C structures have indicated a
top-to-the-north movement for the mantle-exhuming detachment (Lagabrielle et al., 2010) (Site 4 of

figure 4a). Mesostructures studied by Salardon et al. (2017), which affect the sedimentary cover of
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the Chainons Béarnais area in the Mauléon basin (Site 5 of figure 4a), provide a similar N-S
oriented extension direction for the Albian to Cenomanian interval. Similarly, Cretaceous N-S to
NNW-SSE extension has been documented in the same area by Olivia-Urcia et al. (2010) by means
of an AMS study. In the Mauléon basin, hyperextension and consequent exhumation of sub-
continental mantle occurred during the late Aptian to Cenomanian interval (Jammes et al., 2009;
Lagabrielle et al., 2010; Masini et al., 2014). The Arzacq-Mauléon system is bounded to the east by
the NE-SW to NNE-SSW striking Toulouse fault. Many have proposed that this fault was acting as
a transfer fault segmenting the Pyrenean Arm (e.g. Tugend et al., 2014), however, this is not fully
demonstrated, and its possible segmenting role is by far less than that of the major transfer faults of
the rift system. Relics of sub-continental mantle are exposed to the east and to the west of the
Toulouse fault, occurring aligned in a WNW-ESE direction, with no remarkable shift across the
fault. Domains of exhumed mantle and hyperextended crust are surrounded by Mesozoic
sedimentary basins that have been incorporated into the Pyrenean belt (e.g. Lagabrielle et al., 2010;
Tugend et al., 2014; Clerc et al., 2015). These basins, along with the Mauléon basin to the west,
were initially developed isolated and became connected during the Albian-Cenomanian interval to
form a large, WNW-ESE trending hyperextended basin (i.e. the Flysch Noir basin in figure 4) filled
by the syn-extensional Flysch Noir Formation (e.g. Souquet et al., 1985; Debroas, 1990). Direction
of mid-Cretaceous extension was N-S to NE-SW, as provided by major extensional detachments
exposed in the Variscan massifs of the north Pyrenean area. These massifs constitute relics of the
former crystalline basement of the various Cretaceous basins. In more detail, mid-Cretaceous
extensional detachments associated with N-S to NNE-SSW oriented stretching are exposed in the
Saint Barthélémy massif area (Site 6 of figure 4a) (Passchier, 1984; de Saint Blanquat et al., 1986;
1990) and in the Agly Massif (Site 7 of figure 4a) (Vauchez et al., 2013).

To the south of the Flysch Noir basin, the Organya basin developed onto the Iberian crust.
The Tithonian/Berriasian to middle Albian synrift sequence of the Organya basin exceeded 4 km

(Dinares-Turell and Garcia-Senz, 2000; Garcia-Senz, 2002), with a thickness distribution
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characterised by a marked E-W to WNW-ESE elongated shape (Garcia-Senz, 2002; Mencos et al.,
2015). Anisotropy of magnetic susceptibility (AMS; Gong et al., 2009; Olivia-Urcia et al., 2011)
and meso-structural studies (Tavani et al., 2011) have been independently carried out in the area.
The AMS works provide partly contrasting results, with Gong et al. (2009) suggesting a mainly N-S
directed extension during rifting and Olivia-Urcia et al. (2011) recording a more scattered pattern
for the AMS. In agreement with Gong et al. (2009), meso- and macro-structures (including syn-
sedimentary faults) documented by Tavani et al. (2011) indicate N-S to NNE-SSW oriented basin-
scale Early Cretaceous extension (Site 8 of figure 4a), which was perpendicular to the above

mentioned basin axis.

3 Cretaceous extension along the eastern portion of the Iberia-Eurasia boundary
In this section we review the Late Jurassic to Cretaceous extensional structures reported

in the area comprised between the easternmost portion of the Pyrenees and the Provence belt, in
Sardinia, and in the European paleo-margin of the Western and Central Alps (Fig. 3a). In the
previous section we have illustrated extensional structures involving the basement, and thus having
an indisputable tectonic origin, whereas we have not included in our description the gravitational
structures occurring in the Pyrenean arm (Lopez-Mir et al., 2015; Saura et al., 2016). In this section
we continue to report only on structures that, due to their regional size or because of the lack of
evaporites (or any kind of mobile unit), cannot be interpreted as gravitationally-induced.

3.1 Eastern Pyrenees

The easternmost portion of the Pyrenean mountains is characterised by the termination of
the Pyrenean basins (Fig. 5a). During convergence, the area around the Corbic¢res Transfer Zone
(e.g. Souque et al., 2002; Luis et al., 2006; Rouvier et al., 2012) became the left-lateral transpressive
junction between the north-verging Pyrenean structures of the Pyrenees and the Provence region
(Fig. 3a), as shown by Mauffret and Gennesseaux (1989), Séranne et al. (1995), Lacombe and

Jolivet (2005) and more recently by Rouvier et al. (2012). Despite the contractional overprinting,
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thickness variations of the Jurassic-Cretaceous sequence partly illustrate the rift architecture of the
area. In detail, the Boucheville, Bas Agly and St. Paull de Fenouillet synclines to the north of the
North Pyrenean Fault, are remanences of the easternmost mid-Cretaceous interconnected and
hyperextended basins of the Pyrenean Arm separating Iberia from Eurasia (e.g. Lagabrielle et al.,
2010; Tugend et al., 2014; Clerc et al., 2015). As previously mentioned in section 2, during the
Albian-Cenomanian interval these basins were forming a large WNW-ESE trending trough, filled
by the synrift Flysch Noir Formation (e.g. Souquet et al., 1985; Debroas, 1990). Extension beneath
the Boucheville basin reached full crustal thinning and mantle exhumation, as indicated by the
occurrence of peridotite bodies and the thermal metamorphism affecting the Mesozoic prerift and
synrift sequences (Clerc et al., 2016). Regionally speaking, the synrift package in this area wedges
out northward, to the north of the North Pyrenean Fault (Figure 5a). Indeed, the Mesozoic sequence
in the Mouthoumet massif is represented only by postrift Upper Cretaceous strata resting on top of
the Paleozoic basement (Fig. 5a). To the west of the NNW-SSE striking Cévennes fault, the area
between the Mouthoumet and Montagne Noire massifs was also uplifted during the mid-
Cretaceous, as indicated by the reduced thickness or complete lack of Lower Cretaceous units (e.g.
Ellenberger, 1967; Souque et al., 2002). The thickness of the Lower Cretaceous is instead in the
order of one km in the Bas Agly syncline (Fig. 5b), where a major mid-Cretaceous N-ward directed
extensional detachment is exposed (Vauchez et al., 2013). Exposures of Lower Cretaceous
sediments continue from the Bas Agly syncline toward NE, in the La Clape area of the Corbiéres
thrust sheet (Fig. 5a), where the Mesozoic sequence is about 4 km thick, and the thickness of the
Lower Cretaceous sediments alone is nearly one km (Deville et al., 1994). As previously indicated,
such thickness decreases from the La Clape area toward the west across the south-western
prolongation of the Cévennes fault; this is a clear evidence of the key basin-bounding role of the
southern prolongation of the Cévennes fault during the mid-Cretaceous.

On the southeastern side of the Pyrenees, the Figueres-Montgri basin is the easternmost

exposed Lower Cretaceous basin in the Iberian Peninsula (Fig. 5a). It is an understudied structure,
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only rarely referred and briefly described in the literature (e.g. Pujadas, et al., 1989; Tassone et al.,
1994; Vergés et al., 2002). The thrust sheet involving the Figueres-Montgri basin has been
dismembered by Neogene NW-SE extensional faults at a transfer zone linking the Gulf of Lion and
Valencia Trough rift system during the Oligocene-Eocene opening of the Western Mediterranean
(Fig. 5a). Available geological data about the Figueres-Montgri basin are provided by the published
1:25000 geological maps of Catalunya (Saula et al., 1994; Mato et al., 1995a,b; Pi et al., 1997). The
Figueres-Montgri thrust sheet includes two major portions exposed near the Figueres and Torroella
de Montgri villages (Fig. 5a). From a structural point of view, the Figueres-Montgri thrust sheet
involves a Mesozoic sedimentary succession including Triassic, Jurassic and both Lower and Upper
Cretaceous strata (Fig. 5a). The thrust sheet has been transported out-of-sequence during the Late
Eocene-Early Oligocene to the S or SW over another thrust sheet carrying a thin Mesozoic package
of Jurassic and Upper Cretaceous strata with a significant absence of synrift sediments. This thrust
sheet, named Bac Grillera-Biure thrust sheet (Pujadas et al., 1989), was transported to the south
during the Paleocene-Early Eocene on top of a basement involved thrust sheet characterised by
Paleocene red beds unconformaby overlying the pre-Variscan basement. The Bac Grillera-Biure
thrust sheet is folded by Axial Zone antiformal stack and connects to the north with the hanging
wall of the Banys d’Arles thrust south of the North-Pyrenean Fault (Fig. 5). The Figueres-Montgri
thrust sheet therefore, brings a Lower Cretaceous synrift basin over the basin’s postrift Upper
Cretaceous margin (Pujadas et al., 1989), which was in continuation with the axis of the Pyrenean
rift arm. The Lower Cretaceous sequence within Figueres-Montgri basin is more than 2 km thick
(Saula et al., 1994; Mato et al., 1995a) and resembles the one observed in the Corbiéres thrust sheet
(Fig. 5). It rests paraconformably on top of Jurassic carbonates and it is unconformably overlain by
Upper Cretaceous strata (Mat6 et al., 1995b). In more detail, the Aptian-Albian succession is up to 2
km thick, evidencing a major Early Cretaceous subsidence stage. Unconformities and syn-
sedimentary faults indicate a synrift stage for this basin. The easternmost portion of the Figueres-

Montgri basin crops out in the Medas islands (Fig. 5¢), where NW-SE striking extensional faults
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affect Hauterivian to Berriasian layers and are sealed by unconformable Aptian strata (Fig. 5c)
(Maté et al., 1995b). Another important unconformity is observed in the onshore Figueres area,
where Cenomanian strata are unconformable on Aptian and Albian units (Fig. 5d). Altogether, these
observations indicate that: (i) onset of extension occurred between the Barremian and Aptian age,
(i1) the oldest post rift unit is Cenomanian in age, (iii) syn-sedimentary faults (observed in the Meda
islands) point to a NW-SE oriented structural trend for the Figueres-Montgri basin.

3.2 SE France basin

This is the area comprised between the easternmost portion of the Pyrenees and the foreland
of the Western Alps (Fig. 6), where Late Jurassic to Late Cretaceous extensional structures are
known for a long time (e.g. Cotillon, 1968; de Graciansky and Lemoine, 1988). The SE France
basin (Fig. 6b) originated on the European continental crust during the Triassic-Jurassic interval in
response to Gondwana break-up and Alpine Tethys rifting (Lemoine, 1984; Curnelle and Dubois,
1986). Isopachs and facies distribution of Triassic, Lower and Middle Jurassic units in the basin are
NE-SW elongated. This direction is parallel to the former Tethyan palacomargin (Curnelle and
Dubois, 1986) and defines a Triassic to Middle Jurassic through, positioned along the southwestern
prolongation of the Valais ocean; no evidence for an oceanic substratum in this area have been
reported. Starting from the Late Jurassic, the structural trend of the area became E-W. Indeed, the
observed facies distribution allowed defining two Late Jurassic to Cretaceous E-W elongated sub-
basins within the SE France basin: the Vocontian basin and the South Provence basin (Curnelle and
Dubois, 1986). These sub-basins were separated by the also E-W striking Durance Isthmus, which
became aerially exposed during the Cenomanian (Fig. 6b).

The Vocontian basin is largely exposed, whereas the mid-Cretaceous South Provence basin
(e.g. Philip, 1970; Philip et al., 1987) has only few onshore exposures. One of them is the Beausset
syncline (Fig. 6b), where the southern boundary of the basin occurs (Hennuy, 2003). The uplift
stage which led to the division of the Vocontian and South Provence basins, commonly referred to

as the “Durance Uplift” event, has occurred in an extensional framework. This is evidenced by mid-
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Cretaceous syn-sedimentary extensional faults coeval with uplift and bauxite formation and sealed
by Turonian strata (Guyonnet-Benaize et al., 2010). Coeval extensional faulting is documented
southward, at the southern margin of the South Provence basin. There, Cenomanian strata
unconformably overlie Berriasian to Albian strata defining an Albian half-graben associated with a
roughly E-W striking fault (Fig. 7a). However, the onset of extension in the SE France basin is
dated back at least at the Berriasian-Valanginian interval; this is documented by Valanginian strata
unconformably resting on top of Berriasian strata folded by block-tilting associated with WNW-
ESE striking extensional faults (Masse et al., 2009). Meso-structural data point to an extensional
regime for the area too, with the Late Jurassic to mid-Cretaceous interval being characterised by
extension directions roughly N-S to NNE-SSW and E-W to WNW-ESE oriented (e.g. Guyonnet-
Benaize et al.,, 2010; Lamarche et al., 2012; Homberg et al., 2013), with a minor strike-slip
contribution (e.g. Hibsch et al., 1992; Montenat et al., 1997). The link between the N-S and E-W
oriented extensional structures and strike-slip deformation is recognised in the whole area also at
more regional scale of observation (de Graciansky and Lemoine; 1988) (Fig. 6¢). In agreement with
the data reviewed above, the structural framework reported by these authors for the Early
Cretaceous interval includes: major basin-scale WNW-ESE striking extensional faults associated
with NNE-SSW oriented extension (Sites 10 in figure 8a); secondary NNE-SSW trending
transverse extensional faults occurring in the hanging wall of major faults; NNE-SSW striking
transfer strike-slip faults. The trend of the strike-slip set recognised by de Graciansky and Lemoine
(1988) is parallel to the strike of the major inherited faults of the area, i.e. Cévennes, Nimes, and
Durance-Aix faults. Such a framework, in which the above-mentioned faults acted as transfer
systems, is confirmed when linking this area with the eastern Pyrenees. In this sense, during mid-
Cretaceous times, the Vocontian basin was clearly delimited westward by the Cévennes fault (Fig.
6b). The same fault seems to confine the South Provence basin too (Fig. 6b): the Bas Agly syncline,
which forms the easternmost relic of the suite of mid-Cretaceous basins of the Pyrenean mountains,

(e.g. Vauchez et al., 2013; Clerc et al., 2016), is shifted southward with respect to the South
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Provence basin. The Corbiéres transfer zone (Fig. 5a) thus acted either as a soft- or hard-linked
transfer zone (Gawthorpe and Hurst, 1993) during the mid-Cretaceous times, roughly coinciding
with the SW continuation of the Cévennes fault.

3.3 Sardinia

In the Sardinia-Corsica block to the south of the South Provence basin (Fig. 6a), a structure
similar to those described by Guyonnet-Benaize et al. (2010) for the South Provence basin also
points to coeval uplift and block tilting. This structure occurs in the Olmedo area of NW Sardinia
(e.g. Mameli et al., 2007) (Fig. 7b), where Coniacian strata unconformably overly a tilted sequence
of Berriasian to Aptian sediments with bauxite bodies at the top. This configuration evidences
tilting during mid-Cretaceous times, with the pre-unconformity monocline dipping to the SE. By
removing the 95° of Cenozoic clockwise vertical axis rotation of Sardinia (Advokaat et al., 2014),
this configuration corresponds to a roughly SW-dipping monocline in a Cretaceous reference
framework (Site 11 in figure 8a).

3.4 Western and Central Alps

The Helvetic Domain of the Central Alps corresponds to the Mesozoic European continental
margin of the Alpine Tethys. In this area, extensional faults postdating the Alpine Tethys rifting
stage have been reported at different time intervals. Septfontaine (1995) described a Late Jurassic
extensional system (Site 12 in Figure 8a) constituted by a reactivated WSW-ENE striking Early
Jurassic fault that developed during Tethyan rifting. The late Jurassic reactivation of this fault is
evidenced by the occurrence of an about 500 m-wide NW-ward thickening growth wedge of Upper
Jurassic strata. In the same region, Cardello and Mancktelow (2014) report Cretaceous extensional
structures at cm to km scales (Site 13 of figure 8a). Evidence of Late Cretaceous extensional
deformation includes growth wedges, sedimentary dykes, thickness and facies variations,
palacoescarpments, and slump folds. All these features are related to km-sized SW-NE-striking
faults developed in response to Santonian to early Maastrichtian NW-SE extension (Cardello and

Mancktelow, 2014), oriented perpendicular to the Tethyan palaecomargin. Timing and direction of
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extension recognised in both areas are not in line with those previously described in sections 2 and
3 (Fig. 8b). In addition, Cardello and Mancktelow (2014) have suggested a possible gravitational
origin for these structures. For those reasons, these structures are not considered as forming part of
the Iberia-Eurasia rift system.

In the External Briangonnais Domain of the Western Alps, Late Jurassic to Cretaceous
extensional structures have been reported also (e.g. Chaulieu, 1992; Claudel et al., 1997; Claudel
and Dumont, 1999). A WSW-ENE striking Callovian-Oxfordian extensional fault reactivated
during Albian and Turonian and a NW-SE striking Albian fault were described by Claudel et al.
(1997) (Site 14 of Figure 8). Claudel et al. (1997) also reported the occurrence of mid-Cretaceous
condensed sections, stratigraphic gaps, angular unconformities and neptunian dykes; all these
features are evidence for mid-Cretaceous extensional tectonics in the area. Similar observations
have been made by Chaulieu (1992), who inferred an Albian-Turonian extensional reactivation of
inherited Tethyan faults based on the occurrence of chaotic breccias along with several Jurassic
faults. According to this, the External Briangonnais Domain of the Western Alps area (Site 14 in
figure 8a) recorded an extensional pulse accompanied by uplift and erosion during Aptian to
Turonian times. Contrary to the nearby SE France basin, Helvetic domain, and eastern Pyrenees, the
direction of extension is not provided for the External Briangonnais Domain of the Western Alps,
because this area underwent significant - and variable - counter-clockwise vertical axis rotation with
respect to the stable Europe framework during Cenozoic times (Collombet et al., 2002).

Finally, in the Marguareis Extensional System of the Western Alps, Bertok et al. (2012)
reported mid-Cretaceous extension (Site 15 in Fig. 8a). In the next section, we illustrate how the
Marguareis area underwent extension between the Valanginian to Aptian and the early Late

Cretaceous, accompanied by block tilting.

3.5 Summary of the eastern Iberia-Eurasia boundary

The link between the structures described in the eastern Iberia-Eurasia boundary and those
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from the Bay of Biscay — Pyrenean rift system (described in section 2) is evident when comparing
timing and direction of extension for both areas (Fig. 8b). Although the onset of extension in the
Pyrenean Arm is slightly older, end of extension by mid-Cretaceous times is almost coeval in the
Pyrenean Arm to the west, in the Vocontian and South Provence basins, and in the External
Brianconnais of the Western Alps. It is noticeable that the Cévennes fault is almost parallel to the
transfer faults of the Pyrenean arm. In addition, the directions of extension to the east and to the
west of this fault are parallel to each other, and roughly parallel to the strike of the fault, across
which the mid-Cretaceous depocenters are shifted. All these features evidence that the Cévennes
fault acted as - or was forming the most important part of - a transfer zone during mid-Cretaceous

extension.

4. Introducing the Marguareis Extensional System

The Cretaceous Marguareis extensional system is located at the SW termination of the
Western Alps (Ligurian Alps, Fig. 9a), in the eastern part of the External Briangonnais Domain. The
Briangonnais Domain is considered a major palacogeographic domain and a tectonic unit of the
Western Alps (Schmid et al., 2004 and references therein) (Fig. 3b).
4.1 Geological overview

The Western Alps formed during the collision between the Adria and the European
continental margins of the Alpine Tethys ocean, following the Late Cretaceous to Eocene
subduction of this ocean (e.g. Dercourt et al., 1986; Coward and Dietrich, 1989; Schmid and
Kissling, 2000; Froitzheim et al., 2008; Handy et al., 2010; Faccenna et al., 2014). In the Western
Alps, mountain building started during Early Eocene, when N-S convergence between Adria and
Europe led part of the distal European continental margin and the Alpine Tethys oceanic
lithosphere, i.e. the internal Alpine units, to be subducted southward below the Adriatic lithosphere,
reaching HP- to UHP-metamorphic conditions (Goffé and Chopin 1986; Michard et al., 2004;
Beltrando et al., 2007; Bousquet et al., 2008). During the Middle-Late Eocene, the metamorphosed

internal units were exhumed and placed on top of the European continental margin as the North
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Alpine Foreland basin was formed and progressively migrated toward the external sectors of the
Alpine foreland (Ford et al., 2006; Malusa et al., 2011; Schlunegger and Kissling, 2015). A major
change occurred in the Early Oligocene, when the motion of Adria with respect to Europe changed
from N-ward to WNW-ward (Schmid et al., 1996; Handy et al., 2010; Dumont et al., 2012). This
imposed a westward indentation of Adria that in the SW Alps produced the anticlockwise rotation
of the Alpine units with respect to stable European lithosphere (Thomas et al., 1999; Schmid and
Kissling, 2000). In the study area such an anticlockwise rotation was up to 120° (Fig. 9a)
(Collombet et al., 2002), and led to a generalised left-lateral transpressional regime (Ford et al.,
2006). As a consequence, SW-ward overthrusting of the internal units onto the external ones took
place (Kerckhove 1969; Merle 1982; Coward and Dietrich, 1989; Fry, 1989; Michard et al., 2004;
Dumont et al., 2011, 2012), together with the left-lateral juxtaposition of units initially belonging to
different tectonic domains (Lemoine et al., 2000; Ford et al., 2006; Piana et al., 2009; d’Atri et al.,
2016).

In the Western Alps, four adjacent Mesozoic palacogeographic domains have been
classically distinguished (Fig. 9a). From the internal (eastern in a Mesozoic reference framework) to
the external (western in a Mesozoic reference framework) sectors, these domains are: the Piedmont-
Ligurian Domain, corresponding to the Alpine Tethys Ocean, and the ‘“Pre-Piemontese”,
Brianconnais, and Dauphinois-Provencal domains, corresponding respectively to the distal, inner
and innermost part of the European Mesozoic continental margin (Lemoine et al., 1986). The
Briangonnais units exposed in this area are classically further divided into internal and external
units (Fig. 9a), mainly on the basis of their metamorphic features. The internal Briangonnais units
were strongly affected by Alpine metamorphism, locally reaching HP- to UHP-LT conditions
(Goffé and Chopin 1986; Michard et al., 2004; Beltrando et al., 2007; Bousquet et al., 2008).
Conversely, only low-grade to anchizonal metamorphism developed in the external Briangonnais
units (Piana et al., 2014; d’Atri et al.,, 2016, and references therein), where the Marguareis

extensional system is located (Fig. 9).
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The present-day structural setting and the relationships between the different tectonic units
of the Marguareis area are mainly controlled by the WNW-ESE Limone-Viozene transpressive
shear zone (Piana et al., 2009; d‘Atri et al., 2016). This zone developed during the above-mentioned
Alpine left-lateral strike-slip stage and produced the SW-ward transpressive re-imbrication of the
external Brianconnais rocks onto a stack made of the buried Dauphinois-Provengal foreland
succession, tectonically capped by the Helminthoides Flysch units of the internal Piedmont-
Ligurian Domain. The major Alpine tectonic contact of the area is a transpressive fault that put in
contact the Mesozoic sedimentary sequence of the Briangonnais domain to the north with the
Helminthoides Flysch to the south (Fig. 9b). The external Briangonnais unit to the NE of this main
contact is further divided into the Limone-Viozene Zone and the Marguareis Unit, to the south and
to the north, respectively (Fig. 9b), the boundary corresponding to the Limone-Viozene northern
boundary fault (d“Atri et al., 2016), hereinafter called LIVZn Fault. The Marguareis Unit in turn
includes a western, central and eastern domain divided by N-S striking faults, as later detailed. The
Limone-Viozene Zone (Piana et al., 2009; d‘Atri et al., 2016) is defined as a regional WNW-ESE
elongated tectonic unit extending for some tens of kilometres. In the study area, such a zone
involves rocks of the external Briangonnais domain, and it is delimited by two main faults, namely
the southern and northern Limone-Viozene boundary faults (Fig. 9b). These are arranged in a
leading pattern, with the southern fault being the master structure dividing two different
palaeogeographic domains. The northern one, i.e. the LIVZn Fault, is a trailing secondary structure,
accounting only for less than a few km of left-lateral displacement, coherently with the fact that
areas to the south and to the north of this northern fault share the same stratigraphy. Flower
structures and highly deformed slices occur at the upper structural levels of the faults, i.e. where
these affect the Upper Cretaceous to Cenozoic rocks. However, the LIVZn Fault in the study area is
generally well-localised (as shown below), and its width spans from a few m up to some tens of m.
As a result, the area in between the Limone-Viozene boundary faults, albeit the occurrence of some

low displacement (i.e. <50 mt) faults, displays a rather simple large-scale synclinal geometry, with
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no significant internal deformation. In the following we will focus on the stratigraphy and structures
of the Briangonnais units (i.e. Limone-Viozene and Marguareis tectonic units).

The oldest rocks exposed in the study area are volcanic and volcanoclastic rocks of Late
Carboniferous-Permian age. These are overlain by a Lower Triassic to Upper Cretaceous
sedimentary succession, which is subdivided into lithostratigraphic units mostly bounded by
unconformities (Vanossi, 1969, 1972; Bertok et al., 2011) (Fig. 9b). From the bottom to the top,
these are: (i) The “Quarziti di Ponte di Nava” Fm. (Upper Permian?-Lower Triassic?), which is
constituted by continental to littoral conglomerates and cross-bedded quartz arenites, being locally
interbedded with shales. This formation is about 200 metres thick in the study area. (ii) The
“Dolomie di San Pietro dei Monti” Fm. (Anisian-Ladinian), which is made up by peritidal
dolostones and limestones. Its top is truncated by an erosional surface corresponding to a hiatus
which spans the Upper Triassic, Lower Jurassic and part of the Middle Jurassic. The thickness of
this formation is variable in the study area, ranging from less than 500 up to 900 metres. (iii) The
“Calcari di Rio di Nava” Fm. (Bathonian), consisting of monotonous dark micritic limestones
deposited in a restricted carbonate shelf environment; the top is truncated by an erosional surface,
locally associated with a slight angular unconformity. Its thickness ranges from few tens of metres
up to about 150 metres. (iv) The “Calcari di Val Tanarello” Fm. (Kimmeridgian?—Berriasian):
pelagic limestones locally exhibiting a nodular Ammonitico Rosso facies in the upper part, with a
total thickness of some tens of metres. (v) The “Upega” Formation (Upper Cretaceous): grey
hemipelagic marly limestones, separated from the underlying “Calcari di Val Tanarello” by a black
crust of Fe-Mn oxides, glauconite and phosphates containing planktic foraminiferal assemblages
referable to the middle Albian (Bertok et al., 2011). This mineralised hardground documents a
prolonged hiatus encompassing the Valanginian-Aptian interval. The top of the Mesozoic
succession is truncated by a regional unconformity, overlain by a Middle Eocene-Lower Oligocene
Alpine Foreland succession, here composed of massive bioclastic limestones up to 30 metres thick,

overlain by dark shales with interbedded turbiditic sandstone layers (d’Atri et al., 2016). In the
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northeastern part of the Marguareis area the Cenozoic sediments directly rest on top of Jurassic
limestones through an erosional surface. The Upper Cretaceous deep-water Upega Fm. is locally
affected by a pervasive foliation, particularly nearby the Limone-Viozene boundary faults, which
documents a strong localization of the deformation in anchizonal metamorphic conditions (Piana et
al., 2014). Instead, the Permian-Jurassic stratigraphic succession experienced much less internal
deformation, allowing for the preservation of most of the primary stratigraphic features (Piana et al.,
2009; Bertok et al., 2011, 2012; Martire et al., 2014).
4.2 Main faults of the Marguareis area

Three major faults affect the Briangonnais units of the study area. The E-W-striking LIVZn
Fault divides the Limone-Viozene zone to the south, where strata are SW-dipping, from the
Marguareis Unit to the north. The latter unit is subdivided into the western, central and eastern
domains, which are separated from each other by the N-S striking and E-dipping Colle del Pas and
Passo delle Saline normal faults (Fig. 9b). Both faults extend for several kilometres and clearly abut
upon the LIVZn Fault. The E-W striking LIVZn Fault in the western portion of the study area is
near vertical and has W-dipping Mesozoic carbonates in the northern block and SSW-dipping to
near vertical Permian volcanites and Triassic sediments in the southern block, respectively (Fig.
10a-c). The Principal Displacement Zone (PDZ; Tchalenko, 1970) is exposed to the NE of the
Carnino Village (Fig. 10c-e), where the Middle Triassic “Dolomie di San Pietro dei Monti” Fm. is
in contact with the Permian volcanites (Fig. 10c-d). The PDZ displays a left-lateral strike-slip
kinematics (Fig. 10d, e). To the west, the LIVZn Fault has a N-ward dip of about 60°-70° and the
PDZ is no longer well-exposed (Fig. 11). There the fault juxtaposes Cenozoic, Upper Cretaceous,
and Jurassic rocks of the northern block, with Triassic and Jurassic to lowermost Cretaceous rocks
of the southern block (Fig. 11a, b). At places the southern and northern blocks are 20-30 m apart, in
other areas the LIVZn Fault is constituted by an up to 200 m wide zone including decametre- to
hectometre-sized fault-bounded slices of Upper Cretaceous and Cenozoic rocks, arranged in an

anastomosed geometry and stretched along an WNW-ESE direction. The southern block in this
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western area is composed of a SSW-dipping monocline, which to the west is affected by left-
stepping NW-SE striking and NE-dipping normal faults abutting on the LIVZ Fault (Fig. 11a, b),
and showing displacement up to few tens of metres (Fig. 6a). In the northern block of the LIVZn
Fault, a few tens of m apart from the fault itself, a Cretaceous E-W oriented palacoescarpment has
been documented by Bertok et al. (2012). This palaeoescarpment is evidenced by the occurrence of
an irregular erosional surface incised within the Upper Jurassic - lowermost Cretaceous limestones
of the Calcari di Val Tanarello Fm., locally covered by patches of a mineralised crust bearing
planktic foraminifers assemblages referable to the Albian, and onlapped by the Upper Cretaceous
sediments of the Upega Fm. (Fig. 11c-d). Close to the palacoescarpment, metre- to decametre-sized
olistoliths of Calcari di Val Tanarello limestones occur, completely embedded within the deep-
water sediments of the Upper Cretaceous Upega Fm. (Bertok et al., 2012). It is worth noting that the
palaecoescarpment does not correspond to the Cretaceous LIVZn Fault, as these structures have
some orders of magnitude of difference: the LIVZn Fault affects the upper crust while the
palaeoescarpment evidencing sub ordered faulting with less than a few tens of metres of
displacement. The importance of the palaeoescarpments lies in the fact that they allow to constrain
the age of the onset of extensional deformation.

The Passo delle Saline Fault, located in the eastern portion of the study area, runs almost N-
S and abuts on the LIVZn Fault (Figs. 9b, 12a). The stratigraphic displacement of this fault is in the
order of some hundreds of metres and the dip of the fault is 30° to 40° toward the east. Units
exposed in both the hanging wall and the footwall dip toward the west. The Cenozoic sediments are
not affected by extensional faults and in the hanging wall of the Passo delle Saline fault, they
unconformably overlie the Triassic to Cretaceous sediments (Fig. 12a). N-S oriented extensional
structures occur at different scales in the area. They span from the tens of km long Passo delle
Saline and Colle del Pas faults, to the hundreds of m long extensional faults exposed in the hanging
wall of the former fault (Fig. 12a) and includes also N-S striking background veins and joints,

which are widespread in the Triassic and Jurassic carbonate beds (Fig. 12b).
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To the west, the other N-S striking and E-dipping fault is the Colle del Pas Fault (Fig. 13).
In its hanging wall, W-dipping Triassic and Jurassic carbonates are exposed. The footwall is made
up of Permian to Jurassic rocks, dipping toward the west and, in the southern part, toward the south.
Along the fault, the occurrence of sedimentary breccias unconformably resting on Permian volcanic
rocks of the footwall, and onlapped by Upper Cretaceous sediments (Bertok et al., 2012) (Fig.
13b,c), evidence a Cretaceous normal displacement in the order of many hundreds of metres.
Although most of the displacement has occurred before the deposition of the Upega Fm., the Colle
del Pas Fault was still active at the beginning of the Late Cretaceous, as indicated by growth
geometries in the lowermost portion of the Upega Fm. (Fig. 13d). Along the southern portion of the
Colle del Pas Fault, the Piaggia Bella karstic system provides additional data about the fault
geometry at depth (Fig. 13a). The karstic system is developed within the Mesozoic carbonates
located on the hanging wall, which are juxtaposed to the impermeable base of the system,
represented by the Permo-Triassic quartz arenites and shales of the Quarziti di Ponte di Nava Fm.
and the Permian volcanic rocks, at the footwall. This tectonic contact between hanging wall
carbonates and the impermeable base of the footwall is observed at several places along the karstic
system (Fig. 14), and the corresponding XYZ coordinates are available. This subsurface dataset has

been used for constructing the cross sections in figure 15.

4.3 The 3D architecture of the Marguareis extensional system

Field measurements of bedding, 5-m-resolution digital terrain model (DTM ICE 2009-2011
by Regione Piemonte), 0.5 m/px orthophotos (Orthoimages ICE 2009-2011 by Regione Piemonte),
subsurface geological data from the Piaggia Bella karstic system, and geological maps by Vanossi
(1972) and Bertok et al. (in Press), were integrated in the Midland Valley 3D Move software, in
order to build a 3D model of the area. Ten representative vertical sections - six E-W and four N-S
striking - are used to illustrate the 3D structure of the area (Fig. 15). All the E-W striking sections
are from the northern block of the LIVZn Fault, and for all of them we reported: the distance

between two pin lines placed at the edge of the section (computed at the top of Jurassic to
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lowermost Cretaceous Calcari di Val Tanarello Fm.), the length of the unfaulted top of the Jurassic
to lowermost Cretaceous, and the derived amount of extension. The amount of extension computed
along all the E-W sections (including those in the 3D move file in the supplementary material) is
also reported in the map on figure 15. A one-km long bar is provided for those sectors of the
sections where, in 3D, the dip-direction of layers runs roughly parallel to the section, and its base is
pinned at the base of the Quarziti di Ponte di Nava Fm. This bar thus serves to illustrate
sedimentary thickness variations.

The E-W oriented sections to the north of the LiVZ are characterised by a domino pattern,
with three main W-dipping blocks being bounded by the two major E-dipping Colle del Pas and
Passo delle Saline extensional faults. In detail, the eastern and central tilted blocks dip about 20°,
while the western one dips 30° (as seen in sections EW13, EW15, and EW17). The dip of N-S
striking extensional faults, including the secondary ones, ranges between 30° and 45°, as seen also
at depth along the Piaggia Bella Karstic system (Fig. 14), and their cutoff angles range between 50°
and 60°. The amount of E-W extension to the north of the LIVZn Fault increases northward, being
21% close to the fault, and 38% in the northernmost E-W section. The extension is mostly achieved
by slip along the two major faults, with a minor contribution from the other extensional structures.
The slip along the Passo delle Saline Fault is roughly constant along its strike, whereas
displacement along the Colle del Pas fault increases northward. The latter fault is thus responsible
for the northward-increasing cumulative extension.

A first structural observation concerns the occurrence of a large anticline striking about
WNW-ESE. To the west, in sections NS1 and NS4 of figure 15, the axis of the anticline is in the
northern block of the LIVZn Fault. The northern limb of the anticline is tilted slightly, so the pre-
folding geometries remain largely preserved. The anticline and the LIVZn Fault run oblique to each
other and further to the east, along sections NS7 and NS10 of figure 15, the anticlinal axial surface
is no longer occurring. The LIVZn Fault in this eastern area is near-vertical and displays a cutoff

angle of about 90° with layers of its northern block. Cutoff angles with the folded layers of the
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southern block range instead from 20° to 40°. The Quarziti di Ponte di Nava Fm. is about 150 to
200 m-thick in the entire area, with a couple of sections (western block of sections EW13 and EW7)
in which its thickness reaches almost 300 m. A significant thickness variation of the Triassic
Dolomie di San Pietro dei Monti Fm. is instead observed across the LIVZn Fault, being constantly
below 600 m to the north and roughly 800-850 m to the south. Such a thickness variation is not
accompanied by any remarkable structural repetition of the sequence, thus indicating its
sedimentary origin. The total thickness of the Jurassic-lowermost Cretaceous formations spans
between 150 and 250 m in the entire area. The original stratigraphic thickness of the Upega Fm. is
hardly to assess due to the scarcity of outcrops of its upper boundary with the overlying Cenozoic
sediments, the erosional nature of such boundary locally incising down to the Jurassic formations,
and even because of the high finite strain affecting the Upega Fm. itself. Nevertheless, the
geological map evidences that it is mainly preserved close to the N-S striking, E-dipping faults
bounding westward the three main W-dipping blocks, and that it roughly wedges out toward the

tilted blocks’ culminations.

4.4 The Cretaceous structural framework

Observations provided in this work support the activity of the Colle del Pas and Passo delle
Saline N-S striking normal faults during the Cretaceous. These faults form part of an extensional
array that started to develop in the Valanginian-Aptian time interval, as indicated by Albian
palaeoescarpments incised within the Upper Jurassic - lowermost Cretaceous limestones (Fig. 11c-
d) (Bertok et al., 2012). The Upega Fm. mostly seals the extensional faults; however, we have
documented that the lowermost portion of this unit includes growth geometries (Fig. 13d). Based on
these observations, we deduce that extensional tectonics in the area spanned from the Valanginian-
Aptian up to the early Late Cretaceous. The occurrence of metre- to tens of metres-sized olistoliths
of Triassic dolostones and Jurassic limestones embedded within the Upper Cretaceous sediments,
provide additional evidence for the Cretaceous extensional tectonics, as these features are coherent

with the development of Cretaceous topographic highs and depocentres associated with extensional
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tectonics. Along the Colle del Pas Fault, the Upper Cretaceous sediments locally onlap sedimentary
breccias directly resting on an erosional surface incised within tilted Permian rocks (Fig. 13b,c).
This documents a minimum normal displacement of the Cretaceous fault of about 700 metres,
which is roughly equivalent to the present-day displacement. This demonstrates a roughly
negligible Alpine overprint along this fault and suggests a similar framework for the Passo delle
Saline Fault, where no evidence of inversion occurs. The domino pattern presently characterizing
the area to the north of the LIVZn Fault is also interpreted as Cretaceous, as indicated by the breccia
body resting on top of the Colle del Pas Fault. The fault is in fact dipping 30° eastward and has a
cutoff angle of about 50-60°, assuming a Cenozoic tilting of the footwall of the Colle del Pas fault
would require a Cretaceous breccias depositional angle of about 60 degrees, which is impossible.
The LIVZn Fault is characterised by an Alpine left-lateral displacement in the order of less
than a few km. This value is suggested by scaling relationships between fault displacement and
length (e.g. Cowie and Scholz, 1992; Kim and Sanderson, 2005). Indeed, these relationships point
to less than a few km of displacement for a fault strand long less than a few tens of km, like the
LIVZn. The marked thickness change of the Triassic sequence across it, indicates an at least
Triassic origin, thus this fault was already formed during the Cretaceous. However, no direct
observations on the Cretaceous kinematics and displacement of the WNW-ESE striking LIVZn
Fault are presently possible, because of the above mentioned Alpine transpressive tectonics. The N-
S striking Colle del Pas and Passo delle Saline faults abut against it and no N-S striking fault occur
southward of the LIVZn Fault. These features support a kinematic relationship between the E-W
striking LIVZn Fault and the Cretaceous N-S striking normal faults. As illustrated in figure 16, at
Cretaceous times the restored NNE-SSW striking (once removed the 120° counter-clockwise
rotation, Collombet et al., 2002), steeply dipping LIVZn Fault would have divided a westerly
unfaulted block from an easterly faulted and southward translating extended block. This
configuration implies that the LIVZn Fault was forming a hard-linked transfer fault (e.g., Gibbs,

1984; Morley et al., 1990; Gawthorpe and Hurst, 1993), with a right-lateral component as shown in
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figure 16. Such transfer fault should extend much further the study area, as documented by the
occurrence of other N-S striking faults (in present day orientation), both to the east (Mongioie Fault,
Bertok et al., 2012) and to the west (Michard and Martinotti, 2002). Accordingly, we propose that
during the Cretaceous the LIVZn Fault reached a total length of several tens of kms; however, no
trustworthy information about the Cretaceous kinematics is available for this fault. Nevertheless, a
series of NW-SE striking faults arranged in an en echelon pattern occurring in the western portion
of the study area (Fig. 11a,b) could be taken as indicative for a Cretaceous right-lateral activity of
the fault, albeit the timing of these en echelon faults is not constrained.

The last important observation concerns the sediments deposited during and after the faults
activity. To the north of the LIVZn fault Upper Cretaceous sediments are mostly preserved within
semi-graben basins related to the N-S striking faults. Their maximum thickness does not exceed 200
metres and they roughly wedge out toward the footwall scarp and the tilted blocks’ culmination,
where Cenozoic strata even directly rest on top of Jurassic carbonates. Olistoliths made up of
Triassic and Jurassic carbonatic rocks occur embedded both within Upega Fm. and Cenozoic
succession, thus proving that Late Cretaceous semi-graben basins were still under-filled in the Late
Eocene.

Summarizing, the Valanginian-Aptian to early Late Cretaceous extensional system of the
Marguareis area was characterised by a tens of kilometres long near vertical right-lateral fault
(reactivating an inherited Triassic fault), whose strike was nearly NNE-SSW, having associated a
set of normal faults, which accommodated an amount of SSW-directed extension in the order of

some kilometres.

5 Discussion
Information provided in this work indicates that the Cretaceous structures of the Marguareis
extensional system and the SE France basin are kinematically similar, and coeval to that of the Bay

of Biscay - Pyrenean rift system. Our conclusion arises from the kinematic observations illustrated
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above, coupled with information about timing of major geodynamic events. Data about the
extension directions, the basins’ shape and extensional domains, the orientation of transfer faults,
and the timing of major tectonic events - i.e. basins formation and mantle exhumation - provide a
consistent picture for a dominantly NNE-SSW oriented divergent movement along the Iberia-
Eurasia plate boundary (Fig. 17). As discussed below, the plate boundary was formed by the Bay of
Biscay and Pyrenean arms and, to the east of the Pyrenees, by the SE France Arm (made by the
Figueres-Montgri, South Provence, and Vocontian basins) and the Briangonnais Arm (made by the
Marguareis extensional system) (Fig. 17b).

Transfer faults running perpendicular to major extensional faults and accommodating the
connection between individual fault segments, faults, or extensional basins, are constitutive features
of extensional systems (e.g. Gibbs, 1984; Morley et al., 1990; Lister et al., 1991; Gawthorpe and
Hurst, 1993; Faulds and Varga, 1998), and include transform faults segmenting the actively
spreading oceanic ridges (Wilson, 1965). A noticeable kinematic constraint at the Iberia-Eurasia
plate boundary is provided by this kind of faults. All the major transfer faults segmenting the rift
(i.e., Santander, Pamplona, Cérvennes, Durance-Aix, Nimes, and LIVZn faults) are roughly
perpendicular to the WNW-ESE elongated Parentis, Basque-Cantabrian, Arzacq-Mauléon, Flysch
Noir, Organya, Vocontian, South Provence, and Marguareis basins, and are roughly parallel to the
mid-Cretaceous extension directions recognised in all these areas (Fig. 17). This configuration
admits very little, if any, obliquity in the rift system.

Timing of major events along the rift is slightly diachronic, overall pointing to an eastward
propagation of the rift. The base of the synrift infill is Kimmeridgian in the Basque-Cantabrian
basin (e.g. Garcia-Mondé¢jar et al., 1986; Rat, 1988), Tithonian in the Arzacq basin (Biteau et al.,
2006), and Tihtonian-Berriasian in the Organya basin (Dinarés-Turell and Garcia-Senz, 2000;
Garcia-Senz, 2002) (Fig. 17b). The first evidence of extensional deformation to the east of the
Cévennes fault is instead Early Cretaceous. In detail, it is Hauterivian to Berriasian in the Figueres-

Montgri basin (Mat6 et al., 1995b) and Berriasian-Valanginian in the SE France basin (Masse et al.,
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2009). In the Marguareis system to the east, onset of extension occurred between Valanginian and
Aptian times. During the Albian-Cenomanian interval, the synrift stage ended in all the reviewed
basins and hyperextension followed by the consequent exhumation of sub-continental mantle
occurred in the Mauléon basin (Jammes et al., 2009; Lagabrielle et al., 2010; Masini et al., 2014).
As already pointed out, the structures from the Central Alps have different timing and orientations
instead (Fig. 8), and therefore may pertain to a different geodynamic framework, including
gravitationally-induced deformation along the passive European margin of the Alpine Tethys ocean.

The kinematics, timing, and synchronicity of extensional deformation in the area extending
from the Bay of Biscay to the External Briangonnais Domain, have major geodynamic implications
for the long debated opening mode of the Bay of Biscay. The occurrence of roughly E-W elongated
mid-Cretaceous basins to the east of the Cévennes fault, i.e., the Figueres-Montgri, Vocontian,
South Provence, and Marguareis basins, is incompatible with the scissor-type opening mode for the
Bay of Biscay (Fig. 2). In that model, the mid-Cretaceous basins of the Pyrenees have been
interpreted as back-arc structures (e.g. Sibuet et al., 2004). According to Advokaat et al. (2014), the
mid-Cretaceous northward subduction of Iberia was confined eastward by a major N-S striking
transform, located to the west of Sardinia (Fig. 2c). Such configuration cannot explain the
occurrence of extensional deformation coeval with that of the Pyrenean arm, and to the east of the
subduction termination. As mentioned in the introduction, the strike-slip opening mode assumes
mid-Cretaceous transform plate boundary located along the North Pyrenean Fault. Eastward
translation of Iberia would have accommodated to the east by the opening of the Valais ocean (e.g.
Stampfli and Borel, 2002; Handy et al., 2010), which would represent a sort of dilation jog placed at
the termination of a left-lateral transform fault. The mid-Cretaceous age of the Valais “ocean” is
questionable in the light of U-Pb dating providing Early Carboniferous (Bussy et al., 2008),
Permian (Beltrando et al., 2007), or even Late Jurassic (Liati and Froitzheim, 2006) ages. Moreover,
the hypothesis of a mid-Cretaceous dilation jog of a hypothetical North Pyrenean transform fault is

not supported by the data presented here and discussed as follows: after restoring the Corsica-
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Sardinia block to its position before the opening of the Liguro-Provencal basin (Bache et al., 2010)
(Figs. 3b, 6a), the block must be shifted southward tens of km to remove the Pyrenean shortening.
Bestani et al. (2016) propose that Sardinia and Provence were 140 km apart before onset of
Pyrenean convergence. Such a great distance allows placing a hyperextended continental crust or
exhumed mantle domain, or even oceanic crust, in between. Indeed, many authors support the
occurrence of a suture zone between the Provence region and the Sardinia-Corsica block, whose
remnants are presently underneath the Provence crust (e.g. Lacombe and Jolivet, 2005; Bestani et
al., 2016). For the Early to mid-Cretaceous deformation history of Sardinia and Corsica, the only
available datum is represented by the work of Mameli et al., (2007) and is illustrated in figure 7b.
However, the structure described by these authors for the Sardinia-Corsica block, together with data
from the South Provence basin, the Vocontian basin, and the Marguareis system, all point to an
Early to mid- Cretaceous N-S to NE-SW directed extension. The N-S to NE-SW extension direction
is consistent with the extensional structures of the Pyrenean arm and rules out the hypothesis of a
North Pyrenean Fault-Valais strike-slip system. In such a strike-slip system, the Valais dilation jog
should open to accommodate the left-lateral motion of Iberia along the North Pyrenean Fault. As a
result, the extension direction in the Valais ocean should have formed an angle from 0° to 45° (e.g.
Sylvester, 1988) with the plate boundary. Conversely, we have documented in this work that
extension was almost perpendicular to the plate boundary, making the strike-slip scenario not
supported by geological data and hence, not kinematically admissible. In addition, the idea that
Pyrenean rift basins could have developed as pull apart structures that eventually became linked is
to be discarded for the following arguments. The hyperextended domain of the eastern Pyrenees, the
South Provence basin, the Vocontian basin, and the Marguareis structure form a gross left-stepping
system, but not consistent with left-lateral strike-slip tectonics. Data presented in our work indicates
that, if any, the hyperextended domain between the Sardinia-Corsica block and the South Provence
basin was WNW-ESE elongated and represented the eastern prolongation of the Pyrenean arm. In

conclusion, data to the east of the Pyrenees indicate that a plate boundary extended westward from
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the Bay of Biscay to the Briangonnais domain to the east and had a purely divergent movement
during the Early to mid-Cretaceous time interval. In agreement with the lateral evolution of magma-
poor rifting (Manatschal, 2004), the Bay of Biscay floored by oceanic crust is the more evolved
portion of the rift, the Pyrenean arm, where mantle exhumation is documented, is the intermediate
stage, whereas the SE France-Marguareis areas form the less evolved portion of the rift system;
such arrangement is coherent with an eastward diminishing amount of divergence. For this long list
of evidence, the mid-Cretaceous left-lateral transform model for the Iberia-Eurasia margin should
be definitively abandoned. This model has been the paradigm, especially among geologists, for
explaining the rotation of Iberia for a very long time (e.g. Souquet et al., 1985; Debroas, 1990;
Choukroune, 1992; Olivet, 1996). However, after tens of years of field studies, at the best only
equivocal and ambiguous arguments support it. A certain variability of the local extension direction
has been documented in the various Cretaceous basins of the margin (e.g. Soto et al., 2008; Olivia-
Urcia et al., 2011). The extension is mostly arranged in two mutually perpendicular directions,
which is a normal behaviour for extensional systems (e.g. Destro, 1995): such complexity cannot be
interpreted as strike-slip tectonics if no evidence for strike-slip motion occurs. Also, the evidence
for initially isolated basins that become linked and interconnected, cannot be taken by any reason as
an evidence of a pull apart origin. The pattern of faults, and in particular the angular relationships
among them and their interpretation according to a Riedel’s pattern (Riedel, 1929), has been also
invoked as an evidence for the left-lateral strike-slip mid-Cretaceous tectonics (e.g. Garcia-
Mondéjar, 1996). However: (1) evidence for left-lateral strike slip striations in such Riedel fault
pattern has never been reported in the literature, (2) the occurrence of Varisican and Permo-Triassic
inheritances, along with the Upper Cretaceous to Cenozoic reactivation of many of these faults,
makes the analysis of the angular relationships alone questionable, as its best. In summary, along
the Pyrenees no unequivocal evidence for a Cretaceous lithospheric strike-slip system, comparable
for size and displacement to the North Anatolian or San Andrea faults, has ever been provided.

Having demonstrated the incompatibility between the Cretaceous geological record of the
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Iberia-Eurasia plate boundary and both the strike-slip and the scissor type models, a major plate
kinematics issue is to be addressed, as introduced at the beginning of this work, magnetic anomalies
showing a diachrony in the opening of the northern Atlantic (e.g. Sibuet et al., 2004; Vissers and
Meijer, 2012) and paleomagnetic data about the rotation of Iberia (e.g. Barnett-Moore et al., 2016),
are apparently at odds with the divergent model proposed here. This is something known for a long
time (Fig. 1): as already pointed out by Choukroune et al. (1973), if a rigid plate behaviour is
assumed for the Iberia plate, in order to form the Bay of Biscay with coeval extension in the
Pyrenees, the divergent scenario requires an Euler pole to the east of the rift’s termination, i.e. to the
east of the Briangonnais Domain. Such pole would be able to account for less than 10° of rotation,
instead of the documented > 30° counter-clockwise rotation (Barnett-Moore et al., 2016, and
references therein). In our view, the key to resolve this apparent discrepancy is the wrong
assumption of a rigid behaviour for the Iberian plate during the Cretaceous divergence, which is all
but certain as it is generally assumed for the sake of simplicity. The importance of intraplate
structures during the separation between Iberia and Eurasia has been recently recalled by Tugend et
al. (2015) but Late Jurassic to Early Cretaceous extension — coeval with the opening of the Bay of
Biscay - focused along the NW-SE striking intra-plate Central Iberian rift is known for a long time
(e.g. Alvaro et al., 1979; Salas and Casas, 1993; Salas et al. 2001). In the Central Iberian rift system,
no mantle exhumation has been reported but evidence for Late Jurassic to mid-Cretaceous extreme
crustal thinning has been provided in its three large depocentres (Fig. 17): the Cameros basin to the
NW (Mata et al., 2001; Salas et al., 2001; Omodeo-Salé et al., 2017), the Maestrat basin to the SE
(e.g. Salas et al., 2001), and the offshore Columbretes basin further to the SE (e.g. Ayala et al.,
2003), where Granado et al. (2016) have even provided evidence for hyper-thinning of the lower
crust and associated mantle faulting. Remarkable extensional deformation, reaching the hyper-
thinning and mantle faulting, implies that the Central Iberian rift could have partially decoupled the
Ebro Block to the NE from the western Iberia to the west (Fig. 17b). Indeed, these two blocks have

a similar amount of Cretaceous counter-clockwise vertical axis rotation but there is no geological
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reason, at present, for assuming that these formed a unique rigid block rotating around a unique
Eulerian pole. Such partial decoupling of the Ebro block is in line with the observation that in non-
oceanic frameworks plates may not behave as rigid objects (Molnar, 1988). This fully applies to the
Bay of Biscay-Pyrenean rift system, which displays an increasingly de-localised nature toward its
eastern - non-oceanic - termination (Fig. 17b): as said, to the east of the Basque-Cantabrian basin,
where no oceanic crust occurs, the rift system splits along two arms: the Pyrenean Arm and the
Central Iberian rift, with the Ebro block in between. Further towards its eastern termination, the
number of basins progressively increases to the east of the Cévennes transfer fault, where the area
undergoing extension reaches a width comparable to that of the entire Iberian plate. In conclusion,
if the eastern portion of the Bay of Biscay — Pyrenean rift is considered as a diffuse divergent plate
boundary, geological and geophysical observations can be reconciled: the first one indicating
extension along the entire length of the rift system during the Early Cretaceous; the second allowing
to model the bulk of the movement of the western portion of the Iberian plate by means of counter-

clockwise rotation about a pole most likely located in the eastern portion of the Pyrenees.

6. Conclusions

In this work we have presented a throughout revision of geological data in the Cretaceous basins to
the east of the Pyrenees, in the area comprised between the easternmost portions of the Pyrenees
and the Western Alps. Our work evidences that, from the Late Jurassic to the mid-Cretaceous times,
the Pyrenean Arm of the rift was undergoing NNE-SSW-directed extension and it was delimited to
the east by the NNE-SSW striking Cévennes fault. To the east of this transfer fault, synrift Late
Jurassic to mid-Cretaceous N-S extension is documented in the three major E-W elongated
extensional basins forming the SE France Arm of the rift system: the Vocontian and South
Provence basins, presently exposed in the north-verging portion of the Provence fold-and-thrust
belt, and the Figueres-Montgri basin, which is partly exposed in the easternmost sector of the south-

verging portion of the Pyrenees fold-and-thrust belt. In between these basins, an E-W elongated
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domain of hyperextended continental crust can be hypothesised. To the east of the SE France Arm,
evidence of an even easternmost arm of the rift — i.e. the Brianconnais Arm - occurs in the
Marguareis extensional system of the Western Alps. This extensional system holds evidence of N-S
extension and it was delimited to the west by a N-S striking transfer fault.

We conclude that the SE France and Briangonnais arms share the same timing and
direction of extension with those documented in the Bay of Biscay - Pyrenean rift. Reviewed data
along with that presented in this study constrain the Early to mid-Cretaceous divergent movements
in the easternmost portion of the of Iberia-Eurasia plate boundary, and support a purely divergent

kinematics for the entire plate boundary.
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Figure 1

Kinematic models proposed in the early 70's to explain the opening of the Bay of Biscay. The
motion of Iberia with respect to fixed Eurasia is described by its rigid rotation about a Euler's pole
located: (A) to the east of Iberia, (B) near Paris, (C) in the Pyrenean mountain range. Modified from

Choukroune et al. (1973)

Figure 2
Reconstructions of the Iberia-Eurasia margin and surrounding regions at the mid-Cretaceous time.
(A) Rift-perpendicular scenario, after Manatschal and Miintener (2009). (B) Strike-slip scenario,

after Stampfli and Borel (2002). (C) Scissor scenario, after Advokaat et al., (2014).

Figure 3

Tectonic map of the westernmost Europe, with Late Cretaceous - Cenozoic belts and basins (A),
and Mesozoic domains (B), with focus on the architecture of the Bay of Biscay — Pyrenean rift
system. The distribution of Mesozoic domains is modified after Tugend et al. (2015) for the Bay of
Biscay-Pyrenean area, and from Handy et al., (2010) for the Alps-Apennines area. The position of
the Corsica-Sardinia block before the opening of the Liguro-Provengal basin is from Bache et al.,
(2010). (C) Reconstruction of the Iberia-Eurasia margin and surrounding domains in the mid-

Cretaceous, modified from Manatschal and Miintener (2009)

Figure 4

Cretaceous extensional structures in the Pyrenean Arm. (A) Detail of the map in figure 3b in the
Pyrenean area, with orientation of Cretaceous extension indicated. (B) Table illustrating the timing
of major events and the direction of extensional structures in the different domains of the Pyrenean

Arm and surrounding areas. References cited in the text and/or indicated in the figure are: Tugend
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et al. (2014) for the age of the oceanic crust in the Bay of Biscay. Thinon et al. (2003) and Roca et
al. (2011) for the age of mantle exhumation in the Bay of Biscay. Ferrer et al. (2008) for the age of
extension and hyperextension in the Parentis basin. Garcia-Mond¢jar et al. (1986) and Rat (1988)
for the age of extension in the Basque-Cantabrian basin. Biteau et al. (2006) for the age of extension
in the Arzacq basin. Jammes et al. (2009), Lagabrielle et al. (2010), and Masini et al. (2014) for the
age of hyperextension and mantle exhumation in the Mauléon basin. Souquet et al. (1985) and
Debroas (1990) for the age of extension and hyperextension in the Flysch Noir basin. Dinares-
Turell and Garcia-Senz (2000) and Garcia-Senz (2002) for the age of extension in the Organya
basin. Granado et al. (In press) for the extension direction (meso-structural data) in the Asturian
basin (indicated as site 1). Soto et al. (2008) and Oliva-Urcia et al. (2013) (AMS data), and Tavani
and Mufoz (2012) (meso- and macro-structural data) for the extension direction in the Basque-
Cantabrian basin (indicated as site 2). Soto et al. (2008) and Garcia-Lasanta et al. (2014) (AMS),
and Mata et al. (2001) (meso-structural data) for the extension direction in the Cameros basin
(indicated as site 3). Lagabrielle et al. (2010) for the extension direction (meso-structural data) in
the Mauléon extensional detachment (indicated as site 4). Salardon et al. (2017) (meso-structural
data) and Olivia-Urcia et al. (2010) (AMS) for the extension direction in the Mauléon basin
(indicated as site 5). Passchier (1984) and de Saint Blanquat et al. (1986 and 1990) for the extension
direction (meso-structural data) in the Saint Barthélémy massif extensional detachment (indicated
as site 6). Vauchez et al. (2013) for the extension direction (meso-structural data) in the Agly massif
extensional detachment (indicated as site 7). Gong et al. (2009) and Oliva-Urcia et al. (2011) (AMS
data), and Tavani et al. (2011) (meso- and macro-structural data) for the extension direction in the

Organya basin (indicated as site 8).

Figure 5
(A) Geological map of the eastern Pyrenees. (B) Cross section across the Bas Agly syncline (after

Vauchez et al., 2013). (C) Cross section across the Meda Islands of the Montgri area (after Mato et
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al., 1995b). (D) Geological map of the Figueres area.

Figure 6

(A) Detail of the map in figure 3b, showing the location of the Late Jurassic - Cretaceous
extensional structures developed on the European margin of the Alpine Tethys, and presently
exposed in the Western Alps, in the Languedoc-Provence region of the Pyrenean System, and in
Sardinia (B) Facies distribution in the SE France basin, from Triassic to mid-Cretaceous (after
Curnelle and Dubois, 1986). (C) Simplified Early Cretaceous structural scheme of the SE France

basin, with major faults indicated (after de Graciansky and Lemoine, 1988).

Figure 7
(A) Schematic cross-section of the southern margin of the South Provence basin (after Philip et al.

(1987). (B) Cross-section of the Olmedo area in Sardinia (after Mameli et al., 2007).

Figure 8

Cretaceous extensional structures in eastern Pyrenees and SE France basin. (A) Detail of the map in
figure 3b in the area, with orientation of Cretaceous extension indicated. (B) Table illustrating the
timing of major events and the direction of extensional structures in the different domains, with data
from the Bay of Biscay - Pyrenean Arm in transparency. References cited in the text and/or
indicated in the figure are: Saula et al. (1994) and Mat6 et al. (1995a, 1995b) for the age of
extension in the Figueres-Montgri basin. Guyonnet-Benaize et al. (2010) and Masse et al (2009) for
the age of extension in the Vocontian and South Provence basins. Mameli et al. (2007) for the age
of extension in the Olmedo area of Sardinia. Mato et al. (1995b) for the extension direction (syn-
sedimentary faults orientation) in the Figueres-Montgri (indicated as site 9). Guyonnet-Benaize et
al. (2010), Lamarche et al. (2012), and Homberg et al. (2013) (meso-structures), and de Graciansky

and Lemoine (1988) (major faults) for the extension direction in the Vocontian and South Provence
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basins (both indicated as site 10). Mameli et al. (2007) (orientation of an extensional fold) for the
extension direction in the Olmedo area of Sardinia (indicated as site 11). Septfontaine (1995) for the
age and direction (orientation of major fault) of extension in the Helvetic domain (indicated as site
12). Cardello and Mancktelow (2014) for the age and direction (meso- and macro-structures) of
extension in the Helvetic domain (indicated as site 13), notice that this could be a gravitational-
structure. Chaulieu (1992), Claudel et al. (1997), and Claudel and Dumont (1999) for the age of

extension in the external Briangonnais Domain of the Western Alps (indicated as site 14).

Figure 9

Geological maps of the study area. (A) Map of the Western Alps (modified from d’Atri et al.,
2016), with inset showing the location of figure 9b. The arrows indicate counter-clockwise rotations
about vertical axes (from Collombet et al., 2002). (B) Map of the Marguareis area, with structural

scheme

Figure 10

Limone-Viozene northern (LIVZn) Fault in the eastern portion of the study area. (A) Panoramic
view, from the west, of the LIVZn Fault, showing south-dipping Permo-Triassic rocks exposed in
the southern block, and Triassic to Jurassic carbonates of the northern block, faulted by the Passo
delle Saline Fault. (B) Orthophoto with structural scheme of the area and location of photographs
and E-W and N-S oriented geological cross-sections (C) Panoramic view of the northern block of
the LIVZn Fault: W-dipping Triassic and Jurassic carbonates are in the hanging wall of the E-
Dipping Passo delle Saline Fault, which abut onto the LIVZn Fault. (D) Principal displacement
zone of the LIVZn Fault, with Permian Volcanites and Triassic dolostones in the southern and
northern block, respectively. (E) Detail of the fault, showing calcite slicken-fibers indicating a left-

lateral kinematics.
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Figure 11

Details of the Limone-Viozene northern (LIVZn) Fault in the western portion of the study area. (A)
View from the north of the fault (for location of the photograph see Fig. 11b), with inset photograph
showing a NW-SE striking normal fault in the southern block of the fault. (B) Orthophoto with
structural scheme of the area and location of photographs. (C) and (D) E-W striking faults

palaeoescarpment in Jurassic carbonates covered by patches of mid-Cretaceous sediments.

Figure 12
(A) Orthophoto with structural scheme of the Passo delle Saline Fault area, showing hundreds of

metres long N-S striking extensional faults. (B) N-S striking veins affecting Jurassic carbonates

Figure 13

(A) Orthophoto with structural scheme of the Colle del Pas Fault area. (B) View from the south of
the fault, with W-dipping Permo-Triassic rocks in the footwall and sub-horizontal to slightly W-
dipping Upper Cretaceous and Cenozoic rocks in the hanging wall. (C) Detail of the fault showing
Permian volcanites underlying a 5-m thick breccia, which in turn is onlapped by Upper Cretaceous
marls of the Upega Fm. (D) Three-dimensional virtual outcrop model of the lower portion of the
Upega Fm., built by means of multi-view photographs (see Tavani et al., 2016 details). The model
is seen in orthographic view along a direction perpendicular to bedding, thus representing a
distortion-free properly oriented cross-section of the outcrop, and shows a growth wedge of 15° in

the lowermost portion of the Upega Fm.

Figure 14

Photograph of Colle del Pas Fault plane as seen in the Piaggia Bella Karstic system

Figure 15
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E-W and N-S oriented cross-sections across the Marguareis extensional system. See text for details.

Figure 16
3D scheme illustrating the geometry of the Marguareis Extensional System at early Late

Cretaceous.

Figure 17

(A) Table illustrating the timing of major events and the direction of extensional structures in the
different domains of the study area. (B) Reconstruction of the Iberia-Eurasia margin and
surrounding areas in the mid-Cretaceous times, with major basins, transform faults, and crustal

domains indicated.
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Figure 1 (Two columns)
Kinematic models proposed in the early 70's to explain the opening of the Bay of Biscay. The

motion of Iberia with respect to fixed Eurasia is described by its rigid rotation about an
Euler's pole located: (A) to the east of Iberia, (B) near Paris, (C) in the Pyrenean mountain

range. Modified from Choukroune et al. (1973).
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Figure 2 (Two columns)

Reconstructions of the Iberia-Eurasia margin and surrounding regions at the mid-Cretaceous
time. (A) rift-perpendicular scenario, after Manatschal and Miintener (2009). (B) Strike-slip
scenario, after Stampfli and Borel (2002). (C) Scissor scenario, after Advokaat et al., (2014).
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Figure 3 (Two columns)

Tectonic map of the westernmost Europe, with Late Cretaceous - Cenozoic belts and basins
(A), and Mesozoic domains (B), with focus on the architecture of the Bay of Biscay —
Pyrenean rift system. The distribution of Mesozoic domains is modified after Tugend et al.
(2015) for the Bay of Biscay-Pyrenean area, and from Handy et al., (2010) for the Alps-
Apennines area. The position of the Corsica-Sardinia block before the opening of the Ligure-
Provencal basin is from Bache et al., (2010). (C) Reconstruction of the Iberia-Eurasia margin
and surrounding domains in the mid-Cretaceous, modified from Manatschal and Miintener
(2009)
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Figure 4 (Two columns)

Cretaceous extensional structures in the Pyrenean Arm. (A) Detail of the map in figure 3b in
the Pyrenean area, with orientation of Cretaceous extension indicated. (B) Table illustrating
the timing of major events and the direction of extensional structures in the different domains
of the Pyrenean Arm and surrounding areas. References cited in the text and/or indicated in
the figure are: Tugend et al. (2014) for the age of the oceanic crust in the Bay of Biscay.
Thinon et al. (2003) and Roca et al. (2011) for the age of mantle exhumation in the Bay of
Biscay. Ferrer et al. (2008) for the age of extension and hyperextension in the Parentis Basin.
Garcia-Mond¢jar et al. (1986) and Rat (1988) for the age of extension in the Basque-
Cantabrian Basin. Biteau et al. (2006) for the age of extension in the Arzacq Basin. Jammes et
al. (2009), Lagabrielle et al. (2010), and Masini et al. (2014) for the age of hyperextension and
mantle exhumation in the Mauléon Basin. Souquet et al. (1985) and Debroas (1990) for the
age of extension and hyperextension in the Flysch Noir Basin. Dinarés-Turell and Garcia-
Senz (2000) and Garcia-Senz (2002) for the age of extension in the Organya basin. Granado
et al. (In press) for the extension direction (meso-structural data) in the Asturian basin
(indicated as site 1). Soto et al. (2008) and Oliva-Urcia et al. (2013) (AMS data), and Tavani
and Mufoz (2012) (meso- and macro-structural data) for the extension direction in the
Basque-Cantabrian basin (indicated as site 2). Soto et al. (2008) and Garcia-Lasanta et al.
(2014) (AMS), and Mata et al. (2001) (meso-structural data) for the extension direction in the
Cameros basin (indicated as site 3). Lagabrielle et al. (2010) for the extension direction
(meso-structural data) in the Mauléon extensional detachment (indicated as site 4). Salardon
et al. (2017) (meso-structural data) and Olivia-Urcia et al. (2010) (AMS) for the extension
direction in the Mauléon basin (indicated as site 5). Passchier (1984) and de Saint Blanquat et
al. (1986 and 1990) for the extension direction (meso-structural data) in the Saint Barthélémy
massif extensional detachment (indicated as site 6). Vauchez et al. (2013) for the extension
direction (meso-structural data) in the Agly massif extensional detachment (indicated as site
7). Gong et al. (2009) and Oliva-Urcia et al. (2011) (AMS data), and Tavani et al. (2011)
(meso- and macro-structural data) for the extension direction in the Organya basin (indicated
as site 8).
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(A) Geological map of the eastern Pyrenees. (B) Cross section across the Bas Agly syncline (after
Vauchez et al., 2013). (C) Cross section across the Meda Islands of the Montgri area (after Mato et
al., 1995b). (D) Geological map of the Figueres area.
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Figure 6 (Two columns)

(A) Detail of the map in figure 3b, showing the location of the Late Jurassic - Cretaceous
extensional structures developed on the European margin of the Alpine Tethys, and presently
exposed in the central and western Alps, in the Provence region of the Pyrenean System, and
in Sardinia (B) Facies distribution in the SE Basin of France, from Triassic to mid-Cretaceous
(after Curnelle and Dubois, 1986). (C) Simplified Early Cretaceous structural scheme of the
SE Basin of France, with major faults indicated (after de Graciansky and Lemoine, 1988).
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(A) Schematic cross-section of the southern margin of the South Provence basin (after Philip et al.
(1987). (B) Cross-section of the Olmedo area in Sardinia (after Mameli et al. 2007).
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Figure 8 (Two columns)

Cretaceous extensional structures in eastern Pyrenees and SE France basin. (A) Detail of the
map in figure 3b in the area, with orientation of Cretaceous extension indicated. (B) Table
illustrating the timing of major events and the direction of extensional structures in the
different domains, with data from the Bay of Biscay - Pyrenean Arm in transparency.
References cited in the text and/or indicated in the figure are: Saula et al. (1994) and Mato6 et
al. (1995a, 1995b) for the age of extension in the Figueres-Montgri basin. Guyonnet-Benaize
et al. (2010) and Masse et al (2009) for the age of extension in the Vocontian and South
Provence basins. Mameli et al. (2007) for the age of extension in the Olmedo area of
Sardinia. Mato et al. (1995b) for the extension direction (syn-sedimentary faults orientation)
in the Figueres-Montgri (indicated as site 9). Guyonnet-Benaize et al. (2010), Lamarche et al.
(2012), and Homberg et al. (2013) (meso-structures), and de Graciansky and Lemoine (1988)
(major faults) for the extension direction in the Vocontian and South Provence basins (both
indicated as site 10). Mameli et al. (2007) (orientation of an extensional fold) for the
extension direction in the Olmedo area of Sardinia (indicated as site 11). Septfontaine (1995)
for the age and direction (orientation of major fault) of extension in the Helvetic domain
(indicated as site 12). Cardello and Mancktelow (2014) for the age and direction (meso- and
macro-structures) of extension in the Helvetic domain (indicated as site 13), notice that this
could be a gravitational-structure. Chaulieu (1992), Claudel et al. (1997), and Claudel and
Dumont (1999) for the age of extension in the external Briangonnais Domain of the Western
Alps (indicated as site 14).
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Figure 9 (Single column)

Geological maps of the Marguareis area.
(A) Map of the western Alps (modified
from d’Atri et al., 2015), with inset showing
the location of figure 9b. The arrows
indicate counter-clockwise rotations about
vertical axes (from Collombet et al., 2002).
(B) Map of the Marguareis area (from
Bertok et al., Submitted), with structural
scheme.
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Figure 10 (Two columns)
Limone-Viozene northern (LIVZn) Fault in the eastern portion of the study area. (A) Panoramic

view, from the west, of the LIVZn Fault, showing south-dipping Permo-Triassic rocks exposed
in the southern block, and Triassic to Jurassic carbonates of the northern block, faulted by the
Passo delle Saline Fault. (B) Orthophoto with structural scheme of the area and location of
photographs and E-W and N-S oriented grological cross-sections (C) Panoramic view of the
northern block of the LIVZn Fault: W-dipping Triassic and Jurassic carbonates are in the
hanging-wall of the E-Dipping Passo delle Saline Fault, which abut onto the LIVZn Fault. (D)
Principal displacement zone of the LIVZn Fault, with Permian Volcanites and Triassic
dolostones in the southern and northern block, respectively. (E) Detail of the fault, showing
calcite slicken-fibers indicating a left-lateral kinematics.
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Figure 11 (Two columns)
Details of the LIVZn Fault in the western portion of the study area. (A) View from the north of the

fault (for location of the photograph see Fig. 11b), with inset photograph showing a NW-SE
striking normal fault in the southern block of the fault. (B) Orthophoto with structural scheme of
the area and location of photographs. (C) and (D) E-W striking faults palaeoescarpment in
Jurassic carbonates covered by patches of mid-Cretaceous sediments.



Cenozoic

N.bLbVY

N.OL.bV

i

e

Permian Volcanites

N.60.vV

Figure 12 (Two columns)

(A) Orthophoto with structural scheme of the Passo delle Saline Fault
area, showing hundreds of meters long N-S striking extensional faults.
(B) N-S striking veins affecting Jurassic carbonates.
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Figure 13 (Two columns)

(A) Orthophoto with structural scheme of the Colle del Pas Fault area and geological cross-section. (B) View from
the south of the fault, with W-dipping Permo-Triassic rock in the footwall and sub-horizontal to slightly W-dipping
Upper Cretaceous and Cenozoic rocks in the hanging-wall. (C) Detail of the fault showing Permian volcanites
underlying a 5-m thick breccia, which in turn is onlapped by Upper Cretaceous marls of the Upega Fm.. (D) Three-
dimensional virtual outcrop model of the lower portion of the Upega Fm, built by means of multi-view photographs
(see Tavani et al., 2016 details). The model is seen in orthographic view along a direction perpendicular to
beddings, thus representing a distortion-free properly oriented cross-section of the outcrop, and shows a growth
wedge of 15° in the lowermost portion of the Upega Fm.



Figure 14 (Single column)
Photograph of Colle del Pas Fault plane as seen in the
Piaggia Bella Karstic system.



[[] Cenozoic [ Bathonian-Berriasian: Calcari val [ Permian-Triassic: Quarziti Ponte di Nava Fm.
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Figure 15 (Two columns)
E-W and N-S oriented cross-sections across the Marguareis extensional system. See text for details.



Figure 16 (Single column)

3D scheme illustrating the geometry of the
Marguareis Extensional System at early Late
Cretaceous.
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Figure 17

(A) Table illustrating the timing of major events and the direction of extensional structures in the
different domains of the study area. (B) Reconstruction of the Iberia-Eurasia margin and
surrounding areas in the mid-Cretaceous times, with major basins, transform faults, and crustal
domains indicated.
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