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This is anOpe
Abstract – The Pyrenees is a collisional orogen built by inversion of an immature rift system during
convergence of the Iberian and European plates from Late Cretaceous to late Cenozoic. The full mountain
belt consists of the pro-foreland southern Pyrenees and the retro-foreland northern Pyrenees, where the
inverted lower Cretaceous rift system is mainly preserved. Due to low overall convergence and absence of
oceanic subduction, this orogen preserves one of the best geological records of early orogenesis, the
transition from early convergence to main collision and the transition from collision to post-convergence.
During these transitional periods major changes in orogen behavior reflect evolving lithospheric processes
and tectonic drivers. Contributions by the OROGEN project have shed new light on these critical periods, on
the evolution of the orogen as a whole, and in particular on the early convergence stage. By integrating
results of OROGEN with those of other recent collaborative projects in the Pyrenean domain
(e.g., PYRAMID, PYROPE, RGF-Pyrénées), this paper offers a synthesis of current knowledge and
debate on the evolution of this immature orogen as recorded in the synorogenic basins and fold and thrust
belts of both the upperEuropean and lower Iberianplates. Expanding insight on the role of salt tectonics at local
to regional scales is summarised and discussed. Uncertainties involved in data compilation across a whole
orogen using different datasets are discussed, for example for deriving shortening values and distribution.

Keywords: Pyrenees / foreland systems / collisional orogen / foreland basins / rift inheritance

Résumé – Évolution d’un orogène collisionnel à faible convergence : une revue de l’orogenèse
pyrénéenne. Les Pyrénées sont un petit orogène de collision à faible convergence construit par inversion
d’un système de rift immature au cours de la convergence des plaques ibérique et européenne du Crétacé
supérieur au Cénozoïque. La ceinture montagneuse comprend les Pyrénées méridionales (pro-avant-pays) et
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les Pyrénées septentrionales (rétro-avant-pays), où le système de rift hérité du Crétacé inférieur est
principalement préservé. En raison de la faible convergence globale et de l’absence de subduction
océanique, l’orogène pyrénéen conserve l’un des meilleurs enregistrements géologiques de l’orogenèse
précoce, de la transition de la convergence précoce à la collision principale et de la transition de la collision à
la post-convergence. Ces périodes de transition enregistrent des changements majeurs dans le comportement
de l’orogène, reflétant l’évolution des processus lithosphériques et des moteurs tectoniques. Les
contributions du projet OROGEN ont apporté un nouvel éclairage sur ces périodes critiques, sur l’évolution
de l’orogène dans son ensemble, et en particulier sur la phase de convergence précoce. En intégrant les
résultats d’OROGEN aux résultats d’autres projets de recherche collaboratifs récents sur le domaine
pyrénéen (PYRAMID, PYROPE, RGF-Pyrénées), cet article propose une synthèse des connaissances
actuelles et des débats sur l’évolution de cet orogène immature tel qu’enregistré en particulier dans les
bassins synorogéniques et les chaînes plissées des plaques européennes et ibériques. L’élargissement des
connaissances sur le rôle de la tectonique salifère aux échelles locales et régionales est résumé et discuté. Les
incertitudes impliquées dans la compilation des données sur l’ensemble d’un orogène à l’aide de différents
ensembles de données sont discutées, par exemple pour estimer les valeurs de raccourcissement et sa
distribution.

Mots clés : Pyrénées / systèmes d’avant-pays / orogène collisionnel / Bassin d’avant pays / héritage de rift
1 Introduction

Fold and thrust belts, their flexural basins and forelands
develop as integrated systems during plate convergence
(DeCelles andGiles, 1996;Ford, 2004;Sinclair, 2012;DeCelles,
2012; Horton and Plate, 2018), thus preserving valuable records
of interacting orogenic and surface processes in their stratigra-
phy and structure. The application of rapidly evolving
technologies, analytical and numerical techniques to external
orogenic systems over the last 20 years has led to many new
insights and innovative research, nowhere more-so than in the
Pyrenean orogen. The Pyrenees is one of several relatively small
alpine orogens created across southern Europe during conver-
gence of the African and European plates from Late Cretaceous
topresent day (Fig. 1; Platt et al., 1989;Rosenbaum et al., 2002a;
Schettino andTurco, 2009, 2011;Handy et al., 2010). This small
orogen has become one of the best-studied natural laboratories
for collisional orogenic processes. Over the last 10 years, four
major projects funded by French research agencies and industry
have focused on various aspects of the Pyrenean Orogen:
PYROPE (deep seismic tomography, funded by the French
National Funding Agency, the ANR), PYRAMID (North
Pyrenean foreland systems, funded by the ANR), the RGF-
Pyrenees project (funded by the BRGM), and OROGEN
(Orogenic Systems, funded by Total, CNRS andBRGM). These
large collaborative projects, combined with other research
programs in Spanish, French and international research
institutions are driving an exceptional outpouring of new
research on the Pyrenean orogen. As well as contributing to the
ever-improving standard geological databases, these research
efforts are building outstanding new datasets such as for passive
seismic tomographic imagery of the orogen’s deep structure and
physical properties (e.g., Chevrot et al., 2022) and thermochro-
nology datasets using a variety of isotopic systems (e.g., Bosch
etal., 2016;Labaumeetal., 2016,Labaumeetal., 2016;Vacherat
et al., 2016, 2017; Bernard et al., 2019; Odlum et al., 2019;
Ternois et al., 2019a, b; Fillon et al., 2020; Milesi et al., 2020;
Waldner et al., 2021), that provide insight into crustal thermal
evolution and deformation during orogenesis. Thermomechan-
icalmodelling also offers an increasingly powerful and effective
tool to investigate complex geodynamic systems and processes
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and their controlling parameters (e.g., Beaumont et al., 2000;
Sinclairet al., 2005;Mouthereau et al., 2014;Erdös et al., 2014a,
b; Curry et al., 2019; Grool et al., 2019; Jourdon et al., 2019,
2020). Finally, major advances in our conceptual understanding
of the pre-orogenic magma-poor extensional systems, salt
tectonics and mantle dynamics are impacting research in the
Pyrenees as well as in other orogens (e.g., Alps). New Pyrenean
research is thus contributing to paradigm shifts in our global
understanding of orogenesis and full Wilson cycle dynamics.

As with all orogens, the unique geodynamic characteristics
of the Pyrenees can be seen as opportunities or limitations. Here,
we emphasize the opportunities offered by the low convergence
orogenic cycle (referred to as an immature Wilson cycle). The
orogen’s notable characteristics are the following:
f

–
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No oceanic crust was produced during the separation of the
Iberian and European plates by magma-poor hyperexten-
sion (although an unknown amount of upper mantle was
exhumed). Hence continental collision was not preceded
by oceanic subduction. A critical change in stress
distribution and lithospheric deformation occurred through
the initiation of continental subduction.
–
 Convergence began less than 10Myrs after the termination
of rifting so that the hot, rifted lithosphere had not yet
attained thermal equilibrium.
–
 Due to its overall low convergence, the orogen preserves
not only the main collision stage but also the full record of
orogenesis from onset of convergence to post-convergence
stages.
–
 No record of syn-orogenic high-grade metamorphism and/
or high temperature ductile deformation of basement
nappes is observed at outcrop level. The pro and retro low-
grade wedge systems therefore essentially form the full
mountain belt.
–
 Upper Triassic evaporites play a key role in both the
extensional and convergence histories of the orogen.
Due to these characteristics, the Pyrenean orogen notably
preserves one of the best geological records of onset and early
orogenesis, the early convergence-to-collision transition and
the transition from collision to post-convergence. Much recent
research has focused on the less well-known northern
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Pyrenees, where the inherited rift system is mainly preserved,
and has thus shed new light on these critical periods and their
role in progressively building the Pyrenean mountain belt. In
larger orogens, these early and late records of orogenesis tend
to be strongly overprinted or destroyed by collisional processes
and strong post-convergence processes (e.g., rebound, relief
rejuvenation, erosion) respectively.

This paper presents a synthesis of the current state of
knowledge on Pyrenean orogenesis recorded in its foreland
systems, their progressive evolution and controlling factors, by
integrating the results of the OROGEN project (2015–2020)
with the rich and continuing flow of research emerging on the
Pyrenees. It is one of a collection of overview papers of the
Page 3 o
Orogen project. Readers are directed to sister papers on
complimentary subjects related to the role of rift inheritance in
Pyrenean orogenesis (Manatschal et al., 2021), geophysical
imaging of the deep orogenic structure (Chevrot et al., 2022),
Mesozoic to present-day plate tectonic processes in the
western Mediterranean (Jolivet et al., 2021a) and how
rheological and structural inheritance at lithospheric and
crustal scales impact mountain building processes in the alpine
domain (Mouthereau et al., 2021). Here, we first summarize
the regional and plate tectonic setting of the Pyrenean orogen
and briefly describe the pre-orogenic rift template. We then
explore the evolution of retro and pro foreland basins and
deformation wedges to clarify sediment supply, basin
f 41
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dynamics and distribution of deformation during early
convergence, the early convergence-to-collision transition,
main collision and, finally, the transition from collision to post-
convergence. We highlight the importance of emerging
research on the role of evaporite layers in deformation
distribution and style, the thermal signature of early
convergence and modelling of crustal scale processes that
initiated subduction of the Iberian plate. Finally, we summarize
the principal outcomes and wider implications of these
findings and identify future challenges for research in the
Pyrenees and in orogens more globally.

2 Regional overview

2.1 European and west Mediterranean alpine orogens
and syn-orogenic basins

Around the Western Mediterranean small orogens devel-
oped within the larger Alpine-Himalayan system (Fig. 1) from
Late Cretaceous to present day (e.g., Roure, 2008; Vergés
et al., 2002, 2019). These orogens can be described as either
collisional orogens or retreating thrust belts, each type having
distinctive foreland systems (Fig. 1; DeCelles, 2012). The
collisional Alpine and Pyrenean orogens developed along the
southern margin of the European plate, due to collision with
the Apulian and Iberian plates respectively. The Basque-
Cantabrian belt is the westward continuation of the Pyrenees.
Each orogen has a retro and pro-foreland system. Proforeland
basins (North Alpine basin, Ebro and Duero basins) develop on
the downgoing plate (Europe and Iberia respectively). The
North Alpine Basin shows the “classic” stratigraphic infill
recording an initial marine transgression, an undersupplied,
deepening marine basin (underfilled basin), evolving to a
continental basin with high sediment supply from growing
orogen relief (overfilled basin; e.g., Sinclair, 2012). The
proforeland basins of the Pyrenean system show a more
complex history, due largely to inheritance, but also to a
marked late endorheic stage, which will be described below.
Developing on the upper plate, the retroforeland basins (Po,
Aquitaine) record low flexural subsidence during the full
convergence history. They are strongly influenced by inherited
crustal structure and rheology (e.g., Angrand et al., 2018;
Manatschal et al., 2021).

Further south and east in southern Europe and Mediterra-
nean regions, younger retreating thrust systems (Apennines,
Betics, Rif, Tell, Carpathians, Fig. 1) developed above Tethyan
rollback subduction systems. These retreating convergence
zones are characterized by low relief thrust belts and broad,
highly subsiding, mainly marine flexural basins on the
subducting plate (DeCelles, 2012) with backarc extensional
basins on the upper plate (Jolivet et al., 2021b).

Syn-orogenic intraplate basins of variable character
developed across the Iberian and European plates (Fig. 1).
Across the Iberian plate Mesozoic rift systems were inverted
during Oligocene-Miocene convergence to create a series of
local intraplate thrust belts (Iberian Range, Central System)
associated with largely endorheic flexural basins (Duero, Tajo
basins; Fig. 1; Vergés and Fernàndez, 2006, and references
therein). In contrast, the European plate preserves two distinct
families of syn-orogenic basins. The North European Basin
system (Fig. 1) consists of Late Cretaceous flexural basins that
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developed in association with inversion of Mesozoic rift
systems (Kley and Voigt, 2008; Voigt et al., 2021) while during
the Late Eocene to Oligocene the European Central Rift
System (ECRIS) cut across the western European plate from
the Mediterranean to the North Sea during alpine collision
(Bourgeois et al., 2007; Dèzes et al., 2004; Mouthereau et al.,
2021). The southern branch of this rift system continued to
evolve to form the Gulf of Lion and Liguro-Provencal backarc
basin (e.g., Séranne, 1999; Ethève et al., 2018; Jolivet et al.,
2021a, 2021b; Séranne et al., 2021 and references therein).
2.2 Santonian to Miocene Iberia-Europe Plate
Kinematics

During the Mesozoic and Cenozoic, the relative motions of
the African, European and North American plates were
controlled by the northward propagation and opening of the
Central and North Atlantic oceans (Dewey et al., 1989;
Srivastava et al., 1990b; Rosenbaum et al., 2002b; Schettino
and Turco, 2011; Macchiavelli et al., 2017; Hinsbergen et al.,
2020; Angrand and Mouthereau, 2021). Africa-Europe plate
convergence was accommodated by orogenesis distributed
along the boundaries of the African (Rif, Atlas), Iberian
(Betics, Pyrenees, Pyrenean-Provençal domain, Fig. 2) and
Apulian plates (Alpine and Apennine domains; Fig. 2) with
some belts of intraplate shortening (e.g., Iberian Range and
Central System on the Iberian plate, North European Basin
system; Figs. 1 and 2). From Late Cretaceous to Oligocene,
deformation of the Iberian plate was principally partitioned
between the Pyrenean and Betic-Rif orogenic domains.
According to Macchiavelli et al. (2017), the N-S convergence
rate between Africa and Europe was approx. 6.0mm/yr from
the Santonian-Campanian boundary to Late Maastrichtian and
convergence was mainly accommodated along the Africa-
Iberia boundary (Betics) with a minor component absorbed
along the Iberia-Europe margin (∼ 1mm/yr; early conver-
gence). This model contrasts markedly with the earlier model
of Rosenbaum et al. (2002b), which predicts a high Africa-
Europe convergence during this period accommodated mainly
in the Pyrenees (Fig. 2a). We here mainly refer to the model of
Macchiavelli et al. (2017) and its convergence rates between
Iberia and Europe across the Pyrenees as it is based on a
completely new and well documented recalculation of the
magnetic anomalies of the southern North Atlantic for the
83.5Ma to 0Ma period and is coherent with geological
observations. In this model, the Iberian plate is defined as a
rigid block along its current coastlines to simplify calculations
and to facilitate checks. Other recent models partition the
Iberian plate into 2 or 3 crustal blocks to allow the inclusion of
intraplate deformation in both the Iberian Range and the
Central System (Fig. 1) as well as relative movements along
the main Iberia-Africa boundary (Betics) and Iberia-Europe
plate boundary (Pyrenees) (Angrand and Mouthereau, 2021;
Asti et al., 2022). Angrand and Mouthereau (2021) analyze the
Ebro Block with motions independent of the South Iberian
block, from earliest Jurassic to earliest Campanian. On a large
scale, the two models are similar in recognizing three phases of
N-S convergence starting in the earliest Campanian with a first
period of convergence (83.5–69Ma), a nearly quiescent
tectonic period (69–56Ma) and a main convergence period
f 41
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during Eocene and Oligocene. The main difference between
the models is the contrasting convergence rates for the first and
last periods. In the Macchiavelli et al. (2017) model,
convergence occurs at rates of ∼ 0.8mm/yr during the Late
Cretaceous and ∼ 2.4 to ∼ 4.0mm/yr during the Eocene-
Oligocene. For about the same periods, Angrand and
Mouthereau (2021) determine ∼ 3.2mm/yr and ∼ 2.25mm/
yr respectively, based on the relative position of the
independent Ebro block in their interpretation. Despite these
differences, both approximations are quite reliable and, in any
case, must be considered and integrated with quantified field
observations. As will be shown later, shortening records across
the orogen are more consistent with convergence estimates of
Macchiavelli et al. (2017).

All plate kinematic models predict sinistral transpressional
motion between Iberia and Europe during convergence,
however the amount is difficult to constrain (Srivastava
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et al., 1990a, b; Luis, 2001; Rosenbaum et al., 2002b; Vissers
and Meijer, 2012a, b; Macchiavelli et al., 2017). Reconstruc-
tions from 84Ma to 66Ma of Macchiavelli et al. (2017)
estimate some 60 km of sinistral motion combined with slow
convergence, associated with high uncertainty. The N-S
convergence rate decreases laterally from 1.1mm/a in the
eastern Pyrenees (total convergence, 20 km) to 0.5mm/a in the
west (Basque-Cantabrian area; 9 km). During the Selandian
and Thanetian (66–56Ma; Fig. 2) little or no convergence
occurred between Iberia and Europe and between Africa and
Europe (“Paleocene standstill phase” of Roest and Srivastava,
1991 Schettino and Turco, 2011; Fig. 2). Similar Paleocene
quiescence is also recorded in the Alpine orogenic belt (Fig. 2;
e.g., Trümpy, 1980). Africa-Europe and Iberia-Europe
convergence resumed in the Thanetian (Fig. 2). In the
Pyrenees, the overall motion of Iberia relative to Europe is
characterized by NW-directed transpressional movement from
f 41
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base Ypresian until the Lutetian and overall NNW directed
convergence from Bartonian to Chattian (Macchiavelli et al.,
2017). During the Eocene and Oligocene N-S Iberia-Europe
convergence reached a maximum of 4mm/a (Ypresian-
Lutetian 3.2mm/a; Bartonian-Priabonian 2.4mm/a; Oligocene
4mm/a; Macchiavelli et al., 2017). Plate convergence slowed
down abruptly to 0.2mm/yr in the Aquitanian in the central
and eastern Pyrenees continuing into the Burdigalian in the
west on the Galicia margin (Macchiavelli et al., 2017). From
Oligocene onward deformation became focused into the Betic-
Rif domain (Vergés and Fernàndez, 2012; Fig. 2). The
Macchiavelli et al. (2017) model estimates total N-S Iberia-
Europe plate convergence accommodated within the Pyrenean
domain as decreasing westward from 143 km (eastern
Pyrenees) to 125 km (central Pyrenees) to 85 km in the
Basque-Cantabrian belt. These convergence rates will be
compared with NS shortening estimates derived from cross-
section restorations across the orogen.

Although pure shear models for the Pyrenean orogenic
cycle currently dominate the literature, plate reconstructions
clearly indicate that strike-slip deformation played an
significant role during both extensional and convergence
stages with variable distributions in time and space proposed
along the Pyrenean plate boundary and along the Iberian Chain
(Fig. 3; Beltrando et al., 2012; Angrand et al., 2020;
Hinsbergen et al., 2020; Angrand and Mouthereau, 2021;
Frasca et al., 2021; Asti et al., 2022), however field
quantification of strike-slip deformation in both belts is an
ongoing challenge.
2.3 The Pyrenean orogen

The complete Iberia-Europe convergent plate boundary is
over 1200 km long, encompassing from west to east the
Basque-Cantabrian Belt (500 km), the Pyrenees sensu scricto
(400 km) and the Pyrenean-Provencal belt in SE France
(300 km) that links the Pyrenees eastward with the SW Alps
(Fig. 1). The eastern Pyrenean to Provençal plate boundary was
later fragmented by Oligo-Miocene backarc extension that led
to the opening of the Gulf of Lion and Ligurian Ocean (Jolivet
et al., 2021b and references therein). No Alpine high-grade
metamorphism or high temperature ductile deformation of
basement nappes are recorded in surface outcrops across the
Pyrenees. Instead, the core of the eastern and central orogen
(Axial Zone) consists of upper crustal Variscan basement and
its Paleozoic to Lower Triassic sedimentary cover, thrust
southward in a series of upper crustal imbricates. South
Pyrenean thrust sheets of Cenozoic and Mesozoic strata
detached on Upper Triassic evaporites restore above these
basement units or may root further north (Muñoz, 1992; Vergés
et al., 1992; Teixell, 1996; Vergés and Burbank, 1996;
Laumonier, 2015; Teixell et al., 2018; Espurt et al., 2019a).
The Axial Zone can thus be understood as a structural
equivalent of the external crystalline massifs of the Western
Alps (e.g., Bellahsen et al., 2012, 2014). The North Pyrenean
Fault defines the northern boundary of the Axial Zone in the
central and eastern Pyrenees. This steep to vertical fault
terminates at depth on the North Pyrenean frontal thrust
(Fig. 4; Choukroune, 1976, 1989; Roure et al., 1989). To the
north, the retrowedge consists of the narrow North Pyrenean
Page 6 o
Zone and the Aquitaine foreland basin, both of which preserve
inverted remnants of the pre-orogenic Mesozoic rift system.

From the onset of plate convergence in earliest Campanian
(84Ma) to Late Maastrichtian, the Pyrenean orogen accom-
modated distributed gentle shortening by inversion of inherited
rift structures and closure of exhumed mantle domains. This
stage is here referred to as early convergence. During the late
Maastrichtian, Danian and Selandian, Africa-Europe plate
convergence was negligible (Fig. 2; Macchiavelli et al., 2017),
which correlates with a period of tectonic quiescence across
the west Mediterranean region including the Pyrenees
(quiescence/stasis) and the Alps. From Thanetian to Aquita-
nian, main Pyrenean collision was accommodated by crustal
thickening. The presence of northward subducted of Iberian
crust below the European plate was first imaged on deep
seismic reflection profiles shot in the late 80’s across the
central and western Pyrenees (ECORS lines, Fig. 4 located in
Fig. 3; Choukroune, 1989; Choukroune et al., 1990; Roure
et al., 1989). Strong positive Bouguer gravity anomalies
indicate the presence of dense bodies below the North
Pyrenean Zone, identified as slices of mantle or lower crustal
material thrust into the upper European crust (Muñoz, 1992;
Casas et al., 1997; Angrand et al., 2018; Wehr et al., 2018).
Recent 2D passive seismic imaging along Pyrenean transects
(PYROPE and OROGEN projects; Chevrot et al., 2014, 2018,
2022) have permitted high resolution mapping of seismic
discontinuities in the crust and mantle as well as providing new
insight into the nature and geometry of the high-density bodies
below the orogen (Casas et al., 1997; Chevrot et al., 2014;
García-Senz et al., 2020). They reveal along-strike variations
in major lithospheric boundaries due, in part, to inherited rift
segmentation but also to lateral variations in orogenic
processes and amount of plate convergence. Prevalent models
of crustal thickening by southward stacking of upper crustal
imbricates with subduction of Iberian lower crust give
relatively high estimates of total shortening along the
ECORS-Central profile (120–165 km; Fig. 4a; Beaumont
et al., 2000; Muñoz, 1992, 2002, 2019). Alternative models for
this section propose full crustal imbrication giving lower
shortening estimates (92–100 km; Roure et al., 1989;
Mouthereau et al., 2014; Cochelin et al., 2018; Bellahsen
et al., 2019; Waldner et al., 2021). This illustrates how
uncertainties in structural interpretation and in the datasets
used can strongly impact cross-sectional models (see Bond,
2015; Randle et al., 2018 for discussion). Factors contributing
to differences in crustal restorations in the Pyrenees are
uncertainties in displacement on basement faults in the Axial
Zone, their traces, lateral linkage and timing of activity. New
tomographic data along the ECORS-Central line should allow
better definition of deep geometries (Chevrot et al., 2018). To
the east of the ECORS-Central section, Grool et al. (2018)
derive a shortening estimate of > 111 km on the Lavelanet-
Pedraforca section (Fig. 4e) while further east again on the
Agly-Ripoll section, Ternois et al. (2019a, b) propose very low
shortening of 43 km (Fig. 4f). In this eastern sector, crust has
undergone post-orogenic thinning. Evidence of underthrusting
of Iberian crust is subdued due in part to overprinting by
Oligocene-Miocene rifting (Diaz et al., 2018; Wehr et al.,
2018; Chevrot et al., 2018, 2022; Jolivet et al., 2021a). This
young rifting has also led to major uplift and deep erosion of
the easternmost Pyrenees, that may contribute to very low
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shortening estimates based on surface geology. West of the
ECORS-Central profile, a restored crustal section on the Vallée
de Nestes-Huesca line (Fig. 4c) by Espurt et al. (2019a)
provides a shortening estimate of 127 km, while on the ECORS
Arzacq section (Fig. 4b), Teixell et al. (2016) derive a
shortening of 114 km. New 2D and 3D tomographic data in the
Mauléon basin (Figs. 3 and 4a) indicate the presence of a
laterally restricted, dense body at shallow depth (11 km) below
the Mauléon Basin (Fig. 4a; Wang et al., 2016; Chevrot et al.,
2018; Lehujeur et al., 2021) corresponding to the Labourd
positive Bouguer anomaly (Casas et al., 1997; Jammes et al.,
Page 7 o
2010; Wehr et al., 2018). Recent models propose that this is
caused by mantle exhumed to shallow depths during Apto-
Cenomanian hyper-extensional rifting and later passively
integrated into the orogen above the northward subducting
Iberian crust (Fig. 4a; Wang et al., 2016; Lescoutre and
Manatschal, 2020; Saspiturry et al., 2020; Lehujeur et al.,
2021). This model is strongly debated, for example, by Teixell
et al. (2018) who instead argue that the tomographic and
gravity data as well as the adjacent ECORS-Arzacq seismic
reflection line (Fig. 4b) indicate the presence of an imbricate of
mantle or lower crustal material thrust northward onto the
f 41
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European plate in the manner similar to that proposed on the
ECORS-Central line (Fig. 4d; see also Lescoutre and
Manatschal 2020).
2.4 Precursor rift architecture

From the Triassic to Late Cretaceous Iberian plate
kinematics were mainly controlled by the opening of the
Tethys Ocean to the east, and from late Jurassic onward, also
by the northward propagation of the southern North Atlantic
Ocean to the west (Dewey et al., 1989; Srivastava et al., 1990a;
Rosenbaum et al., 2002b; Schettino and Turco, 2011;
Macchiavelli et al., 2017; Nirrengarten et al., 2018; Angrand
et al., 2020; Hinsbergen et al., 2020; Frasca et al., 2021).
During the Triassic, distributed rifting affected the Iberian
block on all four sides with facies varying regionally from
continental, through evaporitic to marine from west to east
(e.g., Critelli et al., 2008; Martin-Rojas et al., 2009; Leleu
et al., 2016). Broad shallow seaways of gentle subsidence
developed across Iberia during Late Jurassic and into the mid
early Cretaceous with some notable localized areas of strong
subsidence, for example, locally along the Iberian Range (e.g.,
Cameros Basin, Fig. 3; Salas et al., 2001; Rat et al., 2019) and
in the Cantabrian Ranges and margin where transtension is
recorded (Cadenas et al., 2021). Plate kinematics of Iberia
from Jurassic to Cenomanian is a subject of considerable
debate, in particular regarding the timing, distribution and
amount of sinistral strike-slip between Iberia and Europe (see
discussions in Angrand et al., 2020; Manatschal et al., 2021;
Mouthereau et al., 2021; Asti et al., 2022). While it is generally
agreed that Iberia moved some 400 km eastward with respect
to Europe during the Jurassic-early Cretaceous, exactly where
and when this movement took place differ between models.
Many models trace this strike-slip along the Pyrenean corridor
(e.g., Olivet, 1996a, b; Sibuet et al., 2004; Vissers and Meijer,
2012a, b). Alternatively, other authors propose significant
oblique movement along the NW-SE trending fault system of
the Iberian Range (e.g., Angrand et al., 2020; Frasca et al.,
2021), recorded by rapidly subsiding Jurassic depocentres
(Tugend et al., 2014b; Cadenas et al., 2018, 2021; Nirrengarten
et al., 2018; Rat et al., 2019; Manatschal et al., 2021). Most
recently, Asti et al. (2022) propose Jurassic to Cenomanian
diffuse transtension along a broad plate margin between the
Iberian Range and the Massif Central. These differences arise
from the difficulties in precisely defining Lower Cretaceous
and Jurassic magnetic anomalies within the southern North
Atlantic (for review see Nirrengarten et al., 2017) and in the
Bay of Biscay (see Barnett-Moore et al., 2016; Nirrengarten
et al., 2018; Angrand et al., 2020; Frasca et al., 2021; Le Maire
et al., 2021). An additional issue relates to the restoration of
conjugate rifted margin domains that can hide hundreds of
kilometers of divergence preceding the formation of first
oceanic crust (Sutra et al., 2013; Tugend et al., 2015;
Nirrengarten et al., 2018).

From Aptian to early Cenomanian, magma-poor rifting
between Europe and Iberia produced a complex network of
marine depocentres, today preserved below the Aquitaine
Basin (Angrand et al., 2018), in the North Pyrenean Zone, the
Iberian Range and Basque-Cantabrian belt. Mesozoic basins
Page 9 o
below the Aquitaine Basin hold rich hydrocarbon resources
exploited from the 1950s to 2012 (e.g., Biteau et al., 2006;
Serrano et al., 2006). Reconstructions of the rift generally
propose a narrow, rifted domain of some 10 s of km in width in
the eastern Pyrenees, which broadens considerably to the west
before branching into the Bay of Biscay oceanic domain to the
NW and the Basque-Cantabrian rift system further south (see
García-Senz et al., 2020; Manatschal et al., 2021). Upper
Triassic evaporites also thicken westward (Curnelle et al.,
1982; Serrano et al., 2006). In the NW Iberian plate a major
inherited segment boundary (Pamplona Transfer Zone, Fig. 3;
Saspiturry et al., 2022) links the Pyrenean and Basque-
Cantabrian rift segments. The nature of this transfer zone
continues to be debated (e.g., Lescoutre et al., 2021). Further
east on the European plate margin a major transfer zone links
the Pyrenean and Provencal rift systems (Corbières-Langue-
doc Transfer Zone, CLTZ, Fig. 3; Crémades et al., 2021).
Although some plate tectonic models integrate a wide early
Cretaceous oceanic domain between Europe and Iberia (some
300 km wide; e.g., Sibuet et al., 2004; Vissers and Meijer,
2012a, b), no evidence of oceanic crust (i.e., ophiolites) or of
oceanic subduction of appropriate age (e.g., calc-alkaline
volcanism) has been found. However, remnants of subconti-
nental mantle peridotites occur as isolated blocks up to 3 km
long, or as clasts within syn-rift sediments in the North
Pyrenean Zone (e.g., Lagabrielle and Bodinier, 2008; Jammes
et al., 2009; Lagabrielle et al., 2010) and are interpreted as
having been exhumed during Aptian-Cenomanian rifting and
later integrated into the orogen. The Internal Metamorphic
Zone found along the North Pyrenean Zone is defined here as
areas in which Mesozoic strata record syn-rift high tempera-
ture-low pressure metamorphism (Lagabrielle et al., 2010;
Clerc and Lagabrielle, 2014; de Saint Blanquat et al., 2016;
Lagabrielle et al., 2020; Ducoux et al., 2021b). Similar
areas recording syn-rift HT-LP metamorphism occur within
the Basque-Cantabrian belt (Ducoux et al., 2019, 2021b;
García-Senz et al., 2020).

Constraining the original width, form and distribution of
exhumed mantle domains represents one of the major
challenges for Pyrenean reconstructions (e.g., Tugend et al.,
2014a, 2014b; García-Senz et al., 2020). Some models
envisage exhumed mantle as a laterally continuous domain
between symmetric or asymmetric hyperextended rift margins
in a pure shear extensional model (e.g., Tugend et al., 2014a,
2014b; see Manatschal et al., 2021 for discussion). Given the
highly segmented nature of the rift system (e.g., Jammes et al.,
2009), mantle exhumation may alternatively have occurred in
distinct rift segments (e.g., García-Senz et al., 2020; Lescoutre
andManatschal, 2020; Lehujeur et al., 2021) or in a patchwork
of isolated transtensional or pull-apart basins if strike-slip
played an important role along the Pyrenean domain
(e.g., Lagabrielle and Bodinier, 2008; Canérot, 2017; Ford
and Vergés, 2021; Asti et al., 2022).

The role of inherited crustal structure and the physical
properties of the lithosphere were major research themes in the
Orogen project (e.g., Dielforder et al., 2019; Jourdon et al.,
2019, 2020; Saspiturry et al., 2019, 2022; Cadenas et al., 2021;
Lescoutre et al., 2021; Miró et al., 2021). While certain aspects
of these subjects are considered here, results are principally
presented and discussed in Manatschal et al. (2021).
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Fig. 5. (a) Present day isodepth map to base of syn-orogenic sediments in km in the onshore Ebro and Aquitaine basins compiled from Angrand
et al. (2018) for the Aquitaine basin and Garcia-Castellanos et al. (2003) for the Ebro Basin. (b) Total and tectonic synorogenic subsidence
curves for ten boreholes in the central and eastern Aquitaine basin. Boreholes are located in (a). Data compiled from Grool et al. (2018; 1–4),
Ford et al. (2016; 5–8) and Rougier et al. (2016, 9–10) where details of data and calculations can be found. (c) Total and tectonic synorogenic
subsidence curves for seven boreholes in the eastern Ebro basin (for details see Grool et al., 2018). Boreholes and stratigraphic logs used in these
calculations are located in (a). The orogenic stages of early convergence, quiescence (stasis) and main collision are indicated by colored bands on
the graphs. For abbreviations see Figure 3 caption.
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3 Foreland basins and sediment routing
systems

Although today, the Pyrenean orogen has distinct pro and
retro foreland basins (Figs. 3 and 5a), during the Late
Cretaceous and Paleocene a single large marine basin covered
the whole Pyrenean realm, closing to the east (Pyrenean
Trough; Fig. 6a). Several studies also demonstrate that
orogenic relief developed first in the east and migrated
westward, accelerating in the Eocene and in particular the late
Eocene, progressively separating the pro and retroforeland
basins (Puigdefàbregas et al., 1992: Sinclair et al., 2005:
Whitchurch et al., 2011: Roigé et al., 2016, 2019: Vacherat
et al., 2017). The stratigraphy and sediment routing systems of
the pro-foreland basin have been particularly well studied and
linked to a southward and westward propagation of growing
orogenic relief (e.g., Puigdefàbregas et al., 1992: Sinclair et al.,
2005: Whitchurch et al., 2011: Allen et al., 2013). The
Page 10
palinspastically restored paleogeographic maps of Figure 6
provide an overview of the distribution of major facies belts
and evolution of relief during the main stages of orogenesis
with a focus on creation of relief and sediment routing systems.
Their construction is summarised in the Figure 6 caption.
3.1 Pyrenean Trough and Aquitaine Basin

The Aquitaine Basin preserves a complete and relatively
undeformed syn- to post-orogenic stratigraphy (Barnolas and
Courbouleix, 2001: Serrano et al., 2006: Ford et al., 2016:
Rougier et al., 2016: Ortiz et al., 2020, 2022). Figure 5a shows
depth to base of the syn-orogenic succession, which, in the
relatively undeformed Aquitaine basin provides a reasonable
representation of sediment thickness that decreases northward
from over 5 km near the orogen (Angrand et al., 2018). In the
west and central basin and offshore into the Bay of Biscay
sedimentation continued into the Neogene (Bernard et al.,
of 41
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(1981), Debrand-Passard et al. (1984), Barnolas and Courbouleix (2001), Serrano et al. (2006) and Monod and Bourroullec (2014) with
restorations by G. Frasca using balanced cross-section presented in Figures 7 and 8 and Vergés (1993). Deformation characteristics (timing,
principal structures, amount of shortening) and basin evolution (basin limits, dynamics, major facies, paleocurrents) were integrated using
published data. Uncertainties related to the plate kinematic model were reduced by assuring that each step honored data on vertical motion,
structural and stratigraphic history.
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2020: Ortiz et al., 2020). The Aquitaine basin overlies a salt-
rich Aptian-Cenomanian rift system that widens westward
(Tugend et al., 2014a: Angrand et al., 2018: Gómez-Romeu
et al., 2019: García-Senz et al., 2020: Issautier et al., 2020:
Andrieu et al., 2021: Barré et al., 2021: Ducoux et al., 2022).
Pre-orogenic Jurassic and Cretaceous diapiric growth sourced
from Triassic evaporites has long been recognized across this
region (James and Canérot, 1999: Canérot et al., 2005: Biteau
et al., 2006: Serrano et al., 2006: Ducoux et al., 2022). Diapiric
activity accelerated during Aptian-Cenomanian rifting and
later impacted syn-orogenic stratigraphic architecture (Figs.
7a–7d). Top basement today remains in net extension below
salt to the west of the Toulouse Fault (Figs. 7a–7d). East of this
fault, basin fill onlaps directly onto Variscan basement of the
Carcassonne High (Figs. 7e–7g), an area uplifted as part of the
Durancian High along the northern shoulder of the eastern and
Provençal Albian rift (Peyaud et al., 2005: Séranne et al.,
2021). Youngest preserved strata young westward due in part
to later uplift and erosion of eastern sectors. Lateral
stratigraphic thinning and facies changes, however, show that
the basin always closed eastward (Plaziat, 1981: Ford et al.,
2016: Figs. 3, 5, 6 and 7). The original width of the eastern
Aquitaine Basin is poorly constrained due to late Cenozoic
uplift of the southern Massif Central (Barbarand et al., 2001:
Peyaud et al., 2005).

Throughout its syn-orogenic history, the Aquitaine Basin
opened westward into the Bay of Biscay (Fig. 6). Throughout
its history, sediment routing was dominated by longitudinal
systems, flowing west. Transverse systems draining from the
mountain belt were established only from early Eocene (Fig.
6c). From east to west, facies belts change from continental to
marine with a progressive westward migration of continental
facies (Fig. 6), interspersed with higher order marine
transgressions that can reach to the eastern boundaries of
the basin (Plaziat, 1981: Barnolas and Courbouleix, 2001:
Serrano et al., 2006: Calvet et al., 2020). Two main phases of
subsidence (lasting ∼ 16myr and ∼ 36myr respectively)
correspond to two regressive cycles associated with early
convergence and main collision (Fig. 5b) separated by a period
of 7–9Myrs of little or no subsidence that corresponds to the
Paleocene quiescence or stasis (Fig. 5b). These stages correlate
well with plate convergence history (Fig. 2: Rougier et al.,
2016: Ford et al., 2016: Grool et al., 2018)

The Aquitaine Basin is not a typical retro-foreland basin
but has a composite history of subsidence driven initially by
post-rift thermal cooling and later by orogenesis (Fig. 5b: e.g.,
(Desegaulx and Brunet, 1990: Desegaulx et al., 1990: Angrand
et al., 2018: Sinclair et al., 2005: Curry et al., 2019). Early
convergence did not create significant subaerial relief in the
Pyrenees Instead, structures principally developed below the
subsiding Late Cretaceous marine Pyrenean Trough (Fig. 6a:
Mouthereau et al., 2014: Vacherat et al., 2014: Ford et al.,
2016: Angrand et al., 2018). There is evidence of small local
highs within the basin sourcing local sedimentary systems
(e.g., Van Hoorn, 1970: Puigdefàbregas and Souquet, 1986).
The onset of convergence at 84Ma correlates with a marked
acceleration in subsidence rate and basin deepening in the
basin (Fig. 5b: Ford et al., 2016: Rougier et al., 2016: Grool
et al., 2018). Substantial volumes of marine clastics sourced
principally from the east were deposited during the first
regressive cycle in a deep central basin surrounded by shallow
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marine carbonate platforms (Fig. 6a: Barnolas and Courbou-
leix, 2001: Dubois and Seguin, 1978: Serrano et al., 2006:
Vacherat et al., 2017). Over 3 km of Upper Cretaceous strata
record moderate tectonic subsidence in central and eastern
sectors (max. 0.05 to 0.09mm/yr, Fig. 5b), while in the western
basin, subsidence was considerably lower (0.008–0.01mm/yr;
Desegaulx and Brunet, 1990). Equivalent allochthonous basin
remnants in the South Central Pyrenees preserve some 6 km of
Upper Cretaceous stratigraphy thinning south to 2 km
(e.g., Puigdefàbregas et al., 1986, 1992: Thomson et al.,
2019: Figs. 8c, 8d and 8f).

During tectonic quiescence from Late Maastrichtian to end
Selandian, a low energy fluvial succession (Garumnian facies)
sourced from the east (and from local highs) and interspersed
with lacustrine and palustrine units, was deposited in the
eastern sector passing westward into marine facies (Fig. 6b:
Plaziat, 1981: Calvet et al., 2020: Vinciguerra, 2020). This
succession marks the top of the first regressive cycle. High
resolution dating and correlation of such key non-marine,
fossil-poor successions is a major challenge. In the Orogen
project, high resolution chemostratigraphy (d13Corg) using
terrestrial organic matter was combined with magnetostrati-
graphic and sparse biostratigraphic data to achieve a high
resolution chronostratigraphy in this continental succession
both in the NE Pyrenees (Maufrangeas et al., 2020) and in the
Tremp Basin, SE Pyrenees (Vinciguerra, 2020: Vinciguerra
et al., 2022). Thermal or climatic events in the global isotopic
record are identified by correlation with the d13C record of
marine reference successions. As well as being a powerful
correlation tool, such high-resolution chemostratigraphy
allows us to better constrain how much time is missing in
the stratigraphic record and to understand why such gaps are
created. In the fluvial Garumnian facies, for example,
Maufrangeas et al. (2020) and Vinciguerra et al. (2022)
propose that gaps can be created by autogenic processes such
as river channel avulsion or by external factors such as tectonic
or climatic forcing.

At the onset of main collision at the Paleocene-Eocene
boundary, acceleration of Aquitaine subsidence correlates with
a basin-wide marine transgression (Fig. 5b: Plaziat, 1981:
Barnolas and Courbouleix, 2001: Ford et al., 2016: Grool
et al., 2018: Calvet et al., 2020). In the east this was followed
by a rapid return to continental conditions, while marine facies
endured in the west, with a gradual westward migration of the
shoreline (Figs. 6c–6e: Ortiz et al., 2020, 2022). Tectonic
subsidence in central and eastern areas remained moderate and
constant, not exceeding rates achieved during early conver-
gence (0.05mm/yr, Ford et al., 2016: Rougier et al., 2016:
Grool et al., 2018), while to the west it decreased to 0.008 to
0.024mm/yr at the coast (Desegaulx and Brunet 1990).
Transverse sediment routing systems from the growing
Pyrenean edifice were established in the Eocene-Oligocene
(Figs. 6c–6e: Sinclair et al., 2005: Ternois et al., 2019a, b: Al
Reda et al., 2021). A secondary influx from the Massif Central
increased toward the end of collision and into the post-
convergence phase (Ortiz et al., 2020).

The Aquitaine Basin shows some characteristics of a retro-
foreland basin in a collisional orogen, such as a full
stratigraphic record of orogenic history and low deformation
relative to the proforeland system (Naylor and Sinclair, 2008:
Sinclair, 2012: Sinclair and Naylor, 2012: Ortiz et al., 2020,
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2022). However, its flexural behavior, subsidence history and
pinchout migration pattern, do not correspond to model
predictions due mainly to the impact of post-rift thermal
cooling (Desegaulx and Brunet, 1990). Using a broken plate
flexural model and elastic thickness values for the European
plate that correspond to the degree of early Cretaceous rifting,
Angrand et al. (2018) show flexure of the eastern Aquitaine
Basin can be fully accounted for by orogenic loading alone.
Immediately west of the Toulouse fault, basin flexure requires
contributions from orogenic load, a hidden load (a mantle or
lower crustal imbricate(s) in the European upper crust, see
Figs. 4c, 4d, 7c and 7d) and a component of post-rift thermal
subsidence. In the western Aquitaine Basin, post-rift cooling
alone can simulate observed basin subsidence. Tectonic
subsidence remained relatively low throughout orogenesis,
with a hiatus during late Maastrichtian and Paleocene. There is
no indication of a marked decrease in subsidence during late
collision as predicted in some models (e.g., Sinclair et al.,
2005). Outward migration of the foreland basin margin
(pinchout migration) is often used as a proxy for migration of
orogenic load (e.g., Allen and Allen, 2013: Sinclair, 2012).
Modelled retroforeland basin behaviour typically shows early
pinchout migration, followed by stasis as crustal thickening
focuses into the prowedge (Sinclair et al., 2005: Sinclair,
2012). The Aquitaine Basin shows relatively slow and constant
pinchout migration at ∼ 2mm/yr throughout orogenesis with a
phase of backstepping or stasis suggested during Paleocene
quiescence (Fig. 7h). Late Cretaceous pinchout migration can
be attributed to thermal subsidence and later migration to
flexure generated by orogenic, hidden and sediment loads
(Angrand et al., 2018). These features illustrate the early but
waining influence of thermal inheritance, with stronger and
more persistent thermal inheritance in the western basin. The
constant pinchout migration until the end of plate convergence
also suggests that the Pyrenees never achieved a mass flux
steady-state (Willett et al., 1993: Willett and Brandon, 2002:
Sinclair, 2012).
3.2 Pro-foreland Ebro Basin

Lying on the Iberian plate, the middle Eocene-Miocene
Ebro basin is 120 km at its widest, narrowing to the east and
west (Figs. 3 and 5a). Older Eocene-Oligocene depocentres are
preserved in thrust sheets north of the South Pyrenean Frontal
Thrust. Inner thrust sheets preserve Upper Cretaceous marine
turbidites (Pyrenean Trough) with thicknesses up to 6 km
(Puigdefàbregas et al., 1986, 1992) (Fig. 8) in the central and
western sectors. The Ebro basin is bordered to the SW by the
Iberian Range and to the SE by the Catalan Coastal Ranges,
active during the Eocene and Eocene-Oligocene respectively
(Figs. 3 and 8g: Vergés et al., 1998). The basin developed
principally during main collision. Due to significant deforma-
tion, erosion and migration of depocentres in the southern
Pyrenees the isodepth map in Figure 5 can represent only a
minimum estimate of total thickness of the syn-orogenic
succession, which can reach over 8 km in western depocenters
(Fig. 5a; e.g., Muñoz-Jiménez and Casas-Sainz, 1997),
decreasing to 1 km in the eastern depocenter due to a basin-
scale westward tilt generated by rift shoulder uplift during
Oligocene-Miocene opening of the Valencia Trough (Fig. 3:
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Lewis et al., 2000: Vergés et al., 2002: Ethève et al., 2018).
Vitrinite reflectance studies in the eastern Ebro Basin suggest
burial depths of presently outcropping sediments of between
2750 ± 250m near the Pyrenean front and 950 ± 150m near the
Catalan Coastal Range (Clavell, 1992: Waltham et al., 2000).

The pro-foreland system consists of distinct domains
inherited from Mesozoic rift architecture (east, central, west).
In the east, where Upper Triassic evaporites are thin to absent,
a classic flexural basin migrated southward ahead of a
relatively high friction wedge (Fig. 8g: Vergés et al., 1995,
1998). In the central area, the South Central Pyrenean Unit
forms a pronounced low friction salient, transported south
above thick Upper Triassic salt (Figs. 8c–8f: Muñoz, 1992:
Meigs and Burbank, 1997: Teixell and Muñoz, 2000). Eocene-
Oligocene wedge-top depocentres on the South Central
Pyrenean Unit record growth and rapid southward migration
(Meigs and Burbank, 1997: Burrel and Teixell, 2021). In the
Jaca basin further west Triassic evaporites and overlying
Mesozoic strata are thin to absent. Less mobile tectonic units
and depocentres nevertheless record consistent southward
migration (Teixell, 1996: Labaume et al., 2016: Labaume and
Teixell, 2018). Finally, the thick (at least 5 km) and relatively
narrow western depocentres of Pamplona and La Rioja
(Fig. 8a) with substantial syn-orogenic evaporites are confined
by the Cameros Thrust to the south and the Pamplona Thrust
system to the north (Casas-Sainz and Román-Berdiel, 1999:
Muñoz-Jiménez and Casas-Sainz, 1997: Larrasoaña et al.,
2003). These depocentres link westward into the Duero
depocenter, foreland basin to the Basque-Cantabrian belt
(Fig. 1)

During the Eocene, the Ebro basin opened to the Atlantic
and its stratigraphy records continental to marine facies belts
migrating from east to west. Transverse sediment routing
systems from the growing eastern Pyrenean edifice fed into
longitudinal west-flowing alluvial-fluvial to deltaic to turbi-
ditic systems controlled by actively growing structures of the
South Central Pyrenean Unit (e.g., Puigdefàbregas et al., 1992:
Nijman, 1998: Costa et al., 2010: Garcés et al., 2020). The late
Eocene to early Oligocene corresponds to the period of
maximum exhumation in the Axial Zone (e.g., Sinclair et al.,
2005: Fillon and van der Beek, 2012: Curry et al., 2021),
establishing high transverse sediment supply to the central
Ebro Basin. In the latest Eocene to early Oligocene (ca. 36Ma)
the basin became endorheic due to uplift of the western
Pyrenees coupled with a eustatic low stand (Costa et al., 2010).
A thick succession of southward prograding alluvial-fluvial
and lacustrine-palustrine sediments draped across the South
Central Pyrenean Unit and Ebro Basin during the Oligocene
and into the early Miocene (Fig. 6e: Santolaria et al., 2015:
Labaume et al., 2016: Roigé et al., 2019: Garcés et al., 2020:
Coll et al., 2020, 2022). The Catalan Coastal Ranges and
Iberian Range also provided sediment into the Oligocene basin
(Garcés et al., 2020). High sedimentation rates coupled with a
continuous rise in base level within the endorheic Ebro Basin
led to sediment aggradation that backfilled valleys and
eventually buried relief by late Oligocene. along the southern
margins of the Pyrenees (J4, J5, Figs. 8d and 8f: Coney et al.,
1996: Fillon and van der Beek, 2012) and in the Catalan
Coastal Ranges (Lawton et al., 1999) During the Tortonian
(7.5–11Ma) the Ebro basin was deeply incised by back-cutting
drainage flowing into the Mediterranean, causing isostatic
of 41
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rebound of the basin, the South Central Pyrenean Unit and
south central Axial Zone (see Sect. 6.3; Garcia-Castellanos
et al., 2003: Fillon et al., 2013b: Tucker and van der Beek,
2013: Garcia-Castellanos and Larrasoaña, 2015). The opening
of the Gulf of Lion in the Oligocene-Miocene also generated
strong uplift and erosion of the eastern Pyrenees (e.g., Gunnell
et al., 2008: Suc and Fauquette, 2012: Huyghe et al., 2020).

Tectonic subsidence curves from the eastern Ebro Basin
(Figs. 5c) record principally the main collision stage showing a
“classic” acceleration in subsidence during collision (Heller
et al., 1988: Miall, 1995: DeCelles and Giles, 1996: Xie and
Heller, 2009: Sinclair, 2012: Allen and Allen, 2013). Tectonic
subsidence rates increased to 0.15mm/yr (Vergés and
Burbank, 1996: Grool et al., 2018) driven by progressive
subduction of the Iberian plate and topographic growth of the
range (Sinclair, 2012). These tectonic subsidence rates are
relatively low to moderate compared to other proforeland
basins (Xie and Heller, 2009: Sinclair and Naylor, 2012)
reflecting the overall low convergence of the Pyrenean orogen.
Anomalously high local subsidence in the South Central
Pyrenean Unit (e.g., Ager Syncline, Fig. 8e) during the
Paleocene quiet period was driven by halokinetic activity as
shown by recent work of Burrel and Teixell (2021).

4 Pyrenean wedge dynamics and the role of
salt

We here summarise the style, timing and distribution of
deformation in the Pyrenean retrowedge and prowedge
systems, with particular emphasis on wedge dynamics and
the role of salt.

4.1 Evaporite distribution and halokinetic activity

The rapid development of new salt tectonic concepts
continues to stimulate critical reassessment of, and new
insights into, the dynamics of salt-rich orogenic systems (e.g.,
Duffy et al., 2018). In the Pyrenees the evaporite-rich Middle
to Upper Triassic Keuper Group is the main decoupling level
between Variscan basement and Mesozoic sedimentary cover
(e.g., McClay et al., 2004; Caméra et al., 2017; Muñoz, 2019)
with secondary evaporite layers locally occurring in Middle
Triassic Muschelkalk units and in overlying Hettangian units.
Several Orogen projects, have investigated salt tectonic
features on local and regional scales across the Pyrenees
and adjacent regions, principally documenting the role of salt
during rifting stages. In the Toulon belt of southern Provence
(Fig. 1), Wicker and Ford (2021) identify halokinetic activity
from Jurassic rifting to early Pyrenean compression during the
Campanian along the salt-rich Toulon and Bandol Thrusts. In
the Corbières-Languedoc Transfer Zone (CLTZ, Fig. 3) of the
NE Pyrenees, Crémades et al. (2021) report three-dimensional
extensional growth on faults detaching on Upper Triassic salt
during the Jurassic. These complex decoupled depocentres
developed above intersecting sets of extensional basement
faults of the Pyrenean and alpine Tethys rift systems. In the
easternmost North Pyrenean Zone, Ford and Vergés (2021)
document the development of synclinal depocentres (longi-
tudinal minibasins) between salt walls during Early Cretaceous
transtension followed by Pyrenean tightening of synclines and
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closure of salt walls to form near vertical welds. In the western
Aquitaine foreland, Issautier et al. (2020) and Ducoux et al.
(2022) describe Aptian-Cenomanian halokinetic control on
syn-rift synclinal depocentres (sag basins) in the rift necking
domain while, further south in the distal domain Saspiturry
et al. (2021) and Lescoutre et al. (2021) evoke salt control on
the development of the Mauléon and Cantabrian basins
(Fig. 3). Miró et al. (2021) emphasise the key role of salt
during extension and inversion of the Basque-Cantabrian belt.
Burrel and Teixell (2021) and Burrel et al. (2021) document
detailed tectono-stratigraphic features recording halokinetic
activity in the eastern South Central Pyrenean Unit from
Jurassic to Oligocene (Fig. 8f). These new results contribute to
a growing body of work describing and quantifying in time and
space the role of salt during different stages of the cycle (e.g.,
Lopez-Mir et al., 2014, 2015; Saura et al., 2016; Caméra and
Flinch, 2017; Labaume and Teixell, 2020; Hudec et al., 2021).
The structural and stratigraphic complexity of inverted salt-
rich rift systems, the difficulties in estimating original salt
volumes and its depletion or migration through time, render the
construction and restoration of cross-sections and basin
geometries particularly challenging in this orogen (e.g., see
Rowan and Ratliff, 2012).

The present-day distribution of Upper Triassic evaporites
across the Pyrenees and adjacent areas is represented in
Figure 9. Four onshore regions are notable for their abundant
Upper Triassic evaporites (> 1 km) and well-developed
diapirs: two on the Iberian plate, the Basque-Cantabrian belt
(up to 2700m in southern sectors; Ramos et al., 2022) and the
South Central Pyrenean Unit (SCPU; up to 2700m; Ríos,
1948; Serrano and Martínez del Olmo, 1990; Lopez-Mir et al.,
2014; Saura et al., 2016; Caméra and Flinch, 2017; Espurt
et al., 2019a; Burrel and Teixell, 2021), and two on the
European plate, the western NPZ and western Aquitaine Basin
(> 1000m; see Figs. 8a and 8c; Henry and Zolnai, 1971;
Canérot, 1988; James and Canérot, 1999; Canérot et al., 2005;
Biteau et al., 2006; Serrano et al., 2006; Espurt et al., 2019a;
Labaume and Teixell, 2020) and the eastern North Pyrenean
Zone and Corbières-Languedoc Transfer Zone (Viallard, 1987;
Gorini et al., 1991; Ford and Vergés, 2021; Crémades et al.,
2021). The remaining Pyrenean thrust belts are characterized
by absent, thin and often discontinuous Upper Triassic
evaporites. In the Basque-Cantabrian fold belt, Upper Triassic
evaporites reach thicknesses of 6–7 km in the cores of some
salt-cored anticlines and outcropping diapirs (Caméra, 2017;
Miró et al., 2021; Ramos et al., 2022). The offshore Basque-
Parentis domains also have thick Upper Triassic evaporites and
abundant diapirs (Ferrer et al., 2008, 2012; Roca et al., 2011).
The diapiric domain of the South Central Pyrenean Unit
integrates the northern boundary in the Cotiella (Lopez-Mir
et al., 2015), Sopeira-Sant Gervàs (Saura et al., 2016) and
Bóixols Basins and the entire South Central Pyrenean
Mesozoic Basin (allochthonous South Central Unit) with
significant diapiric activity along the Montsec and Serres
Marginals thrusts (Burrel and Teixell, 2021; Figs. 3 and 8). In
the eastern North Pyrenean Zone and Corbières-Languedoc
Transfer Zone, large diapirs are at, or just below surface in
Oligocene extensional basins or are found within or below the
Corbières Nappe.

In addition to Upper Triassic evaporites, four Cenozoic
(Eocene to Miocene) evaporite-rich formations (Beuda,
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Fig. 9. Simplified tectonic map of the Pyrenees and adjacent regions (adapted from Vergés et al., 2002) showing the distribution of evaporitic
deposits of Upper Triassic and Cenozoic age. Based on Caméra (2017) and Caméra and Flinch (2017) for the Basque-Cantabrian belt and South
Central Pyrenean Unit. In both the western Aquitaine Basin-Mauléon and the Corbières-Languedoc Transfer Zone evaporite distribution is
mostly compiled from French BRGM geological maps, with data from Curnelle et al. (1982), Viallard (1987), Gorini et al. (1991) and Serrano
et al. (2006) and Crémades et al. (2021). The distribution of Eocene to early Miocene marine and lacustrine evaporites in the Ebro Basin is based
on Vergés (1993) in the east and Garcés et al. (2020) in the west.
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Cardona, Barbastro, Zaragosa) were deposited in the eastern,
southern and southwestern sectors of the Ebro Basin, younging
progressively south and west (Figs. 9 and 8; Salvany, 1989;
Vergés, 1993; Alonso-Zarza et al., 2002; Garcés et al., 2020).
Further west, thick Oligocene evaporites (Falces and Lerin
formations) were deposited in the Pamplona-Logroño region
(Figs. 8a and 9; Alonso-Zarza et al., 2002)

Figure 10 presents a compilation of the chronology of
halokinetic activity based on recent studies across the
Pyrenees, the Basque-Cantabrian belt, Provence and adjacent
areas, showing a chronological relationship between the
principal tectonic stages of the Pyrenean orogenic cycle and
periods of diapiric activity. Upper Triassic salt was first
mobilised during Jurassic gentle rifting and post-rift subsi-
dence. This is particularly well documented in eastern
Pyrenean regions that were affected by Jurassic Tethyan
rifting (e.g., Crémades et al., 2021; Vergés et al., 2020).
A major phase of passive diapirism during Aptian-Cenoma-
nian rifting affected the whole Pyrenean area. In regions of
significantly thicker salt (Fig. 9), suprasalt synclinal basins and
minibasins of Aptian-Cenomanian age are documented (e.g.,
Issautier et al., 2020; Ford and Vergés, 2021; Ducoux et al.,
2021a, b; Ramos et al., 2022).

Large-scale northward verging gravity-driven extensional
systems above Upper Triassic salt detachments developed
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during Early to early Late Cretaceous (post-rift phase) along
the northern margin of the Iberian Plate. These features are
preserved along the northern edge of the South-Central
Pyrenean Unit (Fig. 3) from the easternmost Upper Pedraforca
thrust sheet (Vergés et al., 1995), the Sopeira, Faieda and
Montiberri minibasins in the Noguera Ribagorçana (Saura
et al., 2016; Muñoz, 2019); and the Cotiella Massif in the west
(Seguret, 1972; McClay et al., 2004). When Pyrenean
shortening is restored, north-dipping salt-related low-angle
listric normal faults, sometimes parallel to the northern flank of
Upper Triassic salt walls, define a north-directed gravitational
extensional system that controlled deposition of Upper Albian
to Santonian halokinetic sequences (Saura et al., 2016). More
to the west again, the Basque-Cantabrian Basin shows
widespread halokinetic activity during the Jurassic and
Cretaceous (Fig. 10), most recently interpreted by Caméra
(2017), Miró et al. (2021) and Ramos et al. (2022). This
extensional domain is characterized by an intricate network of
diachronous depocenters defined by long E-W trending salt-
walls connected to shorter N-S salt walls. The north-directed
gravity-driven extensional system on the Iberian margin is
mirrored by south-verging gravitational systems locally
documented along the eastern European margin (Ford and
Vergés, 2021). Although these gravity-driven conjugate
domains are beginning to be well documented (e.g., Labaume
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and Teixell, 2020), a complete understanding of their
extensional geometries and evolution at the regional scale
cannot be achieved until their original relative positions can be
restored with confidence.

During the post-rift stage (early Late Cretaceous) diapiric
activity also continued in the Toulon belt in Provence (Fig. 1),
driven by local sediment loading (Wicker and Ford, 2021). It is
now becoming clear that salt structures can have a primary
influence on structural development of fold and thrust belts due
to their ability to localize strain (e.g., Duffy et al., 2018). As
will be described below salt decoupling levels and diapiric
features were variably reactivated during Pyrenean orogenesis
depending on thickness of the source layer and their position in
the foreland systems (e.g., Vergés et al., 1992). Miró et al.
(2021) analyse the role of Upper Triassic evaporites in the
Basque-Cantabrian fold belt during both extension and
compression, showing that both thin-skinned and thick-
skinned styles of inversion can develop coevally depending
on the thickness of pre-orogenic salt.

4.2 Dating the onset of Pyrenean shortening

Constraining the timing of onset of convergence in an
orogen using different datasets can give contradictory results.
However, along and across the Pyrenean domain estimates for
the onset of convergence-related deformation are remarkably
consistent whether derived from tectonostratigraphic field
observations, foreland basin subsidence histories described
here and elsewhere (Figs. 2, 5b and 5c; e.g., Teixell et al., 2018;
Muñoz, 2019) or low temperature thermochronology (e.g.,
Mouthereau et al., 2014; Ternois et al., 2019a, b). Bracketed
between the late Santonian and early Campanian (84–83Ma)
these dates correspond well with the onset of Africa-Europe
convergence (Fig. 2; Olivet, 1996a, b; Srivastava et al., 2000;
Vissers and Meijer, 2012a, b; Macchiavelli et al., 2017;
Angrand and Mouthereau, 2021).

It must be acknowledged, nevertheless, that deformation
and vertical motions of Cenomanian to Santonian age across
the Pyrenees and adjacent areas are documented and have been
interpreted as evidence of an earlier onset of Iberia-Europe
convergence, in particular in eastern sectors now destroyed by
the opening of the Gulf of Lion (e.g., Guennoc et al., 2000;
Bache et al., 2010). Two Orogen studies contribute to this
debate, one on a local scale in Provence (Wicker and Ford,
2021) and the other on a more regional scale in the western and
central Pyrenees (Andrieu et al., 2021).

The salt-rich Toulon belt of Provence (TB, Fig. 1; Bestani
et al., 2016; Espurt et al., 2019b) lies at the eastern-most limit
of the Pyrenean orogen. Tectonostratigraphic relationships
here have long been interpreted to record onset of convergence
before latest Santonian (Fig. 1; Masse and Philip, 1976; Philip
et al., 1987; Hennuy, 2003). New structural and stratigraphic
mapping byWicker and Ford (2021) of growth structures in the
eastern Toulon belt, documents strong local halokinetic
activity of Keuper evaporites from Jurassic extension through
to Pyrenean inversion. While these new findings provide a new
explanation for Coniacian-Turonian growth strata in the area
they do not negate the possibility of early onset of Pyrenean
convergence in Provence. An additional observation, which
may support the idea is the abrupt arrival of pure quartz sands
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into Coniacian and Turonian depocentres in the Toulon area
suggesting the creation of new relief, which could be related to
enhanced tectonic activity (e.g., Hennuy, 2003).

Working on a more regional scale in the central Pyrenees,
Andrieu et al. (2021) document variations in platform
geometry, sedimentary facies and accommodation rates from
Cenomanian to Santonian across a 400 km E-W transect of the
Iberian margin. The authors attribute northward flexure of the
Iberian margin during the Coniacian to early onset of Pyrenean
NS compression. While this may be a possibility, differential
post-rift thermal subsidence could also generate such regional
basinward tilting.

4.3 Retrowedge geometry and dynamics

The North Pyrenean Zone (NPZ; width 18–30 km; Fig. 7)
incorporates the inherited rift architecture and Upper Triassic
evaporites, preserving a record of early convergence and main
collision stages (Fig. 2; Macchiavelli et al., 2017). The NPZ is
here divided into western (cross-sections S6-S8; Fig. 7) and
eastern sectors (cross-sections S2-S4; Fig. 7) separated by the
Toulouse Fault in the foreland linking to a more diffuse
transition zone in the NPZ (cross-section S5, Fig. 7). The
western sector is characterised by a broad rifted area, less total
shortening (described below) and a shallower erosion level.
The eastern sector is more deeply eroded so that the orogenic
record is more incomplete and fragmentary. Nevertheless, the
distribution of orogenic deformation in time and space here is
different with respect to the western sector. The eastern axis of
Aptian-Albian rifting was displaced to the south with respect to
the western axis. Both sectors record early convergence when
domains of exhumed mantle below the Pyrenean Trough
closed (e.g., Teixell et al., 2016) and shortening was
accommodated across the rifted margins by inversion of
basement faults with formation of divergent structural fans in
overlying Mesozoic successions. During main collision these
early structural fans were incorporated into the NPZ to become
the present day retrowedge.

While shortening in the retrowedge is difficult to constrain
accurately, estimates are generally low (see Fig. 7 for
published estimates) and represent some 10 to 15% of total
orogen shortening, half of which was accommodated during
early convergence and the rest during main collision (Grool
et al., 2018). The principal North Pyrenean Frontal Thrust
(NPFT) is marked by an abrupt northward decrease in orogenic
strain that migrated slowly north by some 50 km during
orogenesis (e.g., Grool et al., 2018; Espurt et al., 2019a, b). On
crustal scale models the NPFT roots downward onto the main
tectonic boundary that accommodates underthrusting of
Iberian lithosphere (Fig. 4). Its sinuous map trace follows a
complex network of inverted salt-rich basement-cutting faults
inherited from earlier rifting episodes (Fig. 3). These faults
variably record both early inversion (Late Cretaceous) and
Eocene-Oligocene thrusting (Fig. 7; Rocher et al., 2000;
Rougier et al., 2016; Grool et al., 2018; Fillon et al., 2020;
Labaume and Teixell, 2020; Barré et al., 2021).

The western NPZ preserves distal Aptian-Cenomanian rift
depocentres of the hyperthinned and exhumed mantle
domains, strongly overprinted by syn-rift HT-LP metamor-
phism and metasomatism (Internal Metamorphic Zone, IMZ;
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Figs. 7a–7c) recording geothermal gradients of 60–80 °C/km
(Vacherat et al., 2014; Labaume and Teixell, 2020; Saspiturry
et al., 2020; Izquierdo-Llavall et al., 2020; Ducoux et al.,
2021b). Low to moderate Pyrenean shortening is recorded here
(e.g., Labaume and Teixell, 2020; Lescoutre et al., 2021)
without significant cooling during early convergence (Vacherat
et al., 2014; Bosch et al., 2016). NPZ Mesozoic cover was
deformed by early folding and thrusting decoupled on Upper
Triassic evaporites (Figs. 7a and 7b), superimposed on syn-rift
folds created by halokinetic activity (minibasins) and local
basinward gravity gliding above salt (e.g., Tres Crouts
structure, Fig. 7b) (Corre et al., 2016; Izquierdo-Llavall
et al., 2020; Labaume and Teixell, 2020; Saspiturry et al.,
2019; Teixell et al., 2016). The western NPFT follows the
inverted boundary between necking and distal rift domains.
West of Pau the front is traced along a network of blind thrusts
within Cretaceous strata, for example below the Oloron
anticline on section S8 (Fig. 7a; Labaume and Teixell, 2020).
There are few other significant north verging structures here. In
contrast, well developed early Pyrenean south verging thrusts
are traced through and around the west plunging Axial Zone (e.
g., Lakora and Larra Thrusts, Figs. 7a and 7b; Teixell, 1996;
Caldera et al., 2021). Observations indicate that in the western
NPZ, limited Pyrenean shortening during early convergence
was accommodated by closure of exhumed mantle domains
and development of a doublely verging deformation system
involving distal rift fill and shallow basement. Paleomagnetic
work of Izquierdo-Llavall et al. (2020) indicates that
decoupled early NPZ structures were then tilted northward-
by-northward emplacement of a basement wedge below Upper
Triassic evaporites during main collision.

In the transition zone between western and eastern rift
domains, the NPFT is an inverted normal fault sealed by Upper
Cretaceous strata (S5; Fig. 7d). Cenozoic shortening propa-
gated north to the Subpyrenean Thrust, an inverted normal
fault between proximal and necking domains (S5; Fig. 7d). The
thrust front thus transitions eastward to the necking-proximal
domain boundary. East of the Toulouse Fault, the NPFT
continues as the inverted salt-rich northern boundary of a very
narrow necking domain (S2-S4, Fig. 7; Mouthereau et al.,
2014; Ford et al., 2016; Grool et al., 2018; Ford and Vergés,
2021). The degree of inversion along this fault zone decreases
eastward until top basement records net extension south of the
Mouthoumet Massif (Fig. 3, cross-section S2, 7g; Ford and
Vergés, 2021).

The eastern NPZ is more deeply eroded than the western
sector and thus structural geometries and ages are more
difficult to constrain. Distinct inverted Aptian-Cenomanian
grabens and half grabens (e.g., Fougax, Camarade, Bigorre,
S3-S5; Fig. 7) are separated by inverted basement blocks (e.g.,
Arize, Trois Seigneurs, Saint Barthelemy). Thin, sparse and
discontinuous Upper Triassic evaporites occur along most
major tectonic boundaries and along top basement. Thin salt
may be an original feature but could also be due, at least in part,
to its removal through flow, extrusion, and dissolution. In the
easternmost NPZ synrift salt thickness increases (Fig. 7) as
recorded by salt-based synclinal basins between salt walls,
rafts separated by salt rollers and turtle structures (e.g., S2,
Fig. 7; Ford and Vergés, 2021). Local early post-rift
(Cenomanian) basinward gravity gliding of stratal blocks is
also documented here (Montagne de Tauch; de Graciansky,
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1962). Pyrenean shortening created secondary welds or weld-
faults, often preserved between back-to-back tightened
synclines. The NPZ finally curves eastward into the N-S
trending Corbières-Languedoc transfer zone (Fig. 3) where
syn-orogenic successions north of the Mouthoumet massif lie
in superimposed N-S and E-W folds and are overthrust from
the east by the salt-rich Corbières nappe that records significant
rotations (Rouvier et al., 2012).The transfer zone is primarily
controlled by the presence of thick Triassic salt and
reactivation of both the inherited NE-trending Tethyan passive
margin crustal structures and the superimposed Pyrenean E-W
rift system (Crémades et al., 2021).

In the eastern sector and transition zone, the Internal
Metamorphic Zone (IMZ) is preserved as deeply eroded fault-
bound units lying immediately north of the NPF (Figs. 7d–7g;
Clerc et al., 2015; Ternois et al., 2019a, b; Ducoux et al.,
2021a). It is generally agreed that these high temperature IMZ
units originated from the exhumed mantle and hyperextended
domains (e.g., Clerc and Lagabrielle, 2014, 2015) and were
tectonically emplaced northward (and also probably south-
ward) onto the low grade necking domain during early
orogenesis along the 3M Fault (Figs. 4d–4f and 7d–7f; Grool
et al., 2018; Angrand et al., 2022; Ducoux et al., 2021b).
Similarly, the easternmost Boucheville IMZ (S2, Fig. 7g)
consists of detached and shortened hot sedimentary cover that
formed as an allochthonous unit bordered by divergent thrusts
during closure of the distal rift domain (Fig. 5; Chelalou et al.,
2015; Clerc et al., 2016; Ternois et al., 2019a, b).

In the southern side of the easternmost Pyrenees, the oldest
south-vergent thrust sheets, the Upper Pedraforca klippe
(Fig. 8g) and the Bóixols thrust sheet (Organyà basin, Fig. 8f),
carry non-metamorphosed syn-rift successions of the proximal
Iberian margin (Muñoz, 1992; Vergés, 1993; Mouthereau
et al., 2014; Laumonier, 2015; Calvet et al., 2020; Ternois
et al., 2019a, b; Figs. 4d–4f). Laumonier (2015) roots these
structures into the NPZ, suggesting that along with north-
vergent NPZ structures, they formed part of an early divergent
structural fan, corresponding to that observed in the western
NPZ (Labaume and Teixell, 2020) but largely destroyed by
later uplift and erosion.

In the western Aquitaine basin, top basement remains in
net extension (Figs. 7a–7d), while, above Upper Triassic salt,
gentle shortening of both Late Cretaceous and Eocene-
Oligocene age (total< 5 km) is focused on salt-rich fault zones
and salt-cored anticlines, ridges and diapirs (e.g., Gensac and
Saint Marcet anticlines, S6-S8, Fig. 7; Jourdan et al., 1998;
Canérot et al., 2005; Serrano et al., 2006; Biteau et al., 2006;
Rocher et al., 2000). In contrast, in the eastern foreland (east of
the Toulouse Fault) basement-cored north vergent anticlines
(e.g., Mouthoumet, Alaric) accommodate 2–3 km of Pyrenean
shortening increasing in amplitude eastward (Figs. 4 and
7e–7g; Christophoul et al., 2003; Ford et al., 2016; Grool et al.,
2018). This structural style is typical of a broken foreland,
where anticlines develop due to inversion of inherited
basement faults (e.g., Laramide orogen; McQueen and
Beaumont, 1989; Jordan, 1995).

In the eastern sector, the Axial Zone is separated from the
NPZ by the North Pyrenean Fault (NPF), a steep fault zone
recording late uplift of the Axial Zone. This fault loses
definition in the western sector (Figs. 3 and 7) and is lost west
of Pau as the Axial Zone plunges below its Mesozoic cover,
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implying that the two phenomena are related. The NPF has
been variably interpreted as the Iberia-Europe plate boundary
(Choukroune, 1974; Soula and Bessière, 1980; Canérot et al.,
2005), as a transtensional or normal fault zone inherited from
Early Cretaceous rifting (Choukroune and Mattauer, 1978;
Roure and Choukroune, 1998) that was later rotated and
reactivated (e.g., Cochelin et al., 2018; Teixell et al., 2018;
Espurt et al., 2019a; Angrand et al., 2022), or some
combination of these. Recent thermomechanical models
simulating shortening of a salt-rich rifted lithosphere and
integrating synorogenic erosion and sedimentation (e.g., Grool
et al., 2018, 2019; Jourdon et al., 2019; Ternois et al., 2021b),
reproduce steep faults in a similar position to the NPF that
accommodate the relative uplift of the inner prowedge with
respect to the more slowly evolving retrowedge. The NPF may
therefore not have the plate boundary significance often
attributed to it in regional models.
4.4 Prowedge geometry and dynamics

The prowedge consists of the Axial Zone and south
Pyrenean thrust belt, which links westward across the
Pamplona transfer zone with the Basque-Cantabrian belt
(Fig. 3). The southern Pyrenees are probably one of the best-
known thrust belts in the world due to extensive research
facilitated by outstanding exposures, accessibility, an excellent
open access geological database and deep geophysical
imagery. Thrust sheets were emplaced southward onto the
Iberian plate from Late Cretaceous onward but principally
during early Eocene-early Miocene main collision. Eocene-
Miocene growth of the prowedge and its foreland basin is
principally controlled by plate kinematics, critical wedge
dynamics and its interactions with surface processes and the
distribution and thickness of Upper Triassic and other
evaporitic levels. Inherited rift architecture also played a role
but to a much lesser degree compared with the retrowedge
(Jourdon et al., 2019; Ternois et al., 2021a). The Axial Zone
consists of Iberian upper crustal allochthonous units emplaced
southward to form an antiformal stack (Fig. 4; e.g., Roure
et al., 1989; Muñoz, 1992; Beaumont et al., 2000; Mouthereau
et al., 2014; Teixell et al., 2018, etc.). New microstructural and
petrological studies coupled with geochronological dating
demonstrate that distributed shortening under sub-greenschist
and greenschist conditions affected the Iberian upper crust
during early Pyrenean plate convergence, followed during
main collision by localization of shear onto major thrusts
(Airaghi et al., 2019; Bellahsen et al., 2019; Waldner et al.,
2021). This early distributed or ductile crustal shortening
represents between 1 and 2 km, and in the Eaux Chaudes
massif can be higher (Caldera et al., 2021).

South Pyrenean thrust sheets lie in three domains,
Pedraforca (east), South Central Pyrenean Unit (centre) and
Jaca (west), inherited from the Iberian Mesozoic rifted margin
(Fig. 8). Upper Triassic evaporites are particularly abundant
below the central area (South Central Pyrenean Unit), being
thin to absent in adjacent areas (Figs. 8 and 9). The South
Central Pyrenean Unit (defined by Seguret, 1972) forms a low
friction salient with a well-developed Jurassic to upper
Cretaceous stratigraphy arranged in three thrust sheets
(Bóixols, Montsec and Serres Marginals) and bounded by
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oblique ramps (Figs. 3 and 8). Triassic evaporites thin under
the Montsec thrust sheet and to a lesser extent below the Serres
Marginals (e.g., Vergés, 1993; Saura et al., 2016; Caméra and
Flinch, 2017; Burrel and Teixell, 2021; Hudec et al., 2021).
The Aptian-Albian syn rift successions of the Bóixols and
Upper Pedraforca thrust sheets originally lay along the
northern rifted margin of the Iberian plate. The onset of
exhumation in the basement Nogueres Zone during Late
Cretaceous (NT, Fig. 3; Beaumont et al., 2000; Sinclair et al.,
2005; Fillon and van der Beek, 2012) coincided with re-
activation of the Bóixols Thrust causing inversion of the
Organyà Albian rift depocentre (BT, Fig. 3; Bond and McClay,
1995; Mencos et al., 2015). Other examples of late Cretaceous
inversion of salt-rich rift and gravity driven depocentres lie
along the northern margin of the South Central Pyrenean Unit
as described above (Puigdefàbregas and Souquet, 1986;
Puigdefàbregas et al., 1992; Vergés et al., 1992; Lopez-Mir
et al., 2014, 2015; Burrel et al., 2021).

The southern Pyrenees have become a classic case study
for critical wedge dynamics (e.g., Meigs and Burbank, 1997;
McClay and Whitehouse, 2004). The South Central Pyrenean
Unit has been modelled as a low friction depositional wedge-
top system, recording alternating accretion and translation
throughout Eocene and early Oligocene (e.g., Meigs and
Burbank, 1997). Full cross-section restoration shows that,
overall, the SCPU thrust front migrated some 150 km south
(Fig. 8f). Within the SCPU thrust units (and Basque-
Cantabrian belt) Mesozoic cover and pre-orogenic salt
structures suffered moderate to low shortening (Muñoz,
1992; Vergés, 1993; Caméra, 2017; Burrel and Teixell,
2021; Santolaria et al., 2020; Ramos et al., 2022; Figs. 5 and
8). In the western Jaca domain (Fig. 8b) and eastern Pedraforca
domain (Fig. 8g), a thin salt décollement facilitated large
displacements of thrust sheets in higher friction wedges with
internal thrusting and folding (e.g., Vergés et al., 1998;
Labaume et al., 2016; Labaume and Teixell, 2018). The eastern
thrust front migrated some 120 km south along with the
foreland basin that accumulated a complete Eocene-Oligocene
succession (Fig. 8g; Vergés et al., 1995, 1998). The Ebro Basin
narrows westward between converging thrust fronts of the
Pyrenees and the Iberian Range (e.g., Cameros thrust; Fig. 8a).
At the western end of the basin, NW-SE trending salt-cored
anticlines (e.g., Arguedas, Falces, Fig. 8a) migrated south
during the Oligocene-Miocene detached on Cenozoic evapo-
rite levels within the basin fill (Muñoz-Jiménez and
Casas-Sainz, 1997; Casas-Sainz and Román-Berdiel, 1999;
Larrasoaña et al., 2003; Fig. 8a).

Progressive southward migration of deformation is
recorded in the sequential activation of major thin-skinned
thrusts that link back into thick skinned basement thrusts that
built the Axial Zone (Fig. 6). Overall, an estimated 67 to 80%
of total orogen shortening is accommodated in the prowedge
(Grool et al., 2018; Espurt et al., 2019a). Balanced sections
show a westward trend of deceasing prowedge shortening from
92 km to 40.6 km (Fig. 8). However, caution is necessary as the
uncertainties associated with such shortening estimates in salt-
rich areas can be significant. For example, pre-orogenic
diapirism may locally account for a significant portion of limb
rotation as demonstrated by Burrel and Teixell (2021; Fig. 8e)
and Ford and Vergés (2021). The effect of this phenomenon on
the pattern of regional shortening has yet to be quantified.
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Although shortening may be accommodated in adjacent areas
(Iberian Range, Catalan Coastal Ranges, Fig. 3) the westward
decrease in shortening is consistent with an overall westward
decrease both in total shortening across the whole orogen and
in N-S plate convergence as reported by Macchiavelli et al.
(2017).

East of Pedraforca (J3, Figs. 3 and 8) prowedge shortening
estimates decrease abruptly to 31 km on the J2 section (Ripoll;
Fig. 3, Vergés, 1993). Low shortening estimates are also
reported in the easternmost northern Pyrenees and thus across
the whole eastern orogen (Fig. 4; Ternois et al., 2019a, b). This
is problematic as, according to plate kinematic models (e.g.,
Macchiavelli et al., 2017), the eastern Pyrenees should record
maximum convergence. An explanation for this discrepancy
may be found in the fact that this area has also undergone
strong extension, uplift and erosion due to crustal and
lithospheric thinning during Oligocene-Miocene formation
of the Gulf of Lion and Valencia Trough (e.g., Lewis et al.,
2000; Vergés and Fernàndez, 2006; Diaz et al., 2018; Jolivet
et al., 2020, Jolivet et al., 2021a, b; Carrillo et al., 2020; among
others). The deep erosion of Mesozoic strata (estimated
erosion > 15 km in Curry et al., 2021) leading to a very
incomplete surface geological record, makes it difficult to
constrain shortening with the same precision achieved further
west. However, the full significance of low shortening
estimates in the eastern Pyrenees remains open to debate.
For example, it has been suggested that the missing shortening
was accommodated outside the Pyrenees such as in the Catalan
Coastal Ranges (Angrand and Mouthereau, 2021).

In addition to Triassic evaporites, Cenozoic evaporite units
play an important role in foreland deformation (Figs. 8 and 9;
Vergés et al., 1992). In the eastern Ebro Basin these units are:
the> 1000m thick Lutetian Beuda Formation, the 300m thick
latest Bartonian Cardona Formation and the > 1500m thick
late Eocene-early Oligocene Barbastro non-marine evaporites
(Figs. 8 and 9). Their depocenters shifted south and SW in front
of the advancing deformation front. Thrusting then progres-
sively ramped up southward through the detachment levels in a
staircase geometry (J3, Fig. 8; Vergés et al., 1992). The most
external eastern foreland structures are controlled by the
original position and geometry of these evaporitic depocenters
and by their degree of overlap (Krzywiec and Vergés, 1996;
Sans et al., 1996; Vergés et al., 1992), as well as by their
probable interaction with the Upper Triassic basal detachment
(Fig. 8). The oblique arrangement of the Cardona Salt in front
of the advancing South Central Pyrenean Unit was in part
responsible for the oblique fold and thrust trends of the eastern
Ebro Basin (Figs. 3, 5 and 8; Vergés et al., 1992). The eastern
and central deformation front is located along salt-cored
anticlines formed above the Barbastro detachment level
(Figs. 4, 9c and 9e), notably along the 40-km long WNW-
ESE trending Sanaüja Anticline (SA on Figs. 3 and 8; Vergés
et al., 1992) and the > 100 km long WNW-ESE trending
Barbastro-Balaguer Anticline in front of the South Central
Pyrenean Unit, which links west with the front of the External
Sierras (Senz and Zamorano, 1992; Santolaria et al., 2017).

5 Thermal record of Early Convergence

In convergent settings, syn-orogenic cooling of crustal
rocks, measured by low temperature thermochronology
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methods, is generally assumed to record rock exhumation
by surface uplift and erosion in the evolving orogenic wedge
(Reiners et al., 2005; Reiners and Brandon, 2006; Carrapa,
2010). Extensive Pyrenean bedrock and detrital low tempera-
ture thermochronology datasets essentially support this model
recording diachronous exhumation along and across the North
Pyrenean massifs and Axial Zone principally from Eocene
(50Ma) to Miocene (Yelland, 1990, 1991; Morris et al., 1998;
Fitzgerald et al., 1999; Sinclair et al., 2005; Jolivet et al., 2007;
Filleaudeau et al., 2011; Whitchurch et al., 2011; Fillon and
van der Beek, 2012; Mouthereau et al., 2014; Labaume et al.,
2016; Vacherat et al., 2016; Bernard et al., 2019; Curry et al.,
2021; Waldner et al., 2021). Peak exhumation rates are
identified from 37 to 30Ma on the southern Axial Zone along
the ECORS line (Fillon and van der Beek, 2012) and from 37
to 20Ma in the western Axial Zone (Bosch et al., 2016) and
Jaca Basin (Labaume et al., 2016).

As convergence started some 30Myrs before onset of main
collision, the question arises as to the existence and degree of
orogen-related thermal cooling during the Late Cretaceous and
Paleocene. Yelland (1991) was the first to produce in situ
bedrock low-temperature thermochronology analyses record-
ing Cretaceous cooling ages in the eastern Agly-Salvezines,
massif and in the western Labourd basement massif (Figs. 3
and 4). More recent studies have investigated early orogenic
and older syn-rift thermal signals using RSCM paleotemper-
ature studies (Lescoutre et al., 2019; Saspiturry et al., 2021)
and in situ bedrock low temperature thermochronology
methods (Ternois et al., 2019a, b; Vacherat et al., 2014,
2016; Hart et al., 2017) revealing variable early orogenic
thermal records along the Pyrenees.

In the western North Pyrenean Zone, Vacherat et al. (2014)
and Bosch et al. (2016) in the Mauléon basin and Hart et al.
(2017) in the Labourd massif (Fig. 4) demonstrate that the
thermal perturbation inherited from Aptian-Cenomanian
rifting maintained temperatures during early orogenesis above
the sensitivity limit of low-temperature thermochronometers
(40–300 °C; e.g., Carrapa, 2010; Peyton and Carrapa, 2013),
thus delaying cooling until Eocene collision. Late Cretaceous
inversion structures are nevertheless reported along the
western North Pyrenean Thrust Front (e.g., Jourdan et al.,
1998; Barré et al., 2021). Thermal modelling of new low
temperature thermochronology data from an adjacent deep
borehole in the proximal foreland basin (Fillon et al., 2020)
shows a clear signal of early orogenic heating due to syn-
orogenic burial. Sedimentary burial of the inverting rift by a
thick post-rift and syn-orogenic deposits (Figs. 6 and 7) may
thus have contributed to maintaining high temperatures in the
western retrowedge until main collision and perhaps even later
as discussed by Caldera et al. (2021).

Similarly, in the central Pyrenees (ECORS-central area) no
in situ Cretaceous cooling signals are reported in basement
massifs of the North Pyrenean Zone (Arize, Trois Seigneurs
massifs, Fig. 7; Yelland, 1990, 1991; Morris et al., 1998;
Fitzgerald et al., 1999; Vacherat et al., 2016). Complex time-
temperature histories across the massifs, derived using
inversion modelling of apatite and zircon fission track and
apatite U-Th/He data by Vacherat et al. (2016), suggest an
early Cretaceous syn-rift signal (cooling) in extensional tilted
basement block (crests) on the proximal rift margin. These
blocks then became buried below thick flysch successions of
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the Pyrenean Trough during Late Cretaceous and Paleocene
until inversion during the Eocene and Oligocene main collision
phase.

The Agly-Salvezines massif is the most easterly basement
massif of the North Pyrenean Zone (AS, Fig. 3). It is believed
to have occupied a more distal position on the European rifted
margin compared with central and western basement massifs
described above (e.g., Arize, Trois Seigneurs, Labourd), as it is
surrounded by Mesozoic strata recording some of the highest
syn-rift temperatures (up to 580 °C; Boucheville and Bas Agly
Synclines; Figs. 4 and 7) of the Internal Metamorphic Zone
(Chelalou et al., 2015; Clerc et al., 2016; Ternois et al., 2019a,
b; Ducoux et al., 2021a). A fragment of peridotite is also
preserved in the IMZ Boucheville syncline, attesting to
associated mantle exhumation (Fig. 7g). The basement massif
itself did not, however, reach temperatures of more than 350 °C
during early Cretaceous rifting, except along discrete fault
zones (Ternois et al., 2019a, b). The Agly-Salvezines block
records extreme crustal thinning dated as early Cretaceous
(Odlum et al., 2019). Combining geological studies with
inverse and forward modelling of single-grain AHe ages and a
large ZHe dataset from this massif, Ternois et al. (2019a, b)
build a robust model of syn-orogenic tectonic and thermal
evolution, identifying two cooling episodes, one in Late
Campanian-Maastrichtian and the other in Ypresian-Barto-
nian, as well as an earlier syn-rift cooling signal. As the area
lay below the Pyrenean Trough during the Late Cretaceous
(Fig. 5), early convergence cooling cannot be explained by
subaerial exhumation. Ternois et al. (2019a, b) instead propose
that, as the exhumed mantle domain closed, the Agly-
Salvezines crustal block cooled between an overthrusting
colder Iberian imbricate and the underthrusting colder
European margin (Fig. 4f). Early orogenic crustal cooling
detected in other orogens, such as Taiwan, has also been
interpreted to record crustal thickening by underthrusting (e.g.,
Mesalles et al., 2014).

Dating of detrital material accumulated in adjacent
foreland depocentres can also be a powerful and complemen-
tary approach to unravel the early orogenic cooling pattern of
the Pyrenees. Combining detrital zircon fission track, U/He
and U/Pb dating, is particularly relevant for source to sink
studies because it provides information on both sedimentary
provenance and denudation rates in source areas. Its increasing
application to Pyrenean forelands is producing ever improving
insight into the evolution of syn-orogenic sediment routing
systems (e.g., Beamud et al., 2011; Filleaudeau et al., 2011;
Whitchurch et al., 2011; Mouthereau et al., 2014; Vacherat
et al., 2014; Hart et al., 2017; Thomson et al., 2017, 2019;
Ternois et al., 2019a, b). Detrital zircon dating studies in
Campanian-Paleocene depocentres of the South-Central
Pyrenean Units suggest late Cretaceous cooling of zircons
sourced principally from eastern regions (Fig. 7a; Beamud
et al., 2011; Filleaudeau et al., 2011; Whitchurch et al., 2011;
Thomson et al., 2017, 2019; Odlum et al., 2019). Similar data
in the eastern Aquitaine Basin are so far sparse (Mouthereau
et al., 2014; Ternois et al., 2019a, b; Léger et al., 2021) but
indicate similar cooling records in sediment sources. The
sourcing of early orogenic (and earlier post-rift) sediments
from eastern relief has long been documented by paleocurrent
and sedimentology data (e.g., Plaziat, 1981; Bilotte, 1985;
Puigdefàbregas et al., 1992; Monod and Bourroullec, 2014).
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Critically, new U-Pb zircon ages can provide distinct
“fingerprints” of source regions, while U-Th-Sm/He data
can reveal their exhumation histories. Combined, these data
have the potential to constrain evolving paleodrainage
systems. For example, recent studies in the Upper Cretaceous
to Paleocene sediments of the Pyrenees identify distinct
Cadomian zircon populations from a major, but, as yet,
unidentified eastern source. Cadomian zircons are absent from
the mainly Variscan zircon populations of the Axial Zone and
Ebro Massif, which also supplied some sediment into the early
Pyrenean Trough (Beamud et al., 2011; Filleaudeau et al.,
2011; Whitchurch et al., 2011; Mouthereau et al., 2014;
Vacherat et al., 2014; Hart et al., 2017; Thomson et al., 2017,
2019; Ternois et al., 2019a, b). This eastern relief, now
destroyed by the opening of the Gulf of Lion (Jolivet et al.,
2021b), is widely believed to have been created by early onset
of Pyrenean convergence to the south of Provence. However, a
critical and precise identification and quantification of such
potential sources in the east require more robust statistics, and
therefore a larger number of dated zircon grains. To overcome
procedural limitations of conventional approaches, an inte-
grated laser ablation micro-analytical procedure for in situ (U-
Th-Sm)/He thermochronology on zircon has been proposed
(Boyce et al., 2006; Vermeesch et al., 2012). It allows
simultaneous in situ determination of parent U-Th-Sm content
and measurement of U and Pb isotope concentrations (or their
ratios) from which U/Pb ages are derived. Single zircon
crystals or grains can thus be dated for both U/Pb and (U-Th-
Sm)/He (in situ (U-Th)/(He-Pb) double dating (Tripathy-Lang
et al., 2013; Evans et al., 2015; Horne et al., 2016, 2019;
Dani�sík et al., 2017). Within the Orogen project, this method
has been applied by Ternois et al. (2019b) and Léger et al.
(2021) in the eastern retroforeland basin (SW Mouthoumet
area and Corbières-Languedoc Transfer Zone). Based on
robust statistical analyses, these results clearly document the
evolving nature of detrital material from pre-convergence (i.e.,
Turonian) to the main orogenic (Eocene) sediments, showing
dominance of eastern sources during the transition from rifting
and into early orogenesis. They particularly highlight a gradual
increase of eastern denudation rates during early convergence
times (Campanian-Paleocene), with exposure and erosion of
basement areas that had been partially to totally reset during
the previous Apto-Albian rifting episode. This confirms that
during the late Cretaceous an edifice was created to the east of
the present-day Pyrenees, in a region affected by Apto-Albian
extension, but most probably to a lesser degree compared with
the Pyrenean rift system further west. A striking lesson carried
by these new data relates to the coupling of rifting and orogenic
age signatures during significant early orogenic denudation
episodes, which demonstrates that the orogenic edifice started
to form locally by inversion of the Apto-Albian rift. Such data
provides direct and robust evidence for the role of rift
inheritance in early orogenic processes.

6 Orogen Dynamics

If viewed within the context of regional deformation
patterns, Pyrenean evolution can help to better understand
factors that control the behavior of a convergent plate
boundary and how it can evolve through time. The Pyrenees
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represent a low convergence or immature double wedge
collisional orogen that evolved through distinct stages of early
convergence, quiescence, main collision and post-conver-
gence. Factors influencing this evolution include plate
kinematics, lithospheric rheologies and thermal state, the
progressive establishment of double wedge dynamics and the
inherited rift template. Surface processes also strongly
influenced orogen dynamics. The changing roles of these
parameters at each stage of orogenesis are discussed here.

The non-cylindrical Pyrenean rift system is here separated
into two sectors (described in 4.3), with the eastern sector
(sectionsS2 toS5, Figs. 7d–7g) offset to the southwith respect to
thewestern sector (SectionsS8,S7, S8,Figs. 7a and7b) (Ducoux
et al., 2021b; García-Senz et al., 2020). In the west, a broader
Aptian-Albian rift accommodated higher extension than to the
east leading to a wider rift associated with HT metamorphism
andmantle exhumation (Ducoux et al., 2021b). Later, Pyrenean
plate convergence was lower in this western sector compared
with the eastern sector according to the plate kinematicmodel of
Macchiavelli et al. (2017). This is reflected in the lower
shortening estimates and the dying out of theAxial Zone toward
the west. In the eastern sector, although only remnants of the
distal rift domain (IMZ) are preserved (Angrand and Mouth-
ereau, 2021; Ducoux et al., 2021a), the syn-rift high temperature
metamorphism,metasomatismandmantle exhumation require a
well-developedhyperthinnedor transcurrent rift system.Section
restorations indicate that the eastern European rift margin was
considerablynarrower than in thewestern sector (Chelalouet al.,
2015;FordandVergés, 2021;Ducouxetal., 2021b),however the
distal southern margin is very poorly preserved. The Macchia-
velli et al. (2017) model predicts highest plate convergence and
thus greatest shortening in the eastern Pyrenees, however this is
not supported in the easternmost sectors where sparsely
preserved allochthonous units provide lower shortening than
expected. As discussed above, this remains an unresolved
problem. Creation of relief began earlier in eastern sectors and
migrated west. Rift shoulder uplift associated with Oligocene-
Miocene opening of the Gulf of Lion and Valencia Trough
strongly overprinted late orogenesis in easternmost sectors
(Calvet et al., 2020; Jolivet et al., 2021a, b). Consequently,while
the western NPZ preserves most domains of a broad and well-
developed Aptian-Cenomanian rift system affected by low
convergence, the central and easternNPZ record relativelymore
convergence that affected a well-developed, but perhaps
narrower rift system.

6.1 Early convergence

During the Late Cretaceous, inversion and shortening
affected many Mesozoic rift systems across a broad area from
Africa to the North Sea in response to the onset of Europe-
Iberia-Africa convergence (Fig. 2; Dèzes et al., 2004; Nielsen
et al., 2005; Ziegler and Dèzes, 2006; Kley and Voigt, 2008;
Lamotte et al., 2011; Jolivet et al., 2016; Stephenson et al.,
2020; Mouthereau et al., 2021). Within this area, inversion of
the Pyrenean rift accommodated only a small component of
Africa-Europe plate convergence (see Sect. 2.2). Macchiavelli
et al. (2017) derive estimates of Iberia-Europe N-S conver-
gence rates of 1.1mm/yr in the east slowing westward to
0.5mm/yr in the Basque-Cantabrian-Bay of Biscay region.
Substantial strike-slip identified in some plate reconstructions
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are not well documented or quantified in the field and thus
remain problematic. Within the resolution of stratigraphic and
geochronological data, the onset of plate convergence around
the Santonian-Campanian boundary correlates well with both
onset of shortening (fault inversion; Figs. 7 and 8) and a
marked acceleration in tectonic subsidence in the Pyrenean
Trough (Fig. 5b).

At onset of orogenesis the lithospheric rift template was not
in thermal equilibrium as only 10Myrs had elapsed since the
end of magma-poor Aptian-Cenomanian rifting. Instead of
building early orogenic relief as envisaged in other orogens
(e.g., Babault et al., 2013) early Pyrenean crustal thickening
developed below the Pyrenean Trough, a subsiding marine
basin driven largely by post-rift cooling and supplied by
longitudinal drainage from an edifice in the east (Fig. 6a). Only
the fringes of this major basin are preserved, with up to 2–3 km
of Upper Cretaceous flysch preserved to the north and over
6 km preserved in the SCPU, giving an idea of its dimensions.

Slow and limited convergence during Late Cretaceous was
accommodated by closure of exhumed mantle domains
accompanied by distributed inversion of overlying distal rift
successions to generate divergent structural fans (Mouthereau
et al., 2014; Ford et al., 2016; Teixell et al., 2016; Labaume
and Teixell, 2020). These early divergent structural fans are
well preserved in the western NPZ (Figs. 7a and 7b). More
fragmentary data appear to indicate that the eastern rift
accommodated early convergence in a very similar manner. In
the east, the deformation front inverted the northern boundary
of the necking domain while in the west it became localized
along the boundary between proximal and distal rift domains
(hyperthinned and necking domains), illustrating how inher-
ited rift architecture controlled shortening distribution.

The thermal signature of early convergence in the Pyrenees
is highly variable and ambiguous. A high residual post-rift
geothermal gradient persisted throughout this period in the
western north Pyrenean sector (Vacherat et al., 2014; Hart
et al., 2017; Caldera et al., 2021; Ducoux et al., 2021b), where
extension had been highest (Clerc and Lagabrielle, 2014;
Lescoutre et al., 2019; Lagabrielle et al., 2020; Saspiturry
et al., 2020). No record of early orogenic cooling or heating is
detected in basement massifs of the European proximal margin
(central NPZ; Vacherat et al., 2016). However, the proximal
Iberian margin (Axial Zone) underwent heating to greenschist
facies, accompanied by distributed deformation and weaken-
ing (Airaghi et al., 2019; Waldner et al., 2021). This heating
may have been due to burial below the thick Pyrenean Trough
as detected in the Aquitaine basin by Fillon et al. (2020).

Late Cretaceous early orogenic cooling is locally detected in
distal rift margin units in the eastern (Agly-Salvézines massif,
Ternois et al., 2019a, b, 2021a, b) and western NPZ (Labourd
massif; Hart et al., 2017). As this cannot be explained by uplift
and erosion, Ternois et al. (2019a, b) propose cooling of a hot
thinned crustal imbricate due to emplacement between cooler
crustal slices of upper and lower plates (Fig. 4f).
6.2 Transition from early convergence to main
collision

The transition from distributed deformation during early
convergence to the construction of a doubly vergent collisional
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orogen requires the creation of a new plate boundary fault that
accommodated the northward subduction of the Iberian plate.
The exact tectonic processes involved in closure of exhumed
mantle domains and lithospheric scale shortening during early
convergence remain uncertain and difficult to constrain from
field observations alone. Conceptual scenarios generally
propose reactivation of a lithospheric-scale, rift-inherited
low-angle detachment that later accommodated subduction of
the Iberian plate (e.g., Jammes et al., 2009; Masini et al., 2014;
Teixell et al., 2018). More recent thermomechanical modelling
of inversion of hyperthinned rift systems suggest that fault
reactivation was restricted to shallow crustal levels along the
rifted continental margins, while the accommodation of plate
convergence on the lithospheric scale involved the develop-
ment of a new convergent plate boundary fault (Dielforder
et al., 2019; Jourdon et al., 2019). In detail, these numerical
simulations show that new shear zones initiate in the exhumed
mantle domain during early convergence and subsequently
develop into a single lithospheric-scale plate boundary fault
accommodating the closure of the mantle domain and
subduction of the lower plate. Further, Jourdon et al. (2019)
show that the localization of the shear zone in the mantle
domain is highly sensitive to the width and thermal structure of
the exhumed mantle domain. In particular, in order to initiate
the new plate boundary fault in the mantle, the width of
exhumed mantle must be < 50 km, otherwise obduction of
mantle would preferentially occur.

The creation of such a new convergent plate boundary fault
in the Pyrenees may also be linked to the distribution of
deformation in central and northern Europe. During the
Campanian-Maastrichtian compressional stresses were trans-
mitted across the Iberia-Europe boundary far into the European
plate causing inversion of the Mesozoic Central European rift
system associated with the development of substantial
peripheral basins (up to 2 km of sediment fill; Fig. 1;
Scheck-Wenderoth and Lamarche, 2005). These peripheral
basins are on a similar scale as and record similar shortening to
the Upper Cretaceous Pyrenean Trough (Kley and Voigt, 2008;
Deckers, 2015; Deckers and van der Voet, 2018; Kley, 2018;
Voigt et al., 2021). Intraplate deformation in central Europe
ended in the early Paleocene, coinciding with the interruption
in Africa-Iberia-Europe convergence (Fig. 2; Nielsen et al.,
2005; Kley and Voigt, 2008). In contrast to the Pyrenean realm
and the Iberian plate however, shortening in central Europe did
not restart when plate convergence recommenced at the end of
the Paleocene. Dielforder et al. (2019) propose that this
indicates that stress transmission across the plate boundary was
no longer effective. They investigate the plate coupling force
necessary to allow or impede stress transmission across a plate
boundary fault under conditions and rheologies consistent with
those experienced by the Pyrenean realm during and at the end
of early convergence. The analysis demonstrates that, although
the hyperthinned rift system had a low strength at the onset of
convergence due to a high thermal gradient, it was initially just
strong enough, due to the presence of mantle rocks close to the
surface, for the transmission of sufficient stress into the
European plate to drive intraplate deformation. By the end of
the Cretaceous, the localization of the plate boundary fault and
its related weakening decreased the mechanical coupling
between the plates, thus preventing further transmission of
effective stress into Europe and hence focusing deformation
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into the orogen itself as the lower plate began to subduct
(Dielforder et al., 2019).

The coincidence in timing between the termination of
intraplate deformation in Europe and the interruption of
Africa-Iberia-Europe plate convergence during the Paleocene
appears remarkable.While further research is required to better
understand the nature of the abrupt slowdown in plate
movements during the Paleocene, the decrease in plate forces
across the weakening Pyrenean plate boundary fault may have
simply ended stress transmission sooner and more abruptly
than would have been the case if plate forces had remained
constant.
6.3 Main Collision: the Pyrenean model of orogenic
processes

The main collision stage of the Pyrenees is very well
documented as discussed above. Once the subduction system
was established, deformation and basin development became
focused into the orogen and onto the weak plate boundary
fault. More rapid plate convergence (4mm/yr, Fig. 2;
Macchiavelli et al., 2017) drove growth of the asymmetrical
orogenic double wedge through imbrication of Iberian upper
crust while Iberian lower crust and lithospheric mantle were
subducted (Fig. 4). Creation of relief progressively propagated
southward and westward (e.g., Sinclair et al., 2005; Bernard
et al., 2019; Curry et al., 2021 and references therein). Crustal
thickening drove flexural subsidence principally in the pro-
foreland basin but also contributed to subsidence in the
retroforeland basin (Angrand et al., 2018). The growing edifice
became the principal source of high volumes of sediment,
transferred by transverse routing systems to the Ebro Basin.
Considerably lower volumes of sediment reached the
Aquitaine basin (Fig. 6; Sinclair et al., 2005; Fillon et al.,
2020). The timing of maximum exhumation in the Axial Zone,
detected in low temperature thermochronology data, youngs
westward from late Eocene (∼ 40Ma) in the eastern Pyrenees
to early Oligocene (∼ 30Ma) in the western Axial Zone (Fillon
and van der Beek, 2012; Bosch et al., 2016; Labaume et al.,
2016).

Considered as an excellent example of a collisional double
wedge orogen generated by critical wedge dynamics, the central
Pyrenees have been extensively simulated by 2D thermome-
chanicalmodelling to examine controllingparameters andmajor
processes, particularly along the central ECORS deep seismic
profile (e.g., Beaumont et al., 2000). These 2D models
demonstrate not only crustal thickening processes and evolution
but also theessential roleof surfaceprocesses incontrollingmass
flux and deformation distribution during orogen growth (e.g.,
Beaumont et al., 2000; Fillon et al., 2013a, 2013b; Erdös et al.,
2014a, b; Curry et al., 2019; Grool et al., 2019). The roles of
inherited rifts and lithospheric rheological heterogeneities in the
construction of the orogen have also been examined in
increasingly higher resolution by numerical models (e.g.,
Jammes and Huismans, 2012; Erdös et al., 2014a, b; Jourdon
et al., 2019, 2020; Dielforder et al., 2019; Grool et al., 2019). As
demonstrated by the work of Wolf et al. (2021), this low
convergence orogen lies at the lower end of a spectrumoforogen
behaviors, which change with increasing convergence. Within
the Orogen project, Jourdon et al. (2020) consider the role of a
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thick salt layer (2 or 5 km) in a full Wilson cycle. As an extreme
endmembermodel (in terms of thickness of the salt layer, which
replaces the upper crustal sedimentaty cover), their results
suggest the presence of very thick salt (5 km) can suppress the
growth of orogenic relief, leading to a prolonged period of
submarine continental accretion. Jourdon et al. (2019) explored
the impact of the degree pre-orogenic rifting (rift maturity) on
strain distribution within the subsequent orogen. Their models
indicate that subduction initiation focuses on theweakest part of
the central rift where mantle has been exhumed, a proposal
corroborated by the work of Dielforder et al. (2019).

In a developing orogenic wedge, the transition from growth
to steady state describes the development of orogenic relief due
to crustal thickening during convergence to the point where
accretionary influx equals erosional outflux (steady-state)
(Willett and Brandon, 2002; Sinclair et al., 2005). These terms
must be used with caution, as they are applicable only to an
already established crustal double prism with dynamic relief
evolving above a subducting plate boundary. In the Pyrenees
dynamic growth of orogen topography was not established
until early Eocene with the onset of main collision and
subduction of the Iberian plate. Any transition to steady state
would therefore be younger. It is therefore likely that in this
immature orogen steady state was never attained.

7 Transition from syn- to post-convergence

7.1 Signals of end of plate convergence

Uplift and erosion of an actively converging mountain belt
will normally coincide with ongoing loading and hence
subsidence in the proximal foreland basin (e.g., Flemings and
Jordan, 1990). Transverse sediment routing systems are thus
trapped adjacent to the thrust front and can be diverted into
longitudinal systems by active structures in a wedge-top basin
(Allen et al., 2013). In contrast, the end of active plate
convergence in a collisional orogen is expected to generate
simultaneous isostatic rebound of both the mountain belt and
the proximal flexural foreland basin (Heller et al., 1988;
Flemings and Jordan, 1990; Burbank, 1992; Cederbom et al.,
2004; Allen and Heller, 2012; Allen et al., 2013; Tucker and
van der Beek, 2013). The consequent diminishing accommo-
dation in the foreland basin relative to ongoing high sediment
supply from the orogen will generate outwardly extending
gravel systems across the foreland with an extensive transverse
flow piedmont (low depositional slopes and long depositional
lengths; Allen et al., 2013). However, other factors can
substantially increase sediment supply with respect to
accommodation in foreland basins such as climate change,
mantle dynamics or drainage reorganization, thus triggering
transverse flow piedmont sedimentary systems (Allen et al.,
2013). It is important to be able to distinguish between these
different mechanisms. In order to clearly identify isostatic
rebound related to end of convergence a foreland stratigraphic
signal should coincide with a cooling signal in the mountain
range (uplift and erosion) detectable, for example, in low
temperature thermochronology data. Integrating Orogen results
and other published studies, we here discuss the significance of
transverse flow piedmont systems deposited on both sides of the
Pyrenean orogen during late to post-convergence. We also
consider all signatures of post-convergence isostatic rebound
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and discuss the role of other possible drivers of orogen
exhumation during this critical period. Both thework ofBernard
et al. (2020) in the Orogen project and that of Ortiz et al. (2020)
within Orogen’s sister project Source to Sink, document the syn
to post-convergence period in the Aquitaine Basin. Other
relevant Orogen studies investigate the same period in the Axial
Zone using low temperature thermochronology, thermal and
tectonic studies (e.g., Bellahsen et al., 2019;Bernard et al., 2019;
Fillon et al., 2020). The prowedge system has been extensively
investigated and debated over two decades (see below) and we
integrate a summary of key work into our discussion.

Plate reconstructions consistently indicate that N-S
convergence between Europe and Iberia ended in the
Aquitanian (Fig. 3; 23–20Ma; e.g., Roest and Srivastava,
1991; Macchiavelli et al., 2017). From then on, Africa-Iberia-
Europe convergence was principally accommodated along the
southern border of the Iberian plate in the Betic-Rif system
(Soler y Jose et al., 1983; Guimerá and Alvaro, 1990; Mas
et al., 1993; Geel and Roep, 1998; Gaspar-Escribano et al.,
2004; Sàbat et al., 2011; Vergés and Fernàndez, 2012; Daudet
et al., 2020; Mouthereau et al., 2021). To the east of Iberia,
subduction dynamics had already changed around 35 to 30Ma
(Priabonian-Rupelian) with the onset of rapid slab retreat in the
Apennine-Ionian subduction system, leading to the opening of,
first, the Liguro-Provençal backarc basin (Fig. 1; including
Gulf of Lion and Valencia Trough) and then the Tyrrhenian Sea
(Fig. 1; see Jolivet et al., 2021a for synthesis). While the onset
of west Mediterranean backarc extension took place within the
framework of ongoing Africa-Europe convergence, it clearly
predates the end of Iberia-Europe convergence by some
10Myrs. It is therefore not described here as post-convergence
extension with respect to the Pyrenean orogeny. It can,
however, be described as post-convergence for the Provençal
segment of the belt. Possible triggering mechanisms for this
major change in subduction dynamics are widely debated as
discussed in Jolivet et al. (2021a, b) and in Séranne et al.
(2021). For example, Ethève et al. (2018) and Mouthereau
et al. (2021) argue that the southward propagation of the West
European continental rift system into the Gulf of Lion area in
the Oligocene may have played a key role. Based on new
dating constraints, Séranne et al. (2021), however, argue that
the West European continental rift system propagated
southward into the area between the Alpine and Pyrenean
orogens during the Priabonian (Fig. 6e), some 5Myrs before
the onset of Apennine slab rollback. The evolving Alpine
orogeny to the east also undoubtedly played a major role (e.g.,
Dèzes et al., 2004).

Oligocene-Miocene extension overprinted late orogenesis
in both the pro and retro-wedges in the easternmost Pyrenees,
and the Pyrenean-Provencal fold belt in southern France
(Guieu and Roussel, 1990; Gorini et al., 1991; Maerten and
Séranne, 1995; Vergés and Fernàndez, 2006; Maurel et al.,
2008; Calvet et al., 2020; Milesi et al., 2020; Séranne et al.,
2021; Wicker and Ford, 2021). Debated causes of uplift of this
age in the easternmost Pyrenees include rift shoulder uplift
(Maurel et al., 2008; Milesi et al., 2020; Calvet et al., 2020;
Jolivet et al., 2020) and mantle related processes such as
delamination and magmatism (Gunnell et al., 2008; Huyghe
et al., 2020). A component of later post-convergence rebound
cannot be excluded (e.g., Desegaulx andBrunet, 1990). Because
of the dominance of Oligocene-Miocene extension-related
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Fig. 10. Compilation and correlation of periods of diapiric activity with major tectonic events across inverted Pyrenean, Basque-Cantabrian and
adjacent fold belts of the Iberian and European plates. Adapted and completed from Vergés et al. (2020) and Ford and Vergés (2021) integrating
data from Canérot et al. (2005), López-Horgue et al. (2010), Ferrer et al. (2012), Lopez-Mir et al. (2014, 2015), Poprawski et al. (2014), Mencos
et al. (2015), Saura et al. (2016), Zamora et al. (2017), Bodego et al. (2018), Ford et al. (2016), Espurt et al. (2019a, b), Ford and Vergés (2021),
Labaume and Teixell (2020), Vergés et al. (2020), Burrel and Teixell (2021), Burrel et al. (2021), Crémades et al. (2021), Wicker and Ford
(2021), Ducoux et al. (2022) and Ramos et al. (2022).
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processes, this area is unsuitable for the detection and analysis
of any isostatic response to the end of convergence. This
signature is most appropriately sought in central sectors of the
orogen. As seen above, the pro and retro Pyrenean foreland
systems had very different configurations and sediment
routing systems during collision (Sinclair et al., 2005; Ortiz
et al., 2020; Garcés et al., 2020). Both developed transverse
flow piedmont systems but at different times. We here explore
the distinct structural and stratigraphic record in each basin
from late to post-convergence. We discuss the significance of
transverse flow piedmont systems in each basin and identify
the dominant controlling processes.

We have chosen not to include here a review of the debate
on the significance of perched erosion surfaces preserved
across the Pyrenean orogen. The reader will find a rich and
complete presentation and discussion of these and other
geomorphological features in Calvet et al. (2020) and
references therein.

7.2 Pyrenean retrowedge: Aquitaine Basin

Since its inception the Aquitaine Basin has always opened
to the west into the Bay of Biscay (Fig. 6). During main
collision (Eocene-Oligocene) the basin was principally
supplied from growing orogen relief, and from mid-Miocene
onward the Massif Central also became a significant sediment
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source (Ortiz et al., 2020). The transition from syn to post-
convergence predicted by theoretical models described above
has been recognized in the central and western Aquitaine Basin
where sedimentation continued into the Pliocene and
Quaternary (Bernard et al., 2020; Ortiz et al., 2020). Using
seismic reflection profiles and borehole data, Ortiz et al. (2020)
document two post-convergence periods in the retroforeland
basin. From end Chattian to early Tortonian (Fig. 6e; over
some 15Myrs) a progressive basin-wide uplift reduced
accommodation in the basin. Orogen-derived alluvial sedi-
mentation changed from being largely confined in proximal
foreland depocentres to extensive transverse flow piedmont
systems that built thin, broad fans across the foreland platform.
The best known of these fans, the Lannemezan fan, has a radius
of 40–75 km with a maximum thickness of only 40–60m
(Patin, 1967; Mouchené et al., 2017). During the second post-
convergence period (Tortonian to Pliocene) the Aquitaine
platform was characterized by full bypass and lateral transfer
of sediments to the Bay of Biscay deep offshore basin. Ortiz
et al. (2020) relate this uplift of the Aquitaine platform to west
European-scale mantle dynamics. Other authors alternatively
relate the event to late alpine collision (Ziegler and Dèzes,
2006) or to extensional tectonic activity in the western
Pyrenees (Jolivet et al., 2007; Fillon et al., 2020).

Bernard et al. (2020) investigate the sedimentary signature
of the end of convergence at a higher resolution across the
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retrowedge source to sink boundary in the central Aquitaine
Basin. Here, a Miocene sediment drape lies across folded,
faulted and eroded frontal ranges. Miocene conglomerates
dated as young as 12Ma are preserved up to 600m altitude,
which is over 300m above the present-day thrust front. These
key observations indicate that sedimentation continued for
some 8Myrs after the end of plate convergence, backfilling
over eroded late structures along the thrust front. Bernard
et al. (2020) use a numerical box model based on Tucker and
van der Beek (2013) to simulate the syn to post-convergence
transition with parameter values approximating those of the
northern Pyrenees and the Aquitaine Basin, that was open to
an external sink representing the Bay of Biscay basin
(Fig. 11). By tracking four key parameters (range elevation,
basin elevation, sediment flux from the range into the basin
and sediment flux exiting the basin) through a series of
evolutionary steps from syn to post-convergence, Bernard
et al. (2020) show that a post-convergence sediment drape is
generated by initial sustained high sediment influx from the
uplifting range relative to the outflux from the basin to the
external sink (Fig. 11b). The gradual decay of influx over
some millions of years after the end of convergence until
bypass dominates (Fig. 11d), is linked to the dying out of
subsidence in the proximal basin as the orogenic load
diminishes and isostatic rebound eventually becomes domi-
nant causing uplift and incision of the sediment drape and
proximal foreland basin. This model suggests that a post-
convergence sediment drape deposited across the frontal
mountain range during the early transitional stage, may be
responsible for at least some of the elevated low-gradient
surfaces (see Calvet et al., 2020 and references therein) and
preserved remnants of continental sedimentation draping the
outer margins of the northern Pyrenean thrust wedge. These
relatively thin sediment drapes (some tens of metres thick)
have a low preservation potential. They may have been
preserved in the northern Pyrenees because of the gentle
nature of post-convergence rebound linked to low overall
shortening in the retrowedge and/or to low sedimentation
rates in the retro foreland system. In older orogens or in those
with higher convergence, such as the Western Alps, such
sediment drapes would have a relatively low preservation
potential due to more significant post-convergence uplift and
erosion.
7.3 Pyrenean prowedge: Ebro Basin

In the southern Pyrenees youngest Pyrenean compres-
sional structures are well dated as Aquitanian, for example,
along the Serres Marginals (20–25Ma, Meigs et al., 1996; U-
Pb dating of calcite in veins and faults, Cruset et al., 2020,
Hoareau et al., 2021; magnetostratigraphy in frontal
conglomerates with growth, 22.5–21.4Ma, Oliva-Urcia
et al., 2019), in the Jaca Basin (low temperature thermo-
chronology, 20Ma, Labaume et al., 2016; U-Pb and (U-Th)/
He double dating of volcanic zircon in detrital growth strata
as Aquitanian, Coney et al., 1996; Roigé et al., 2019) and
along the eastern thrust front (dating of illite crystals in fault
gouge, 24Ma, Rahl et al., 2011). Principal deformation in the
Iberian Range is also dated from 35 to 20Ma (Rat et al.,
2019). We would therefore expect to see an isostatic response
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to the end of plate convergence in deposits aged Aquitanian
and younger.

As described earlier (Sect. 3.2), during the late Eocene to
early Oligocene a significant transverse gravel drape built a
piedmont across the southern Axial Zone, which involved the
backfilling of palaeovalleys with up to 2.6 km of conglom-
erates, and across the South Central Pyrenean Unit and the
Ebro Basin (Fillon et al., 2013a). Although some authors have
proposed that this gravel drape records the syn to post-
convergence transition (Coney et al., 1996; Nichols and Hirst,
1998; Babault and Van Den Driessche, 2005), it has become
clear that it predates the end of plate convergence. Allen et al.
(2013) demonstrate that such a transverse and strongly
prograding gravel system can also be generated by high
sediment supply from a rapidly exhuming mountain belt
coupled with a reduction in accommodation in the flanking
basin. They propose that the Ebro system records the gradual
decay of late Pyrenean orogenesis with the endorheic condition
of the basin being a critical condition for its overfilling. Low
temperature thermochronology data and inverse thermal
history modelling of both the southern Axial Zone (Fillon
and van der Beek, 2012) and the South Central Pyrenean Unit
along the ECORS Central profile (Fillon et al., 2013a) confirm
coeval deposition of piedmont gravel systems and rapid
exhumation of the southern Axial Zone (2.5 kmMyr�1) from
37 to 30Ma followed by a period of very slow exhumation
(0.2 kmMyr�1) until around 9Ma. Plate kinematic models
such as that of Macchiavelli et al. (2017), indicate that Iberia-
Europe convergence rates remained steady and high in the
central and eastern Pyrenees throughout the Eocene and
Oligocene only to decrease abruptly in the Aquitanian (Fig. 3a).

During the Oligocene-Miocene the southward prograding
alluvial systems passed into lacustrine-palustrine facies to the
southwest where sedimentation continued into the post-
convergence period and up to latest Middle Miocene (Fig. 6e;
∼ 12Ma; Pérez-Rivarés et al., 2004; Garcia-Castellanos and
Larrasoaña, 2015). No significant change in the distribution of
facies belts or in sedimentation rates is detected at the transition
from syn to post-convergence around 20–23Ma (e.g.,
Oliva-Urcia et al., 2019; Garcés et al., 2020). Instead, some
10Myrs later, during the Tortonian (12–7.5Ma) a river system
incised upstream from the east to capture the Ebro’s elevated
base level, establishing sediment efflux into the Mediterranean.
Thisdramatic fall inbase level caused the rapiderosionof at least
22% of basin fill (Riba et al., 1983; Garcia-Castellanos et al.,
2003;Costaetal., 2010;TuckerandvanderBeek, 2013).Garcia-
Castellanos and Larrasoaña (2015) reconstruct the distribution
and thickness of maximum sedimentary infill of the Ebro basin
before late drainage capture. Comparison between the end of the
endorheic period and present-day allows the calculation of the
isostatic rebound of the Ebro Basin and the outermost Pyrenean
fold belt where the Oligo-Miocene conglomerates were stripped
off.ThisLateMiocene incisionof theconglomeratedrapeacross
the southern Pyrenees has been detected in thermal history of
Garumnian sediments along the ECORS Central profile (Fillon
et al., 2013b).

In the eastern Ebro Basin and eastern Pyrenees Oligocene-
Miocene exhumation was driven by a combination of
significant erosion of sedimentary successions and consequent
isostatic rebound of the whole basin, as well as flexural
rebound in the footwall of the Neogene extensional fault
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Fig. 11. Schematic representation of results of numerical modelling of Bernard et al. (2020) simulating the transition from syn-convergence to
post-convergence in four time frames, designed to represent the sedimentation and erosion record along the North Pyrenean thrust front from
early Miocene to present day. Red, green and blue arrows correspond respectively to three controlling parameters, the basin influx from the
orogen, lithospheric flexure (positive is uplift, negative is subsidence) and basin outflux. Numbers next to arrows indicate a percentage
contribution to the basin elevation based on model results detailed in Bernard et al. (2020). The sum of these values (see inset on each cartoon)
results in an increase in elevation of the foreland basin in (a) and (b), stasis in (c), and erosion leading to a decrease in elevation in (d). (a) Latest
syn-orogenesis at∼ 23Ma (end of plate convergence). (b) Early post-orogenesis at∼ 20Mawhen positive elevation change of the foreland basin
is maximum. (c) Post-orogenesis at ∼ 15Ma when elevation of the foreland basin is maximum. (d) Post-orogenesis at ∼ 0Ma when elevation of
both the range and foreland basin are decreasing. Black arrows indicate elevation of the mountain range (MR) and foreland basin (FB) for the
specific time frame and for the previous step for comparison. Adapted from Bernard et al. (2020).
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system (NE-SW trending faults along the Catalan Coastal
Ranges and NNW-SSE trending faults along the Transverse
Ranges, Fig. 3, Lewis et al., 2000), and lithospheric thinning
due to West Mediterranean rifting (e.g., Vergés and Fernàndez,
2006; Jolivet et al., 2021a, b). In the footwall area at the
intersection of the NE-SW and NNW-SSE fault systems, total
exhumation is greater than 1.3 km whereas it is 0.6 km in the
footwall of the Transverse Ranges limiting the Empordà Basin
(Fig. 3).

Unlike the Aquitaine Basin, the transition from syn to post-
convergence in the early Miocene has no clear signal in the
Ebro basin. The alluvial sedimentary system appears to have
been relatively insensitive to post-convergence isostatic
rebound as the internal, isolated base level and overfilled
Page 28
nature of the basin kept topography stable. The isostatic
blanketing effect of a thick sediment drape over the southern
flank of the mountain belt could also have had a dampening
effect on any post-convergence rebound as recently simulated
by thermomechanical modelling of the Alpine foreland basin
(Erdös et al., 2019). Substantial erosion of Miocene sediments
also limits the resolution of late stratigraphic signals across
southern deformation fronts. Finally, the drastic change in base
level that occurred around 10Ma generated its own strong
erosional isostatic rebound. Datasets tracking vertical motions
(e.g., low temperature thermochronology data) that have
detected this strong post-convergence motion lack, as yet,
sufficient resolution to distinguish any preceding weaker
signal, for example, that of a post-orogenic rebound that would
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have started some 10Myrs before. If we exclude the
easternmost Pyrenees where Gulf of Lion extension dominated
late to post-convergence dynamics, there is now general
agreement that, the change from an endorheic to an exorheic
base-level in the Ebro Basin exerted the principal control on
late to post-convergence vertical motions and topographic
development across the southern Pyrenean foreland system
rather than the end of plate convergence or other factors such
as climate (Fillon and van der Beek, 2012; Fillon et al., 2013a).

8 Conclusions and future challenges

As a small low convergence collisional orogen the
Pyrenees preserves an excellent record of the progressive
establishment of continental subduction without being
preceded by oceanic subduction. The orogen provides a
record of early rift inversion often destroyed or overprinted in
more mature orogens. The record also demonstrates that
orogen behavior changed markedly, during two critical
transitions, early convergence to main collision and main
collision to post-convergence, reflecting changes in litho-
spheric processes and in the role of different tectonic drivers.
Studies in the Orogen, RGF Pyrenees and ANR-PYRAMID
projects have focused principally on the northern Pyrenees,
where the inverted rift system is preserved. These projects
have produced considerable new knowledge and data on a
wide range of issues including the two critical transitions and
the early convergence period. Outstanding new datasets have
been provided by passive seismic tomographiy campaigns
(ANR-PYROPE and Orogen projects; Chevrot et al., 2022 and
references therein) and new low temperature thermochronol-
ogy analytical techniques and isotopic dating techniques (e.g.,
Airaghi et al., 2019; Ternois et al., 2019a, b, 2021a, b; Fillon
et al., 2020; Léger et al., 2021). Principal findings are
summarized below:

–
 A preexisting rift is essential for the development of a
doubly vergent orogen. Thermal, rheological and structural
rift inheritance impacts all aspects of orogen evolution,
particularly during early orogenesis.
–
 During early convergence, plate forces were distributed
across the near and far field causing inversion of rift
structures and depocentres across Europe as stress was
transmitted across a sufficiently strong plate boundary. Rift
inheritance dictates where deformation became focused
while plate kinematics directly controlled timing and
amount of deformation. No significant lithospheric body
forces were at work. Early crustal thickening and cooling
has been detected in new Zircon He data. In other orogens,
typically those evolved from rifts or passive margins,
similar early inversion stages are recognized (e.g., Babault
et al., 2013; Cooper and Warren, 2020), but are often
poorly preserved.
–
 Early deformation occurred below a broad marine flexural
basin where subsidence was generated by post-rift thermal
cooling with a secondary and variable contribution from
crustal thickening. Sediment was principally supplied by
longitudinal sediment routing systems from poorly con-
strained relief to the east, probably created by early plate
convergence.
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–

f 4
The transition from early convergence to main collision
requires the creation of a weak plate boundary fault and the
initiation of subduction of the Iberian plate leading to
establishment of double-wedge orogenic growth.
–
 Isostatic rebound at the transition from syn to post-
convergence is recorded and preserved in the sedimentary
record of the retro-foreland basin that has continuously
been open to an external sink. High syn-orogenic
sedimentation and draping across the deformation front
in a closed foreland system, as seen in the Ebro basin,
appears to mask any post-convergence isostatic rebound
signal in the prowedge.
–
 Once continental subduction was established, the Cenozoic
collision stage in the Pyrenees can be compared to the
critical wedge model. The prowedge consists of two linked
dynamic wedges, a high friction wedge building the Axial
Zone and a low friction wedge forming the external fold
and thrust belt detached on Triassic evaporites. The
presence of evaporites between these two wedges is critical
to their interaction. Growth and steady state steps in the
development of orogen relief can relate only to the main
collision stage and cannot be clearly identified in the
Pyrenees.
–
 Creation of orogen relief migrated westward and south-
ward during main collision establishing high sediment
supply by transverse drainage systems into the foreland
basins.
–
 Through widespread studies of salt related features at
various scales across the orogen, we continue to build a
better understanding of halokinetic activity during the full
Wilson cycle. Early salt mobilization is recorded in the
Jurassic particularly in the vicinity of Tethyan margins,
with passive diapirism during Aptian-Cenomanian rifting
on both rift margins, and diapir rejuvination during
Pyrenean compression. Domains of particularly thick
Keuper evaporites correlate with areas of strongly
decoupled deformation between basement and cover.
Thermomechanical modelling shows that the presence of
thick (kms), weak evaporites strongly impacts crustal scale
deformation (Grool et al., 2019; Jourdon et al., 2020).
These results allow us to better understand, challenge and
improve the relevance of generic models for the growth of
collisional orogens, in particular by tracking and quantifying
key processes at varying resolutions in space and time. Many
outstanding questions remain on the Pyrenean orogen and its
basins. For example, what was the true amount and distribution
of strike-slip deformation during both extension and compres-
sional phases? What controls the perseverance of thermal
anomalies in western Pyrenean basins? Ongoing improve-
ments and developments in analytical techniques and data
processing in the domain of low temperature thermochronol-
ogy and isotopic dating (e.g., calcite dating of faults, Hoareau
et al., 2021; Parizot et al., 2021) also have the potential to
provide high resolution tracking of rock trajectories and
thermal evolution of the orogen. As shown by recent studies
the application of new concepts and ideas developed in the
domain of salt tectonics are providing significant new data and
challenging established models on basin and orogen dynamics
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in the Pyrenees. Future challenges to improve investigations
into orogen structure, rheology and processes include the need
to better integrate large geophysical datasets (e.g., passive
seismic tomography) and uncertainty analysis of structural
interpretations, and to improve statistical analysis of large and
complex analytical datasets (e.g., low temperature thermo-
chronology).
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