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Abstract In natural doubly vergent orogens, the relationship between the pro- and retro-wedges is, as yet,
poorly constrained. We present a detailed tectonostratigraphic study of the retro-wedge of the Eastern
Pyrenees (Europe) and link its evolution to that of the pro-wedge (Iberia) in order to derive insight into the
crustal-scale dynamics of doubly vergent orogens. Based on cross-section restoration and subsidence
analyses, we divide the East Pyrenean evolution into four phases. The first phase (Late Cretaceous) is
characterized by closure of an exhumed mantle domain between the Iberian and European plates and
inversion of a salt-rich, thermally unequilibrated rift system. Overall shortening (~1 mm/yr) was distributed
roughly equally between both margins over some 20 Myr. A quiescent phase (Paleocene) was apparently
restricted to the retro-wedge with slow, continuous deformation in the pro-wedge (~0.4 mm/yr). This phase
occurred between closure of the exhumed mantle domain and onset of main collision. The main collision
phase (Eocene) records the highest shortening rate (~3.1 mm/yr), which was predominantly accommodated
in the pro-wedge. During the final phase (Oligocene), the retro-wedge was apparently inactive, and
shortening of the pro-wedge slowed (~2.2 mm/yr). Minimum total shortening of the Eastern Pyrenees is
~111 km, excluding closure of the exhumed mantle domain. The retro-wedge accommodated ~20 km of
shortening. The shortening distribution between the pro- and retro-wedges evolved from roughly equal
during rift inversion to pro-dominant during main collision. This change in shortening distribution may be
intrinsic to all inverted rift systems.

1. Introduction

It is common in foreland basin modeling and fold-and-thrust belt studies to analyze only one side of a
doubly vergent orogen (e.g., Decarlis et al., 2014; Ershov et al., 2003; Fillon et al., 2013). However, several
studies, mainly based on mechanical modeling, suggest that pro- and retro-wedges interact in accommo-
dating plate convergence (Erdős et al., 2015; Hoth et al., 2007, 2008; Sinclair et al., 2005; Willett et al., 1993).
Correlating the behavior of the two wedges in doubly vergent orogens can therefore provide important
insight into orogen dynamics. How deformation and subsidence of the pro- and retro-wedges and
-forelands of a natural system relate to each other, whether this relationship changes through time, and
what would cause such a change remain unclear. Detailed comparisons of the two wedges and their
foreland basins in terms of structure and evolution are required to investigate these issues.

In this paper we investigate the Eastern Pyrenees, comparing and correlating the northern retro-wedge
and southern pro-wedge along two sections directly opposite each other to better understand full oro-
gen evolution (Figure 1). The South Pyrenean fold-and-thrust belt and Ebro foreland basin system is
extremely well documented owing to excellent outcrop conditions and well-defined stratigraphy (e.g.,
Burbank, Puigdefàbregas, et al., 1992; Gómez-Paccard et al., 2012; López-Blanco et al., 2000; Vergés
et al., 1992). It developed on the subducting Iberian plate starting in the Late Cretaceous. Subsidence
records show locally short-lived and accelerating subsidence owing to constant outward basin migration
and incorporation of the proximal basin into the thrust wedge. This corresponds to the simulated
behavior of kinematic and mechanical models of pro-forelands (Beaumont et al., 2000; Erdős et al.,
2014; Fillon et al., 2013; Naylor & Sinclair, 2008; Sinclair & Naylor, 2012). In contrast, owing to poorer out-
crop conditions and structural and stratigraphic complexity, our understanding of the North Pyrenean
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retro-wedge is less well developed despite a large body of work spanning several decades (e.g.,
Choukroune, 1974; Clerc et al., 2015; Lagabrielle et al., 2010; Puigdefàbregas & Souquet, 1986; Souquet
et al., 1977). The retro-wedge preserves an inverted hyper-extended rift system of Early Cretaceous
age, as recorded by the presence of mantle blocks and syn-extension high-temperature metamorphism
in the internal, southern part of the retro-wedge (Clerc et al., 2015; Jammes et al., 2009; Lagabrielle
et al., 2010; Mouthereau et al., 2014; Vacherat et al., 2016). In general, retro-wedges can be expected
to accommodate less shortening than pro-wedges, resulting in slow and long-lived foreland basin
subsidence (Sinclair & Naylor, 2012). Previous work proposes that the western Aquitaine Basin follows
this predicted pattern (Desegaulx & Brunet, 1990; Naylor & Sinclair, 2008); however, more recent work
shows that the eastern retro-foreland basin has a more complex history that challenges these models,
including a temporary stagnation in subsidence for which the cause remains unclear (Ford et al., 2016;
Rougier et al., 2016).

Figure 1. (a) Simplified geologic map of the Pyrenees. Red lines locate the cross sections (Figures 4, 5, and 9). Black line indicates the trace of the ECORS Pyrenees
deep seismic section shown in Figure 1b. Modified after Vergés et al. (2002) and Angrand et al. (2018). (b) Interpretation of the ECORS Pyrenees deep seismic section,
with major structural zones indicated. Modified after Muñoz (1992). SPZ, South Pyrenean Zone; NPZ, North Pyrenean Zone; Sub-PZ, sub Pyrenean Zone; NPF,
North Pyrenean Fault; NPFT, North Pyrenean Frontal Thrust.
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To be able to make a detailed comparison of the pro- and retro-wedges and -forelands, we studied the tec-
tonic and stratigraphic evolution of the North Pyrenean Zone and Aquitaine foreland basin in the Eastern
Pyrenees (Ariège, France; Figure 1). Our work is based on a structural analysis and cross-section balancing that
integrated newly acquired field data, seismic reflection profiles, borehole data, and published stratigraphic
and structural data (e.g., Baby, 1988; Bilotte, Cosson, et al., 1988; Choukroune, 1974). This allowed us to deci-
pher the geometry, timing, rates, and kinematics of deformation and to identify and characterize the various
phases, styles, and amounts of Santonian to Oligocene shortening in the eastern Pyrenean retro-wedge and
its foreland basin. We then correlated this complete retro-wedge history with its pro-wedge counterpart in
the Spanish Pyrenees using the works of Vergés (1993), Vergés et al. (1995, 1998, 2002), and Vergés and
García-Senz (2001). We identified key differences and point out possible interactions between the pro- and
retro-foreland fold belts. Then, we investigate how shortening was partitioned in time and space between
the pro- and retro-wedges and discuss what controls the sequence of deformation during orogeny by pre-
senting a new crustal-scale model for the evolution of the Eastern Pyrenees.

2. Geological Setting
2.1. Plate Kinematics

The Pyrenees formed as part of the Alpine belt due to the collision of the Iberian microplate with the
European continent. Before the collision, an Aptian to early Cenomanian oblique rift system associated with
exhumation of mantle rocks formed between the two plates (Debroas, 1990; Jammes et al., 2009; Lagabrielle
et al., 2010). Rifting has been related to the opening North Atlantic Ocean (Olivet, 1996; Sibuet et al., 2004;
Srivastava et al., 1990). No consensus on plate kinematics around Iberia yet exists, and there are several com-
peting models. Most models are based on reconstructions of magnetic seafloor anomalies of the Bay of
Biscay, Central, and North Atlantic Ocean (Olivet, 1996; Sibuet et al., 2004; Vissers & Meijer, 2012a, 2012b).
These models predict different extensional histories for the Pyrenean realm and, after the onset of conver-
gence (~84 Ma), predict different degrees of obliquity for N-S shortening. Pyrenean tectonic structures pre-
dominantly record a N-S shortening direction and a minor strike-slip component that was mainly focused
along the North Pyrenean Fault (Choukroune & Mattauer, 1978; Souquet et al., 1977).

2.2. Tectonic Zones and Major Boundaries

In the Eastern Pyrenees, the orogen is divided into six tectonostratigraphic zones (Figure 1b). From north to
south, the Aquitaine foreland basin is followed by the sub Pyrenean Zone, a folded and faulted zone north of
the North Pyrenean Frontal Thrust, usually delimited by a blind thrust (Ford et al., 2016; Rougier et al., 2016;
Souquet et al., 1977). South of the North Pyrenean Frontal Thrust is the North Pyrenean Zone, a narrow, north
verging fold-and-thrust belt. In the study area, this zone consists of inverted rift basins (e.g., Fougax and
Roquefeuil blocks; Figure 2), inverted basement massifs (e.g., Saint-Barthélémy Massif; Figure 2), and the
Metamorphic Internal Zone (Figure 2; Souquet et al., 1977). The North Pyrenean Fault separates the North
Pyrenean Zone from the Axial Zone and is traditionally seen as the suture between Europe and Iberia. In
the classic interpretation of the ECORS section lying some 50 km to the west (see below; e.g., Muñoz,
1992), crustal thickening in the Axial Zone is related to a south verging, antiformal stack of Iberian crust.
Interpretations in the Eastern and Western Pyrenees show almost no Alpine folding of Paleozoic basement
rocks of the Axial Zone (Teixell et al., 2016; Vergés et al., 2002). South of the Axial Zone lies the South
Pyrenean Zone, a south verging thin-skinned fold-and-thrust belt with syn-orogenic thrust sheet-top basins.
The Ebro Basin forms the pro-foreland basin of the Pyrenees. It is an asymmetric double flexural basin with a
central intrabasinal high due to loading by the Pyrenees in the north and the Catalan Coastal Ranges in
the south.

The deep crustal structure of the Central Pyrenees is imaged by the ECORS Pyrenees deep seismic study
(Figure 1b; Muñoz, 1992; Roure et al., 1989; Roure & Choukroune, 1998) and more recently by seismic tomo-
graphy studies (Chevrot et al., 2015; Souriau et al., 2008; Wang et al., 2016). These data show the Iberian Moho
underthrusting the European plate, deepening northward from 35 km to 50 km depth (Beaumont et al.,
2000). Most authors show the European Moho at a fairly constant 30 km depth along the ECORS line
(Beaumont et al., 2000; Díaz & Gallart, 2009), and some show a gentle southward dip (Roure et al., 1989;
Roure & Choukroune, 1998). Recent seismic tomography data show the subduction interface dipping 20°
northward and show the European Moho rising southward (Chevrot et al., 2015).
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The nature and extent of Alpine deformation in the Axial Zone and the role of inherited Variscan shear zones
are currently subject to renewed debate and analysis with modern tools (e.g., Cochelin et al., 2017;
Laumonier, 2015). In this paper we focus on the fold-and-thrust belts and foreland basins on both sides of
the Eastern Pyrenees. As a detailed analysis of the Axial Zone is beyond the scope of this paper, we use
the Axial Zone model of Vergés et al. (1995, 2002) and Vergés and García-Senz (2001), which remains valid.

3. Methods

In order to investigate the structural evolution of the retro-wedge, we constructed two cross sections, the
main section S3 and an auxiliary section S3b (for location, see Figures 1a and 2). These sections were posi-
tioned directly opposite cross section J3 of Vergés (1993) in the pro-wedge. Standard balancing techniques
were used to restore the sections (Woodward et al., 1989). While most sedimentary strata were line-length

Figure 2. Geologic map of the North Pyrenean Zone and sub Pyrenean Zone, compiled from the BRGM 1:50,000 geologic maps (1075 Foix and 1076 Lavelanet),
Marty (1976), and de Saint Blanquat et al. (2016). Boreholes are located between the North Pyrenean Frontal Thrust and the Lavelanet Anticline. The blue lines
indicate partial section traces of S3 and S3b. NPFT, North Pyrenean Frontal Thrust; 3MF, 3M Fault; 3MF(1), flat of 3M Fault; 3MF(2), hanging wall shortcut of 3M Fault;
NPF, North Pyrenean Fault.
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balanced, weak units with significant internal deformation were also area balanced. We used the restored
cross sections combined with stratigraphic constraints on timing of activity to estimate average shortening
rates for each map-scale structure across the pro- and retro-wedges of the Eastern Pyrenees. The
minimum overall shortening rate for a given period was derived by summing the shortening rates for all
unlinked structures active during that period. A complete high resolution shortening history across the
whole orogen can thus be constructed. Such an analysis integrating detailed map-scale structural history is
especially important in areas that record very slow and distributed shortening like the Pyrenees. This
shortening history was then used to constrain the crustal-scale restoration model, together with
subsidence histories, thermochronology data, and deep geophysical data.

The retro-foreland database includes surface geology from 1:50,000 geological maps of the French
Geological Survey (BRGM; 1036 Castelnaudary (Cavaillé et al., 1975a), 1058 Mirepoix (Cavaillé, 1976a), 1075
Foix (Bilotte, Casteras, et al., 1988), and 1076 Lavelanet (Bilotte, Cosson, et al., 1988)), an unpublished geolo-
gical map (Marty, 1976), publicly available borehole data (Bureau Exploration-Production des Hydrocarbures;
nowminergies.fr), limited seismic reflection data provided by the BRGM, a 90 m SRTM Digital Elevation Model
processed and distributed by the Consortium for Spatial Information (CGIAR) (srtm.csi.cgiar.org; Jarvis et al.,
2008), and our own field data. The stratigraphic framework used for the retro-foreland was established by
the ANR PYRAMID research project (Ford et al., 2016; Rougier et al., 2016) and linked to the 2013/01 chronos-
tratigraphic chart published by the International Commission on Stratigraphy (Cohen et al., 2013). Details on
stratigraphic nomenclature and equivalent BRGM units are presented in Table A1 (in the supplementary
information). The lithostratigraphy and chronostratigraphy for the pro-foreland are based on Vergés (1993)
and Vergés et al. (1998, 2002).

Figure 3. Chronostratigraphic charts for the North and South Pyrenean foreland basins. (a) South Pyrenean stratigraphic chart modified after Vergés (1993) and
Vergés et al. (2002). (b) North Pyrenean stratigraphic chart. Boreholes Dr3, Dr4, and Bx1 are located in Figure 2. Note double horizontal scaling compared to
Figure 3a. For detailed north Pyrenean formation names and BRGM unit codes, see Table A1. (c) Timing of main tectonic events. Phases 1 to 4 represent the
Pyrenean orogeny.
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Total and tectonic subsidence curves for four wells in the retro-foreland are compared with those for six wells
or sections in the pro-foreland (Vergés et al., 1998), all calibrated to present-day sea level. We used standard
methods of decompaction and backstripping assuming Airy isostasy (Steckler & Watts, 1978). Decompaction
calculations integrate the values for initial porosity φ0 and compaction coefficient c for each lithology as used
in Vergés et al. (1998). For the backstripping process, each unit was given bulk values for those constants
based on the percentages of each lithology in that particular unit (Table A2). These percentages were deter-
mined from the highest resolution sections available, ranging in scale between 1:500 and 1:2,000. Estimates
for paleobathymetry were based on depositional environments. Continental deposits were considered to be
equivalent to water-filled basins with 0 or�50 m bathymetry. We used a mantle density of 3,300 kg/m3 and a
density of 1,000 kg/m3 for water. The original published subsidence calculations for the pro-foreland did not
take into account eustatic sea level changes (Vergés et al., 1998). These data were therefore converted using
the same eustatic data as used for the retro-foreland (Snedden & Liu, 2010). In displaying total and tectonic
subsidence relative to present-day sea level, many curves start above 0 m because paleo-sea level was
between 160 and 210 m higher than present day and paleo-bathymetry in the forelands was relatively minor.
In the case of the pro-foreland, including the long-term eustatic sea level curve may introduce artifacts in the
subsidence. Brief periods of low bathymetry in the Eocene are shown as tectonic uplift events in our con-
verted curves, but the observed reduction in bathymetry may have been caused by a short-lived deviation
from the long-term sea level curve instead (Burbank, Puigdefàbregas, et al., 1992). Errors in the estimation
of bathymetry have the greatest effect on calculated subsidence. Errors in sea level and sediment ages have
less impact.

4. North Pyrenean Foreland
4.1. Stratigraphy of the North Pyrenean Foreland

Across the Saint-Barthélémy-Fougax study area, a Mesozoic to Cenozoic succession overlies Variscan
basement, which consists of Paleozoic metasediments and crystalline rocks (Figure 3b). Triassic to lower
Cenomanian marine strata record rift-related subsidence. Upper Cenomanian to Santonian strata record
post-rift subsidence. On a regional scale, the syn-orogenic succession (Campanian to Oligocene) records a
consistent along-strike transition from continental to marine facies to the west with facies interfingering in
the study area. No strata older than Cenomanian overlie Variscan basement north of the Benaix Fault, imply-
ing that the foreland was largely unaffected by Mesozoic rifting. No strata younger than Campanian are pre-
served south of the thrust front.

South of the North Pyrenean Frontal Thrust, Triassic evaporites (Keuper Group; unconstrained thickness) lie at
the base of the Roquefeuil and Fougax block successions (Marty, 1976). Jurassic limestones and dolomites
occur across the northern North Pyrenean Zone (Black Dolomite Group; 100 to 200 m; Figure 2). Berriasian
to Barremian limestones are present in the Roquefeuil block (1,000 m, Mirande Group; Figure 3b) but absent
in the Fougax and Nalzen blocks (Figures 4 and 5). These strata record littoral environments, with occasional
lagoonal and distal platform deposits (Bilotte, Cosson, et al., 1988).

In the Metamorphic Internal Zone (Figure 2; Choukroune, 1974), protolith carbonates and siliciclastic strata
are interpreted as Jurassic to Early Cretaceous in age (Golberg & Leyreloup, 1990; Lagabrielle et al., 2010),
but their true age remains unclear owing to Albian to Cenomanian high-temperature, low-pressure meta-
morphism and strong internal deformation (Golberg & Leyreloup, 1990). Widespread breccias predominantly
consist of clasts of marble and hornfels, but also rare clasts of basement rocks andmantle lithologies (de Saint
Blanquat et al., 2016).

Syn-rift deep marine shales of the Black Flysch Group (~1,000 m; Aptian to lower Cenomanian) are in strati-
graphic continuity with the Mirande Group limestones on the southern Fougax block (Figures 2 and 5), while
on the northern side they rest unconformably on the Jurassic Black Dolomite Group (Bilotte, Cosson, et al.,
1988). The term “flysch” is traditionally used in the name of the mid-Albian to lower Cenomanian “Black
Flysch” Formation, despite its pre-orogenic origin (Debroas, 1990; Souquet et al., 1985). Here we apply the
name “Black Flysch Group” to a wider age range due to very similar lithologies of Aptian to lower Albian
age. Black Flysch shales transition northward into rudist platform limestones (Urgonian facies) of equivalent
age (Figure 3b) and of variable thickness (maximum ~600 m; Bilotte, Cosson, et al., 1988). The Black Flysch
Group thins westwardwhere it is preserved in the Nalzen block north of the Saint-BarthélémyMassif (~600m;
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Figure 2), thus recording stratigraphic continuity between the Fougax and Nalzen blocks. There, these shales
contain marine conglomerates with locally sourced basement clasts (Conglomérat de Freychenet; Bilotte,
Cosson, et al., 1988).

The post-rift Grey Flysch Group succession (Cenomanian to Santonian) records a deepening upward trend
from platform carbonates to deep-water marls (borehole Dr4; Figure 3b). South of the North Pyrenean
Frontal Thrust, it is only preserved in the Nalzen block (Figure 2; 1,000 to 1,500 m). To the north it directly
overlies a partially inverted half-graben and Variscan basement (Figure 5) and thins northward to pinch
out north of the Lavelanet Anticline (Figure 4c). There, Santonian strata are either missing or indistinguishable
from the overlying syn-orogenic sediments. Santonian sediments are unlikely to have been eroded comple-
tely, given the marine depositional environment. Therefore, we interpret this as local nondeposition, record-
ing southward offlap of the upper Grey Flysch Group.

The Petites Pyrénées Group represents the early syn-orogenic succession (Lower to Middle Campanian;
Figures 3b, 4, and 5). South of the North Pyrenean Frontal Thrust, the succession reaches a minimum thick-
ness of ~500 m (Nalzen block) and records shallower and more sandy facies than further north. North of
the Frontal Thrust, the group thins northward from between 1,500 to 2,500 m to pinch out in the Tréziers
Anticline (Figures 3b and 4). Internal deformation is responsible for thickening of the Petites Pyrénées
Group below the Lavelanet Anticline. The northern series records a shallowing upward trend from deep
marine shales (with secondary siltstones and sandstones) representing delta progradation from east to west
(Bilotte, 1985; Ricateau & Villemin, 1973). It is overlain by and laterally equivalent to the fluvio-deltaic
Plantaurel Group (late Campanian to middle Maastrichtian) that was supplied from the east with rare marine
incursions from the west (Bilotte, 1985; Bilotte, Cosson, et al., 1988). The Plantaurel Group thickens northward
from 300 m to 1,300 m across the syn-depositionally inverted Benaix Fault and then gradually thins north-
ward to 700 m in the Lavelanet Anticline, reaching 430 m in the Tréziers Anticline before pinching out around
Orsans (Figures 3b and 4).

North of the North Pyrenean Frontal Thrust, red continental muds, sandstones, and intercalated conglomer-
ates of the Aude Valley Group (Garumnian facies; middle Maastrichtian to Thanetian) unconformably overlie
the Plantaurel (Lavelanet Anticline; Figure 2; Bilotte, Cosson, et al., 1988) and Petites Pyrénées Groups (near
Benaix; Figure 2). The Maastrichtian conglomerates contain pebbles of Upper Cretaceous limestones

Figure 5. (a) Balanced and (b) restored cross section S3b, located on Figures 1 and 2. (c) Details of Figure 5a. Semitransparent areas represent extrapolation above
erosion level. AZ, Axial Zone; SB, Saint-Barthélémy Massif; NPF, North Pyrenean Fault; 3MF, 3M Fault; 3MF(1), flat of 3M Fault; 3MF(2), hanging wall shortcut of
3M Fault; RF, Roquefeuil Fault; NPFT, North Pyrenean Frontal Thrust; BF, Benaix Fault; LT, Lavelanet Thrust. See text for details.
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(Bilotte, Cosson, et al., 1988), recording exhumation and erosion in the hinterland. In borehole Dr4 locally
developed Danian to Selandian lacustrine limestones and marls are only ~95 m thick (Table A3). A brief
Thanetian marine incursion is recorded in the southern half of the basin by internal platform limestones of
the Rieubach Group, which is the western equivalent of, and interfingers with, the continental Aude Valley
Group (Ford et al., 2016). Growth strata only appear in the upper Thanetian portion of the succession
(Figure 4c). Overall, the Aude Valley Group thins northward from 700 m south of the Lavelanet Anticline to
pinch out just south of borehole MRL1 (Figures 3b and 4).

A more significant but brief marine incursion in the early Ypresian (Ilerdian) is recorded across the entire
eastern foreland basin at the base of the Coustouge Group (Bilotte, Cosson, et al., 1988; Cavaillé et al.,
1975b; Cavaillé, 1976a). This group then records a shallowing upward trend withmarinemarls and limestones
passing up into mudstones and nummulitic sandstones (Bilotte, Cosson, et al., 1988; Tambareau et al., 1995).
Thicknesses vary considerably due to syn-sedimentary deformation: from ~700 m immediately north of the
Lavelanet Anticline to ~450 m in the Tréziers Anticline, ~500 m in the footwall of the Tréziers Thrust, to
~100 m at the northern limit of the preserved foreland basin (borehole MRL1). The northern pinchout is
not preserved (Figure 1a). The Late Ypresian to Rupelian Carcassonne Group covers the entire foreland north
of the Lavelanet Anticline, with the main depocentre in the footwall of the Tréziers Thrust (Figure 4). These
sediments consist of mainly fluvial sandstones. Proximal conglomerates along the thrust front include clasts
of crystalline basement, scapolite-bearing limestones, impure marble with garnets, and nonmetamorphic
Mesozoic sediments, sourced from the south (Bilotte, Cosson, et al., 1988; Crochet, 1991).

4.2. North Pyrenean Structure

The structure of the eastern North Pyrenean Zone in the Saint-Barthélémy-Fougax area is here described
along two restored cross sections (S3 and S3b; Figures 4 and 5). Restoration provides estimates of N-S short-
ening across the whole northern wedge of 13.3 km (S3) and 13.2 km (S3b), excluding emplacement of the
Metamorphic Internal Zone (minimum ~5 km). This is lower than previous estimates of around 25–30 km that
also excluded emplacement of the Metamorphic Internal Zone (Baby, 1988; Baby et al., 1988; Souquet &
Peybernès, 1987). Most of this difference comes from a basement duplex proposed below the Saint-
Barthélémy Massif that is not necessary to fit our data and thus is absent in our interpretation.

In the Aquitaine Basin, the sedimentary infill is gently deformed by the basement-rooted Tréziers and Orsans
Thrusts (Figures 4a and 4d). Both structures are the western terminations of thrusts accommodating large
anticlinal basement uplifts in the eastern foreland: the Mouthoumet (Bilotte, Cosson, et al., 1988; Cavaillé,
1976a; Crochet et al., 1989) and Alaric thrusts (Christophoul et al., 2003; Ellenberger et al., 1987).

The WNW-ESE trending Lavelanet Anticline is the most prominent surface feature of the sub Pyrenean Zone
(Figure 2). Boreholes (Dr3, Dr4) reveal a 1,150 m difference in basement depth below the southern flank
(Figure 4c), interpreted here as due to a south-verging thrust (Lavelanet Backthrust; Baby, 1988). Repetition
of stratigraphy in borehole Bx1 implies the existence of two other blind, north-verging thrusts (Benaix
Fault and Lavelanet Thrust; Figure 4c). The Benaix Fault is a partially inverted normal fault delimiting a
Lower Cretaceous rift basin that is equivalent to the Camarade basin to the west (Ford et al., 2016).

The North Pyrenean Frontal Thrust marks an abrupt southward increase in deformation intensity (Figures 4
and 5). The fault is here interpreted as an inverted normal fault with the deformed Nalzen-Fougax basins
in its hanging wall. The Nalzen succession (S3; Figure 4) forms the vertical to overturned limb of a major north
verging anticline cored by the Saint-Barthélémy basement (Figure 4c). We interpret this structure as a
basement-cored forced fold, similar to Laramide structures with a larger fault offset (e.g., Mitra & Mount,
1998). Several hanging wall splays of the main North Pyrenean Frontal Thrust cut the Nalzen block. This
basement-cored forced fold transitions into a recumbent fold with no basement ~5 km to the east, on section
S3b (Figure 5), where the Fougax block is thrust over the overturned frontal limb.

In the Fougax block, Black Dolomite and Black Flysch strata are intensely folded and cleaved (Figure 5; Marty,
1976). The E-W trending, tight, upright folds show a short wavelength of ~750 to 850 m and relatively low
amplitudes of ~500 to 600 m. Using the methods described in Bulnes and Poblet (1999), we use the fold geo-
metry to infer a depth to décollement of approximately 1 to 1.5 km. This suggests that the Fougax and Nalzen
successions were detached from their basement (probably along Keuper evaporites; Marty, 1976), folded and
thrust northward above the North Pyrenean Frontal Thrust. Baby (1988) proposes that the Nalzen basin is
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immediately underlain by a basement high, implying the same for the
Fougax Basin. Given the difference between the estimated depth of
the Fougax decollement and the observed depth of basement in bore-
holes further north, this model requires a throw of 3 km on an unknown
north vergent thrust. The two blind thrusts observed in borehole Bx1 do
not accommodate sufficient shortening to produce the required displa-
cement. In addition, our interpretation of the Nalzen Block means it was
cut from the footwall of the Roquefeuil Fault; thus, Black Flysch Group
strata should also be present at depth in the footwall of the North
Pyrenean Frontal Thrust. We therefore extrapolated the foreland basin
succession in borehole Bx1 southward (~4 km) to underlie the allochtho-
nous Fougax and Nalzen blocks and overlie a partially inverted rift basin
that is equivalent to the Camarade basin to the west (Figures 4c and 5c;
Ford et al., 2016).

Folds of the Roquefeuil block have a wavelength of ~1.5 to ~2.5 km
(Figures 2 and 5c). The southward twofold increase in fold wavelength
is abrupt and is interpreted to indicate a change in depth to the basal
thrust. Because Mirande Group limestones are clearly absent below
the northern Fougax block, we propose that they are limited to the
north by a blind inverted extensional basin margin fault (Roquefeuil
Fault; Figure 5b) sealed by the Black Flysch Group.

The Saint-BarthélémyMassif is a large block of Paleozoic metasediments
and crystalline basement (de Saint Blanquat, Lardeaux, & Brunel, 1990).
The top of basement drops eastward to a deeper level across an east-
dipping lateral ramp to lie below the Metamorphic Internal Zone
(Souquet & Peybernès, 1987) and the Roquefeuil block, as evidenced
by the small tectonic windows around Camurac (Figures 2 and 6).
South of Montségur, a syncline of the Fougax block plunges steeply
eastward (Figure 2; Bilotte, Cosson, et al., 1988) across the same lateral
ramp. This lateral ramp is interpreted here as a reactivated Cretaceous
extensional structure that may also be responsible for the westward
thinning of the Lower Cretaceous sedimentary cover of the Saint-
Barthélémy Massif. The massif has previously been interpreted as an
allochthonous unit that originally formed a basement high south of
the Nalzen block (Baby, 1988; Baby et al., 1988; Souquet & Peybernès,
1987). Apatite fission track data from the adjacent Arize Massif imply
that the massifs were buried before the Eocene (Vacherat et al., 2016).
Assuming a standard geothermal gradient of 30°C/km and closure tem-
perature of 100–120°C (Reiners, 2005), the massifs were buried to at
least 3–4 km by Mesozoic sedimentary cover (Black Flysch Group, Grey
Flysch Group, and possibly Petites Pyrénées Group). This is consistent
with our restoration that places the massif below the ~4 km thick
Nalzen block, which requires less shortening than earlier restorations
(Baby, 1988; Baby et al., 1988).

The amount of Pyrenean shortening accommodated in the
Metamorphic Internal Zone and its displacement along the 3M Fault
(Figures 2, 4, 5, and 6; Marty, 1976) cannot be quantified due to intense
metamorphism and internal deformation (mainly brecciation). The 3M
Fault curves around the SE corner of the Saint-Barthélémy Massif and
across the lateral ramp from a steep north-verging thrust along the
massif’s southern boundary (Figures 4 and 5) to a subhorizontal orienta-
tion to the east in the Camurac area (3MF(1); Figures 2 and 6b; de Saint
Blanquat et al., 2016). The subhorizontal 3M Fault terminates northward

Figure 6. Lateral sections illustrating the three-dimensional structure of the
Frau area. (a, b, c) Northern, middle, and southern sections in Figure 2,
respectively. Semitransparent areas represent extrapolation above erosion
level. MIZ, Metamorphic Internal Zone; NPFT, North Pyrenean Frontal Thrust;
3MF, 3M Fault; 3MF(1), flat of 3M Fault; 3MF(2), hanging wall shortcut of 3M
Fault; BF, Benaix Fault.
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against a north dipping tectonic boundary (Frau Fault) with the Roquefeuil succession in its hanging wall
(Figures 5c and 6b). The Frau Fault branches onto the 3M Fault to the west and is cut by a north-vergent
hanging wall splay of the 3M Fault (3MF(2) to the east; Figures 2 and 6).

The North Pyrenean Fault juxtaposes the Metamorphic Internal Zone against the Axial Zone. Following inter-
pretations of the ECORS deep seismic line (e.g., Muñoz, 1992; Figure 1b), the North Pyrenean Fault terminates
downward against the North Pyrenean Frontal Thrust, which carries the Axial Zone on top of European base-
ment (Figures 4a and 5a).

4.3. Syn-Orogenic Subsidence of the North Pyrenean Foreland

The unrifted Pyrenean foreland records gentle post-rift subsidence only in its proximal zone (<0.03 mm/yr in
Dr4; Figures 7c and 7d; Table A3). Syn-orogenic subsidence curves display a coherent trend across the fore-
land with two clear periods of subsidence separated by a quiescent phase (Figures 7c and 7d). Overall syn-
orogenic tectonic subsidence is characterized by very low rates with only 0.06 mm/yr on average for Dr4,
which records the fastest subsidence. A sharp increase in subsidence rate at ~84 Ma marks the onset of con-
vergence, reaching a maximum of 0.14 mm/yr during the early Campanian. Subsidence slowed down after
75 Ma to 0.02 mm/yr and 0.04 mm/yr in boreholes Dr4 and T1, respectively. Little or no subsidence was
recorded throughout the foreland from ~66 to ~59 Ma (quiescent phase). The subsidence shown in the syn-
thetic borehole syn1 during the first half of this phase is probably an artifact due to poor age control.
Renewed subsidence started in the more distal basin during the Thanetian (~59 Ma, Figures 7c and 7d)
and is characterized by lower tectonic subsidence rates than during the Late Cretaceous (0.03 mm/yr and
0.09 mm/yr on average, respectively). These long-term averages are based on tectonic subsidence of
1,530 m in 18 Myr (borehole Dr4) and 244 m in 7.3 Myr (borehole T1). Borehole syn1 shows a gradual slowing
of subsidence toward the end of the Eocene.

Figure 7. Total subsidence and tectonic subsidence curves for the (a, b) southern and (b, c) northern Pyrenees. All depths are relative to present-day sea level. (a, b)
Due to uncertain dating of strata, the solid line of the lower Pedraforca equivalent shows Maastrichtian and Paleocene subsidence as maximum and minimum
rates, respectively. The dashed line shows an average subsidence rate. Other south Pyrenean subsidence data from Vergés et al. (1998). Detailed supporting data are
available as Tables A2, A3, and A4 in the supporting information.
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4.4. Evolution of the North Pyrenean Wedge and Foreland

The model presented here for the evolution of the North Pyrenean wedge and foreland in the Saint-
Barthélémy-Fougax area is based on the restorations of the cross sections S3 and S3b (Figures 4 and 5), fore-
land basin subsidence history, and the construction of three lateral cross sections linking the two present-day
cross sections (Figure 6). The age boundaries of the evolutionary phases correspond to rounded boundaries
of international chronostratigraphic ages due to limitations in the available stratigraphic dating (Bilotte,
Cosson, et al., 1988; Cavaillé, 1976b).
4.4.1. Early Cretaceous Rift and Late Cretaceous Post-Rift Phases
The mildly metamorphic (up to 200°C; Gouache, 2017) North Pyrenean Zone represents the Europeanmargin
of the Apto-Cenomanian hyperextended rift system. Early Cretaceous extension was focused mainly further
south, where thinning of the crust exhumed mantle between the Iberian and European plates. The
Metamorphic Internal Zone is thought to have overlain the zone of exhumed mantle (Ford et al., 2016;
Lagabrielle et al., 2010; Mouthereau et al., 2014; Tugend et al., 2015). The Roquefeuil and Benaix Faults
(Figures 5b and 6b) represent the proximal northern margin of the rift system and accommodated
~1.5 km of N-S extension. The Roquefeuil Fault was active from Berriasian to Barremian. In the Aptian, the rift
deepened and its margin migrated north to the Benaix Fault whose footwall was eroded to basement. A N-S
lateral ramp delimited the Saint-Barthélémy high to the west, although the Mirande Group may still have
covered it. Deep marine strata (Black Flysch Group) were deposited from the Aptian to Cenomanian, thinning
westward across the lateral ramp.

The post-rift basin progressively deepened as its margin migrated northward, onlapping unrifted basement,
from middle Cenomanian to approximately Middle Turonian times, followed by progressive offlap until end
Santonian (Figure 8d). Following Ford et al. (2016) and Vacherat et al. (2016), we propose that the post-rift
Grey Flysch extended south to cover the whole rift zone.
4.4.2. First Orogenic Phase: 84–66 Ma, Early Inversion
During early convergence, the Metamorphic Internal Zone was emplaced northward along the 3M Fault.
Gentle inversion affected inherited normal faults of the European margin and began folding Mesozoic basin
successions (Nalzen, Fougax). Estimated shortening rates were 0.3–0.6 mm/yr, the latter value including a
minimum of shortening related to emplacement of the Metamorphic Internal Zone. Early inversion of the
margin is not recorded by low temperature thermochronological data from the adjacent Arize Massif
(Fitzgerald et al., 1999; Vacherat et al., 2016), suggesting that early basement exhumation was limited. A deep
marine flexural basin was supplied with sediment mainly from the east (Bilotte, 1985). Tectonic subsidence
was relatively rapid though still only 0.09 mm/yr close to the thrust front (Table 1). We relate this early
subsidence to emplacement of the Metamorphic Internal Zone and early inversion and crustal thickening
along the European margin. Campanian strata preserved in the Nalzen block indicate that the foreland
basin continued south of the thrust front, implying that the early orogenic edifice had low topographic
relief and remained largely submarine. Shallower water facies in the Nalzen block suggest a syn-
sedimentary uplift along the North Pyrenean Frontal Thrust within the subsiding basin. The foreland basin
records a deepening and then shallowing upward trend, ending in fluvial conditions across the entire fore-
land. Aude Valley Group strata contain clasts of Upper Cretaceous limestones that were either sourced
from the east, the south, or from local uplifts (Bilotte, Cosson, et al., 1988).
4.4.3. Second Phase: 66–59 Ma, Northern Quiescence
During the early Paleocene, no fault activity was recorded. Tectonic subsidence slowed to near zero in the
foreland with deposition of only a thin unit of fine-grained continental deposits. This quiescence is also docu-
mented further west (Ford et al., 2016; Rougier et al., 2016), suggesting it was a widespread phase in the
northern Pyrenees.
4.4.4. Third Phase: 59–34 Ma, Slow Northern Activity
Tectonic activity returned in the Thanetian with distributed thick-skinned shortening across the North
Pyrenean wedge. The shortening rate was lower than in the Late Cretaceous, at 0.3 mm/yr on average
(Table 1). A slight acceleration in foreland basin subsidence was associated with a minor marine incursion
across the proximal foreland (Rieubach Group; Figure 3b). Continental facies were then deposited across
the whole foreland. More widespread deformation returned in the early Ypresian (~56 Ma), with activity on
the Tréziers Thrust and Lavelanet Anticline. A basin-wide marine incursion can be related to a eustatic
sea level rise (Coustouge Group; Christophoul et al., 2003). Widespread continental sedimentation
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(Carcassonne Group) was reestablished at the end of the Ypresian and continued until at least Rupelian times
(Figure 3b). Post-Thanetian activity of the North Pyrenean Frontal Thrust until at least lower Ypresian is
recorded north of the Nalzen block. Uplift and erosion of the Metamorphic Internal Zone, Saint-Barthélémy
Massif, and/or the Axial Zone are recorded by pebbles of metamorphosed limestone and crystalline
basement in Carcassonne Group conglomerates (Crochet, 1991). Subsidence was slower during this phase
at ~0.03 mm/yr near the basin depocentre. The deformation front migrated northward, progressively
activating basement-involved thrusts in the foreland (Tréziers and Orsans thrusts). The basin depocentre
followed and usually lay behind the deformation front (Figure 8d). The youngest evidence for deformation
in the North Pyrenean foreland is the slight folding of the upper Carcassonne Group above the Tréziers
Thrust, dated as approximately Priabonian (Figure 4d).
4.4.5. Fourth Phase: 34–28 Ma, Final Abandonment
Due to Miocene uplift of the Massif Central north of this part of the Pyrenean foreland basin, the Early
Oligocene record is incomplete. We have no record of any fault activity during this phase, and it appears that
the Tréziers and Orsans thrusts were abandoned at the end of the preceding phase, as they are sealed by the
upper Carcassonne Group.

Figure 8. (a, c) Reconstruction of the distribution of shortening through time in the southern Pyrenees (J3 section; Figure 9) from Vergés (1993) and northern
Pyrenees (S3 section; Figures 4 and 5). Each line represents either the horizontal position of the leading edge of a principal fault or the position of the hinge zone
at the surface of a major anticline. Displacement and fault length are assumed to increase linearly for each fault. For emergent faults, we assumed the fault
reachedmaximum length during deposition of youngest cut strata. Fault timings for the southern Pyrenees from fault-strata relationships (Costa et al., 2010; Carrigan
et al., 2016; Ford et al., 1997; Ramos et al., 2002; Vergés & Martinez, 1988; Vergés et al., 1995, 1998, 2002). (b, d) Horizontal position of the deformation front, the
main depocenter(s), and foreland pinchout of the basin as a function of time in the southern and northern Pyrenees, respectively. The deformation front tracks
the location of the most frontal structure through time. Depocenters were measured from balanced cross sections. Pinchout locations were determined from
borehole and seismic data. Shortening rates through time are shown by gray bars, derived from the fault activity in Figures 8a and 8c. Shortening rates for the south
include internal shortening in the Axial Zone (AZ). Dashed bars have a high uncertainty for the early convergence.
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5. South Pyrenean Foreland

We performed a similar analysis of the South Pyrenean foreland along
transect J3 (Figure 9; Vergés, 1993). This 120 km long balanced cross
section stretches from the Axial Zone in the north to the Catalan
Coastal Ranges in the south, traversing the eastern South Pyrenean
Zone and Ebro Foreland Basin (Figure 1). The section was constrained
by borehole data, surface geology, and seismic lines. A detailed
description of this area can be found in Vergés et al. (1995, 1998,
2002), and only a summary is given here. Total shortening in the
South Pyrenean foreland is 69.2 km, not accounting for internal defor-
mation in the Axial Zone (~23 km; Vergés et al., 1995) and Catalan
Coastal Ranges (Figure 9).

5.1. Stratigraphy of the South Pyrenean Foreland

Upper Triassic Keuper evaporites serve as a basal detachment for the Upper and Lower Pedraforca thrust
sheets in the South Pyrenean Zone but is absent further south below the Ebro Basin, except close to the
Catalan Coastal Ranges (Figure 9). A thin Liassic limestone and dolomite succession is only found in the
Pedraforca thrust sheets. Cretaceous strata are mostly found in the Pedraforca thrust sheets and thin south-
ward over a distance of 10 km (Figure 9b; Vergés, 1993). The Upper Pedraforca thrust sheet, which restores to
the most northerly position, mainly consists of a ~1,500 m thick inverted Lower Cretaceous extensional basin.
The Lower Pedraforca thrust sheet contains ~1,700 m of post-rift and syn-orogenic Upper Cretaceous con-
glomerates, marls, and limestones, capped by ~700 m of Maastrichtian to Paleocene red beds (Garumnian
facies) of the Tremp Formation (Figure 3a; Vergés et al., 1994; Vergés & Martinez, 1988).

A regional unconformity marks the base of Eocene marine sedimentation in the South Pyrenean foreland
(Pujalte et al., 1994; Serra-Kiel et al., 1994; Vergés et al., 1998). These marine sediments overlie the Tremp
Formation in the north and onlap basement further south. They record four transgressive-regressive cycles
from Ypresian to Bartonian (Martinez et al., 1989; Puigdefàbregas & Souquet, 1986; Vergés et al., 1998).
Within each cycle, terrigenous clastic deposits were deposited in front of the advancing South Pyrenean
Thrust Front (Corones, Bellmunt, and Milany Formations; Figure 3a). These depositional units grade
southward into moderate to deep-water marine carbonates and calcareous mudstones (Sagnari,
Armáncies, Campdevánol, and Banyoles Formations; Figure 3a) that, in turn, grade into shallow marine
platform carbonates (Cadí, Penya and Tavertet Formations; Figure 3a) toward the southernmost border
of the foreland basin. During the fourth cycle, the basin was characterized by prodelta offshore marls
(Igualada Formation; Figure 3a) bounded by northward prograding fan-delta deposits sourced from the
uplifting Catalan Coastal Ranges in the south (Montserrat Formation; Figure 3a) and southward prograding
Milany Formation in the north. At the end of cycles 2 and 4, thick evaporitic units are deposited in the
central marine basin, the marine Beuda and transitional Cardona Formations, respectively (Figure 3a). In
the footwall of the Vallfogona thrust, the Beuda evaporites reach 2,000 m thickness, including a 200 m
thick package of salt (Martinez et al., 1989). The Ebro foreland basin became fully continental during
the deposition of the uppermost part of the Cardona evaporitic Formation at ~36 Ma (middle
Priabonian; Costa et al., 2010). Widespread nonmarine deposition was then established until the latest
Oligocene consisting of the alluvial and fluvial Solsona Formation and equivalent lacustrine deposits in
the center of the foreland basin (Figure 3a; García-Castellanos et al., 2003; García-Castellanos &
Larrasoaña, 2015; Meigs et al., 1996; Valero et al., 2014).

5.2. Structure of the South Pyrenean Foreland

The South Pyrenean foreland fold-and-thrust belt, here called the South Pyrenean Zone, lies between the
antiformal Axial Zone to the north and the mildly deformed Ebro foreland basin to the south (Figure 1b;
Vergés et al., 2002). In the Eastern Pyrenees, three stacked thrust sheets compose the South Pyrenean
Zone, namely from top (oldest) to bottom (youngest), the Upper Pedraforca, the Lower Pedraforca, and
the Cadí thrust sheets (Figure 9). The Upper Pedraforca and Lower Pedraforca thrust sheets are mostly con-
stituted by Jurassic to Paleocene units detached above the Keuper evaporites. The Vallfogona thrust trans-
ports the Cadí thrust sheet with the Upper and Lower Pedraforca thrust sheets in its hanging wall.

Table 1
Tectonic Subsidence Rates and Shortening Rates in the Eastern Pyreneesa

Orogenic
phase

Tectonic subsidence
rate (mm/yr)

Shortening
rate (mm/yr)

Southb Northc Southb Northc

84-66 Ma 0.06 0.09 0.4 0.6
66–59 Ma 0.05 0.00 0.4 0
59–34 Ma 0.12 0.03 2.7 0.3
34–28 Ma — 0.01 2.2 0

aAll rates were averaged over their respective phases. bCombines the
Axial Zone, South Pyrenean Zone, and Ebro foreland basin. cCombines
the North Pyrenean Zone, sub Pyrenean Zone, and Aquitaine foreland
basin.
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Following Vergés (1993) and Vergés et al. (1995, 2002), the Pedraforca thrust sheets root below the Nogueres
basement thrust sheet of the Axial Zone, whereas the Vallfogona thrust links back to the Orri basement thrust
(Figure 1b). Laumonier (2015) alternatively suggests that the Pedraforca thrust sheets may root north of the
North Pyrenean Fault, forming part of a “supra-axial unit.” This model depends on the interpretation of the
eastern Axial Zone as a single block. The kinematics of the supra-axial unit proposed by Laumonier (2015)
implicitly require coeval closure of the exhumed mantle domain and emplacement of the Lower
Pedraforca thrust sheet, which is inconsistent with our data (see sections 5.4.2 and 6.2). Alternatively, south-
ward emplacement of the Pedraforca thrust sheets could be entirely gravitational, similar to the gravitational
collapse of the cover into the Pyrenean basin during rifting (e.g., Saura et al., 2016). This would eliminate the
need to root the Pedraforca thrust sheets into basement thrusts, although we have chosen not to use this
model.

The Puig-reig anticline within the Ebro foreland basin is the surface expression of a thrust ramp that steps up
from the Beuda evaporite horizon to the Cardona salt horizon (Figure 9). This thrust links back into the Rialp
basal thrust in the Axial Zone. Further south, the Cardona and Súria anticlines are detached and thrust along
the Cardona evaporite horizon (e.g., Vergés et al., 1992). The southern margin of the Ebro basin was the result
of the thick-skinned inversion of the Tethyan Mesozoic basin of the Catalan Coastal Ranges from Lutetian to
Chattian (Anadón, 1986; Gómez-Paccard et al., 2012; López-Blanco et al., 2000). The southern and eastern bor-
ders of the Ebro foreland basin were regionally uplifted during the Cenozoic extensional phase that opened
the Western Mediterranean, thus tilting the entire southern foreland (e.g., Lewis et al., 2000).

5.3. Subsidence of the South Pyrenean Foreland

The four boreholes and two stratigraphic sections along section J3, analyzed by Vergés et al. (1998), record
the main Eocene basin history (Figures 7a, 7b, and 9; Table A4). Of those, only the Gombrèn stratigraphic sec-
tion records Paleocene subsidence. To represent the Late Cretaceous and Paleocene subsidence record for
the northernmost part of the foreland basin, a new subsidence curve was constructed for the Lower
Pedraforca thrust sheet, based on data from Vergés et al. (1994). Due to uncertain dating of strata,
Maastrichtian and Paleocene subsidence are shown as maximum and minimum rates, respectively
(Figures 7a and 7b). If these are assumed to represent true tectonic subsidence, the Lower Pedraforca thrust
sheet appears to record very slow subsidence during the Paleocene (<0.01 mm/yr; Figure 7b; Table A4).
However, the Gombrèn stratigraphic section, now located in the Cadí thrust sheet, records slightly faster
tectonic subsidence in the Paleocene (0.05 mm/yr; Figure 7b; Table A4).

Subsidence accelerates in the Eocene, forming the classic convex-up subsidence pattern expected for pro-
foreland basins (Sinclair & Naylor, 2012). Ypresian tectonic subsidence was high in the north of the Ebro
foreland basin (Gombrèn section; 0.53 mm/yr around 50 Ma; Table A4), while rates were much lower to
the south (0.03 to 0.07 mm/yr; Table A4). The onset of subsidence acceleration (>0.1 mm/yr) migrated
south at a rate of about 10 mm/yr between 50.7 Ma and 40 Ma (Vergés et al., 1998). This outward migration
is also typical of pro-foreland basins (Sinclair & Naylor, 2012). Increases in tectonic subsidence can be cor-
related with tectonic activity in the Axial Zone and South Pyrenean Zone (Figure 8a). For example, at 43 Ma,
tectonic subsidence of the Jabalí and Puig-reig boreholes increased to 0.26 and 0.14 mm/yr, respectively, in
response to loading by the Orri basement thrust sheet and emplacement of the Cadí thrust sheet (Vergés
et al., 1998). Tectonic subsidence in the south (Montserrat section) sees a brief acceleration to 0.21 mm/yr
at 41.5 Ma that can be correlated to activity of the Catalan Coastal Ranges (Vergés et al., 1998). After
~36 Ma, tectonic subsidence slowed down throughout the southern foreland basin (Figures 7a and 7b;
Gómez-Paccard et al., 2012).

5.4. Evolution of the South Pyrenean Foreland

The summary of South Pyrenean foreland evolution given here is based on a compilation of subsidence and
stratigraphic data and a restored cross section (Vergés, 1993). The boundaries of each evolutionary phase
were chosen to reflect significant changes in the whole orogenic system and therefore do not necessarily
correspond perfectly to distinct changes in the South Pyrenean foreland itself.
5.4.1. First and Second Phases: 84–59 Ma, Rift Inversion
The timing of the onset of shortening in the southern Pyrenees cannot be distinguished in the preserved
subsidence signal and is not clear from the rest of our data. Growth strata related to the Boixols thrust,
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carrying the western equivalent of the Upper Pedraforca thrust sheet, place the onset of shortening around
~72 Ma (Bond & McClay, 1995; Puigdefàbregas & Souquet, 1986). However, many authors place the onset of
shortening in the southern Pyrenees at Late Santonian, or ~84 Ma (Ardèvol et al., 2000; McClay et al., 2004;
Saura et al., 2016). In the Western Pyrenees, Teixell (1996) also places the onset of convergence at Late
Santonian. A Late Cretaceous flexural basin is preserved in the Lower Pedraforca thrust sheet (Figures 7a,
7b, and 9b). We interpret this subsidence as a response to early inversion of the distal Iberian margin, during
closure of the exhumedmantle domain. The Tremp Formation of latest Maastrichtian to upper Paleocene age
seals the Upper Pedraforca thrust sheet (Vergés et al., 1995; Vergés & Martinez, 1988); however, tectonic sub-
sidence appears to have continued very slowly throughout the Paleocene (Figure 7b; Table 1). Therefore,
while we cannot rule out a Paleocene quiescence in the southern Pyrenees, sparse data appear to indicate
slow shortening during the Paleocene. The first and second orogenic phases were characterized by the inver-
sion of rift structures. Although poorly constrained, we estimate that ~10 km of shortening were accommo-
dated between ~84 and ~56 Ma, yielding a rate of 0.4 mm/yr during the Late Cretaceous and Paleocene
(Figure 8b; Table 1).
5.4.2. Third Phase: 59–34 Ma, Major Convergence
During early Eocene, shortening in the South Pyrenean foreland reached a maximum rate of 4.0 mm/yr
(Figure 8b). South of the rapidly advancing thrust front, this was accompanied by an increase in tectonic sub-
sidence (0.53 mm/yr maximum, Gombrèn; Figure 7b; Table A4), resulting in a deep marine basin (Figure 3a).
Meanwhile, further south, tectonic subsidence rates and sediment supply were much lower (around
0.04 mm/yr), allowing the growth of carbonate platforms. Emplacement of the Lower Pedraforca thrust sheet
occurred during early Eocene until ~47 Ma, as shown by syn-orogenic strata (Burbank, Puigdefàbregas, et al.,
1992; Solé Sugrañes & Clavell, 1973; Vergés & Martinez, 1988).

Shortening slowed down significantly after the end of the Ypresian to 1.0 mm/yr (Figure 8b). A new
basement thrust sheet (Orri) became active, as constrained by the Vallfogona thrust, marking the start
of true thick-skinned frontal accretion (Figure 8a). Crustal thickening and exhumation in the Axial Zone
started at ~50 Ma, recorded by low-temperature thermochronology data (Fitzgerald et al., 1999;
Metcalf et al., 2009; Rahl et al., 2011; Sinclair et al., 2005; Whitchurch et al., 2011). Axial Zone deformation
accommodated an average of 1.1 mm/yr of extra shortening until the end of convergence (~23 km since
50 Ma; Figure 8b; Vergés et al., 1995). This was accompanied by an increase in tectonic subsidence rates
throughout the foreland basin to around 0.10 mm/yr (Figure 7b). The Gombrèn subsidence record in the
proximal foreland shows a much lower rate starting in the late Ypresian, owing to deformation ahead of
a propagating Vallfogona thrust, which reached the surface in the mid-Lutetian (Ramos et al., 2002;
Vergés et al., 1998). Widespread growth strata within the Berga conglomerates (Figures 3 and 9) con-
strain the latest activity of the Vallfogona thrust to at least ~31 Ma (Figure 8a; Carrigan et al., 2016;
Ford et al., 1997; Vergés et al., 1998). Most of the foreland basin remained marine to brackish, but
sedimentation along the thrust front was continental from Lutetian onward (Figure 3a). The Cardona salt
horizon was deposited around 36 Ma as a result of the isolation from the Atlantic Ocean after uplift of
the Western Pyrenees (Burbank, Puigdefàbregas, et al., 1992; Costa et al., 2010; Vergés & Burbank, 1996).
Growth strata on the flanks of the Puig-reig anticline date the onset of folding to around the same time
(Vergés et al., 2002). This was related to the Rialp basement thrust and increased the shortening rate to
1.6 mm/yr (Figure 8b).
5.4.3. Fourth Phase: 34–28 Ma, Final Deformation
During this final phase, the shortening rate in the foreland decreased to 0.6 mm/yr (Figure 8b). Most
shortening in the foreland was accommodated by detachment folding above the Cardona evaporites
and the final activity of the Vallfogona thrust (Carrigan et al., 2016; Vergés et al., 1992). The deformation
front thus rapidly migrated to the south along the Cardona evaporite horizon, while the depocenter
remained approximately stationary (Figure 8b). We have no subsidence records for this phase, but sedi-
mentation in the foreland remained continental (Solsona Formation and equivalents; Figure 3a). In this
part of the southern foreland, the youngest preserved sediments (Rupelian) are deformed, suggesting
deformation continued until at least ~28 Ma. Shortening in the Central Pyrenees is estimated to have
ended around 30 Ma based on Apatite fission track data from the Axial Zone (Fitzgerald et al., 1999)
or ~24.7 Ma based on magnetostratigraphic dating of the South Central Unit and its footwall (Meigs
et al., 1996).

Tectonics 10.1002/2017TC004731

GROOL ET AL. 466



6. Discussion
6.1. Crustal-Scale Model of Orogenic Evolution

Geodynamic models for the Pyrenees have evolved over the last 30 years, as have estimates of total N-S short-
ening. Most crustal-scale restorations have focused on the Central Pyrenees along the Ariège ECORS deep seis-
mic line. Using upper crustal imbricates in the Axial Zone and restoring to normal crustal thickness, Muñoz
(1992) proposes 147 km of N-S shortening while Beaumont et al. (2000) prefer 165 km over several other pos-
sible geometries. More recent reconstructions restore to the pre-orogenic rift system (e.g., Mouthereau et al.,
2014; Teixell et al., 2016), most notably integrating the hypothesis that the Iberian and European plates were
separated by a zone of exhumedmantle due to Aptian-Cenomanian hyperextension (e.g., Jammes et al., 2009;
Lagabrielle et al., 2010). However, the original width of this zone and hence the convergence necessary to sub-
sequently close it are unknown. Proposed widths vary from 15 km in theWestern Pyrenees (Teixell et al., 2016)
to 50 km of exhumed mantle in the Central Pyrenees (Mouthereau et al., 2014) or several hundred kilometers
of oceanic crust (Vissers & Meijer, 2012b). However, deep seismic tomography imaging below the Pyrenees
rules out oceanic subduction prior to collision, as no subducted oceanic slab can be identified in the mantle
(Chevrot et al., 2014). Using full crustal imbrication, as proposed by Roure et al. (1989), Mouthereau et al.
(2014) obtain 92 km of total shortening along the ECORS line, excluding closure of the exhumed mantle
domain. This markedly lower value is principally related to a revised shortening estimate for the southern
Pyrenees compared to Beaumont et al. (2000). In the Western Pyrenees along ECORS-Arzacq, Teixell (1996,
1998) estimates a total shortening of about 80 km, while more recently, Teixell et al. (2016) propose 99 km
along a section 15 km to the east of ECORS-Arzacq, excluding closure of the exhumed mantle domain.

In the Eastern Pyrenees, Vergés et al. (1995) integrate surface geology with the deep structure of the ECORS
line projected onto the same section line as this paper. By using the work of Baby et al. (1988) for the northern
Pyrenees, assuming imbrication of Iberian upper crust only and subduction of Iberian lower crust, restoring to
normal crustal thickness, and integrating estimates of erosion and sedimentation during main orogenic
phases, they find aminimum total shortening of 125 km. Vergés and García-Senz (2001) revise the restoration
(but not the estimated shortening) by proposing two possible geometries for the rifted crust. We further
update this reconstruction by integrating the detailed deformation history presented above (Figure 8) with
subsidence (Figure 7), thermochronology (e.g., Metcalf et al., 2009), and deep geophysical data (e.g.,
Chevrot et al., 2015). This allowed us to build a new and more detailed evolutionary model for the Eastern
Pyrenees in four phases, chosen to reflect significant changes in the dynamics of the orogenic system
(Figure 10). The main differences compared to Vergés et al. (1995, 2002) and Vergés and García-Senz
(2001) are summarized in the following paragraphs.

First, the deep structure of the present day section integrates major lithospheric boundaries identified by
recent P wave tomography and migration of converted P waves along the ECORS line (Chevrot et al., 2014,
2015). Chevrot et al. (2015) identify the interface between the top of the Iberian crust and the European man-
tle, dipping 20°N. Their IberianMoho (at 32 km depth) corresponds well with ECORS data, but when projected
to our section and aligned along the North Pyrenean Fault, the Moho inflection to dip north at 20° is posi-
tioned below the Puig-reig anticline (Figure 10a). This Moho geometry leads to an overthickened Iberian crust
(>50 km) below the Axial Zone, which can be neither isostatically justified nor volumetrically balanced. We
therefore continue the Iberian lower crust northward to an inflection point below the southern Axial Zone
(as imaged on the ECORS profile), where it dips 20°N into the mantle. This creates a slight mismatch between
the projected Moho and our model, a result of the slightly narrower Axial Zone along our section. The appar-
ent southward thinning of the European crust observed by Chevrot et al. (2015) is integrated into our model.

Second, in line with recent findings, the composite fully restored section (end Santonian; Figure 10e) shows
the rifted margins separated by a zone of exhumed mantle. Following Mouthereau et al. (2014), this zone has
a hypothetical width of 50 km. However, Macchiavelli et al. (2017) suggest a total convergence of ~135 km in
the Eastern Pyrenees, which would result in a ~25 km wide exhumed mantle zone in our restoration. Both
widths are compatible with our model. The basins are filled with a syn-rift to post-rift succession that is
~4 km thick above mantle. Following Lagabrielle et al. (2010), we position the metamorphosed syn-rift suc-
cession (future Metamorphic Internal Zone) directly above mantle. The geometry of the pre-orogenic exten-
sional fault system is still a matter of much debate as discussed above. Restored geometries on the Iberian
plate follow those of Vergés and García-Senz (2001) and Vergés et al. (2002), while the European margin is
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based on new work in this paper. The inferred geometries of the Iberian and European rifted margins are
constrained by the observed remnants of extensional Mesozoic basins, preserve the area needed for a
precise crustal balancing through time, are isostatically stable, and are guided by new seismic
interpretations of the Atlantic Iberian margins (e.g., Sutra et al., 2013).

Third, the lower estimate of shortening for the European plate (~20 km) leads to a new minimum overall
shortening of ~111 km. All estimates of shortening given here exclude closure of the exhumed mantle
domain. We cannot constrain the original volume of the Metamorphic Internal Zone nor its tectonic and
erosional history. The largest uncertainties associated with the amount and distribution of shortening are
therefore for the first phase.

Figure 10. Balanced stepwise evolution of the Eastern Pyrenees. Shortening amounts are cumulative. Red lines indicate
faults that have been active since the preceding step. Thick black lines indicate abandoned faults. Dashed lines indicate
faults that may have been inherited but have not yet been reactivated. (a) Moho and subduction contact are those
along the ECORS line ~50 km to the west, after Chevrot et al. (2015), projected to align along the North Pyrenean Fault. R,
Rialp; O, Orri; N, Nogueres; SB, Saint-Barthélémy Massif; NPF, North Pyrenean Fault; 3MF, 3M Fault; NPFT, North Pyrenean
Frontal Thrust.
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6.1.1. First Phase: 84–66 Ma, Rift Inversion
During the Late Cretaceous (Figures 10d and 10e), slow and distributed shortening (~18 km) was accommo-
dated by inversion of normal faults across the whole rift system while the mantle domain closed. An overall
shortening rate of ~1 mm/yr is estimated with deformation distributed roughly equally across the two mar-
gins (Figures 8b and 8d; Table 1). As this estimate excludes closure of themantle zone, true convergence rates
would be considerably higher. For example, assuming a 50 km wide mantle zone implies a convergence rate
of 3.8 mm/yr. The Metamorphic Internal Zone, of unknown dimensions, was thrust northward and probably
also southward if we assume that it covered the whole zone of exhumed mantle (Figure 10d; Mouthereau
et al., 2014; Teixell et al., 2016). Marine flexural foreland basins developed on both plates and may have
formed a continuous basin across the submarine, low relief orogen. Depocenters became overfilled and con-
tinental in the Maastrichtian (Figure 3). Average tectonic subsidence rates are 0.09 mm/yr and 0.06 mm/yr for
the north and south, respectively. Low-temperature thermochronological data to the east suggest the onset
of uplift of the North Pyrenean Massifs during this early phase (Ternois et al., 2017).
6.1.2. Second Phase: 66–59 Ma, Slowdown and Northern Quiescence
The total shortening rate slowed to ~0.4 mm/yr during the Danian and Selandian (Figure 10c). Subduction
polarity was established during this phase, the asymmetry of which resulted in a temporary stop in foreland
subsidence and deformation of the upper plate (Figures 7d and 8d; Tables 1 and A3). However, very slow tec-
tonic subsidence (0.05 mm/yr) and shortening (0.4 mm/yr) continued on the lower plate, accommodating
some 2 km of shortening. Continental sedimentation prevailed in both foreland basins.
6.1.3. Third Phase: 59–34 Ma, Main Collision and Southern Dominance
The principal phase of collision (approximately 78 km of shortening) took place between ~59 and ~34 Ma
with shortening and tectonic subsidence rates revealing a strong asymmetry, being much higher in the south
(2.7 mm/yr and 0.12 mm/yr on average, respectively) than in the north (0.3 mm/yr and 0.03 mm/yr on aver-
age, respectively; Figures 7 and 8; Table 1). The peak in overall shortening rate (~4.5 mm/yr) began at ~56 Ma
and was followed by a gradual deceleration to 2.3 mm/yr until ~36 Ma, when accretion of a new basement
thrust sheet (Rialp) increased the overall rate to 2.9 mm/yr (Figures 8a and A1c). The South Pyrenean wedge
accommodated ~70 km of shortening by frontal accretion and thickening of the Axial Zone. In the north,
shortening was accommodated along several thrusts simultaneously, with the North Pyrenean Frontal
Thrust accounting for the majority of shortening (Figure 8c). After the early Ypresian marine incursion,
continental conditions were quickly re-established in the northern foreland, while the south sustained a
carbonate platform and deep marine basin until ~36 Ma (Figure 3; Costa et al., 2010; Vergés et al., 1998).
Low-temperature thermochronology records uplift and exhumation of the Axial Zone from ~50 Ma (e.g.,
Metcalf et al., 2009), which is corroborated by alluvial sedimentation along the thrust fronts of both wedges.
6.1.4. Fourth Phase: 34–28 Ma, Final Shortening
In the final stage, after ~34 Ma, orogenic processes gradually died out. The eastern northern foreland
appears to have been abandoned at around 34 Ma, but this is unclear due to later uplift and erosion
(Figure 8c; Table 1). In contrast, during the Oligocene, ~13 km of shortening was accommodated in the
south by detachment anticlines above the Cardona salt horizon (~7 km) and by internal deformation and
uplift of the Axial Zone (~6 km; Figures 8a, 8b, and 10a). While the exact timing of the end of convergence
is not well known, we estimate an average shortening rate of ~2.2 mm/yr (Table 1) up to at least ~28 Ma.
Post-orogenic exhumation of the southern Axial Zone continued into the Miocene (Rushlow et al., 2013).

6.2. Improved Detail in Orogen Deformation History

Crustal deformation histories previously proposed for the Pyrenees are similar in broad terms to our results,
with inversion of the rift followed by pro-wedge propagation and basement stacking in the Axial Zone (e.g.,
Sinclair et al., 2005). However, along our section in the Eastern Pyrenees, the distribution of displacement on
faults through time (Figure 8) has revealed a more detailed deformation history.

While recent models include the closure of an exhumedmantle domain, how this event relates to inversion of
the rifted margins remains difficult to constrain. Mouthereau et al. (2014) show the mantle domain closing
first, followed by thick-skinned inversion of rift structures after ~75–70 Ma. We propose instead that closure
of the mantle domain took place progressively and simultaneously with thick-skinned inversion of the rifted
margins, based on timing of the North Pyrenean Frontal Thrust as constrained by stratigraphy. This is corro-
borated by the foreland tectonic subsidence signal that we link to emplacement of the Metamorphic Internal
Zone and loading of the margins.
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None of the published crustal-scale restorations recognize the Paleocene slowdown described in this paper,
either because it is below the temporal resolution of the sequential restoration steps used (Beaumont et al.,
2000; Muñoz, 1992; Teixell et al., 2016) or because it cannot be detected by time-temperature models from
apatite fission track data used to constrain vertical motions (Mouthereau et al., 2014). Furthermore, previous
attempts at estimating convergence rates through time have given conflicting results. In the Central
Pyrenees, Beaumont et al. (2000) show an overall acceleration, in particular at 36 Ma, related to late stacking
of crustal thrust sheets in the Axial Zone. In contrast, Mouthereau et al. (2014) propose a high initial rate of
convergence (~3 mm/yr) in the Late Cretaceous and early Paleocene, followed by gradual deceleration until
the Miocene. For the Western Pyrenees, Teixell et al. (2016) estimate very low rates (<1 mm/yr) during the
Late Cretaceous and Paleocene, followed by the principal peak of convergence in the Eocene (3–2.5 mm/yr).
Along our section in the Eastern Pyrenees, we show three peaks of relatively rapid shortening (83, 56,
and 36 Ma), each followed by a period of slower and decelerating shortening (Figures 8b, 8d, and A1;
Table 1). We discuss the main differences in the following paragraphs.

The highest shortening rates in the Eastern Pyrenees, according to our reconstruction, occurred during the
early Eocene, which can be considered as the onset of main collision. This coincides with relatively rapid
tectonic subsidence of the Aquitaine Basin starting at ~55 Ma (Figure 7; Desegaulx & Brunet, 1990; Ford et al.,
2016; Rougier et al., 2016) and the onset of crustal stacking in the Axial Zone around 50 Ma (e.g., Metcalf et al.,
2009). Teixell et al. (2016) show that the main pulse of shortening in the Western Pyrenees also occurred dur-
ing the Eocene. In the Central Pyrenees, however, neither Beaumont et al. (2000) nor Mouthereau et al. (2014)
place the highest shortening rates during the Eocene. The initial high shortening rate of Mouthereau et al.
(2014) is based on Late Cretaceous to Paleocene cooling detected by detrital low-temperature thermochro-
nology, from foreland basin sediments that the authors assume were derived from the Pyrenean orogen.
However, paleocurrent and facies analyses (Bilotte, 1985) show that these sediments were sourced from an
area to the east of the Pyrenees. Therefore, these data do not constrain exhumation rate in the Pyrenees
along the ECORS line. Furthermore, the gradually decelerating convergence proposed by Mouthereau
et al. (2014) cannot be reconciled with the increased Eocene tectonic subsidence and shortening rates for
the forelands. Beaumont et al. (2000) place the highest shortening rates after 36 Ma, in accordance with rapid
exhumation in the Axial Zone, as shown by numerous thermochronological studies (Fillon & van der Beek,
2012; Fitzgerald et al., 1999; Jolivet et al., 2007; Maurel et al., 2008; Metcalf et al., 2009; Morris et al., 1998;
Rushlow et al., 2013). However, thrusting along the eastern border of the South Central Unit (~25 km east of
ECORS; Figure 1a) appears to have slowed down after 36 Ma (Burbank, Vergés, et al., 1992). Furthermore, fore-
land tectonic subsidence slows down around 36 Ma in both foreland basins. This is well constrained in the
south by magnetostratigraphic dating (Figure 7b; Vergés et al., 1998). However, the final deceleration is less
well constrained in the north as rates were already very low and the youngest strata are poorly dated and
preserved (Figure 7d; Ford et al., 2016). Although the peak in exhumation rate of the Axial Zone may have
occurred around 36 Ma, there is evidence for exhumation of the Axial Zone since ~50 Ma (Fitzgerald et al.,
1999; Metcalf et al., 2009; Rahl et al., 2011; Sinclair et al., 2005; Whitchurch et al., 2011). Because exhumation
rate cannot be directly related to shortening rate, we assume a constant shortening rate for internal shorten-
ing of the Axial Zone since ~50 Ma, thus yielding a lower shortening rate after 36 Ma than shown by
Beaumont et al. (2000) and providing a better fit with foreland evolution.

Using fully independent methods and data sources, Macchiavelli et al. (2017) developed a new plate kine-
matic model for Iberia. The N-S shortening rates between Iberia and Europe predicted by this model are in
good agreement with our own results (Figure A1). They predict slow convergence (~0.9 mm/yr) during the
Late Cretaceous and Danian, with a minor extension phase in the Selandian and Thanetian. Their model pre-
dicts the highest convergence rates in Ypresian and Lutetian times (~3.6 mm/yr), slightly slower convergence
during Bartonian and Priabonian times (~2.8 mm/yr), followed by rapid convergence during the Oligocene
(~3.9 mm/yr). The good agreement between our results and those obtained from completely independent
methods and data (Macchiavelli et al., 2017) shows that our approach gives good results and can be applied
to other natural systems to better constrain their evolution.

6.3. Linked Pro- and Retro-Wedge Dynamics

As described in section 6.1, Late Cretaceous shortening was distributed across both the Iberian and European
rifted margins, before the convergent system evolved into an asymmetrical, pro-wedge-dominant orogen
(Figures 8b and 8d). Models of doubly vergent orogens with distinct lower and upper plates typically show
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a pro-wedge-dominant shortening distribution (Beaumont et al., 2000; Cruz et al., 2008; Duerto & McClay,
2009; Erdős et al., 2014, 2015; Hoth et al., 2007; Hardy et al., 2009; Jammes & Huismans, 2012; Jammes,
Huismans, & Muñoz, 2014; Sinclair et al., 2005). However, at the onset of Pyrenean convergence, no such dis-
tinction can be made. Instead, the template consists of two opposing rifted margins separated by exhumed
mantle (Clerc et al., 2015; Jammes et al., 2009, 2014; Lagabrielle et al., 2010; Mouthereau et al., 2014; Vacherat
et al., 2016). Numerical models that include rifted margins show early inversion that is roughly symmetrical,
until full collision and onset of subduction of continental mantle lithosphere forces a change to an asym-
metric geometry at depth (Erdős et al., 2014; Jammes et al., 2014; Jammes & Huismans, 2012). Whether this
change to an asymmetric deep geometry in the Pyrenees occurred during closure of the exhumed mantle
domain or at the beginning of main collision is unclear. Our model suggests that the transition to a pro-
wedge-dominant shortening distribution and related abandonment of the retro-wedge around 66 Ma
occurred shortly after closure of the exhumed mantle domain. The change in shortening distribution may
thus record the change from early rift inversion to main collision (i.e., continental subduction) in the
Pyrenees, implying this major change does not necessarily rely on external forcing. In the Western
Pyrenees, Teixell et al. (2016) infer that closure of the mantle domain did not occur until the Early Eocene.
This suggests that early convergence was less significant in the west than in the east and/or that the mantle
domain was wider in the west than in the east as proposed by Jammes et al. (2009).

The Paleocene retro-foreland quiescence must be explained on a regional scale, as it has also been recog-
nized in the Central Pyrenees (Ford et al., 2016; Rougier et al., 2016). One potential cause for this north
Pyrenean quiescence is a pause in plate convergence. While some plate reconstructions based on magnetic
sea floor anomalies show a complete stagnation of convergence in the Paleocene (Macchiavelli et al., 2017;
Roest & Srivastava, 1991; Rosenbaum et al., 2002), others show continuous convergence (Vissers & Meijer,
2012a). Other potential contributing factors for the north Pyrenean quiescence can be related to the redistri-
bution of shortening within the surrounding plates (e.g., Mouthereau et al., 2014) or a change in the deep
structure of the orogen as it evolves to full collision, as discussed below.

Late Cretaceous subsidence in both the pro- and retro-forelands was mainly driven by loading related to
emplacement of the Metamorphic Internal Zone and onset of inversion of the rifted margins. Thanetian to
Oligocene pro-foreland behavior can be directly related to crustal thickening and loading during main colli-
sion. We here propose that contemporaneous retro-foreland subsidence was driven by backthrusting of the
thickened pro-wedge onto the European plate, similar to predictions from numerical and analogue models
(e.g., Erdős et al., 2014; Hoth et al., 2007). The deep structure imaged by the ECORS line indicates that the
northern part of the Axial Zone overlies the European plate (Figure 1b; Muñoz, 1992; Roure et al., 1989;
Teixell, 1998; Teixell et al., 2016). Thermochronological data generally place the onset of exhumation in the
Axial Zone at ~50 Ma (Fitzgerald et al., 1999; Metcalf et al., 2009; Rahl et al., 2011; Sinclair et al., 2005;
Whitchurch et al., 2011), but in the Eastern Pyrenees, this may have started as early as ~55–60 Ma (Maurel
et al., 2008). Tectonic subsidence of the retro-foreland resumed around 59 Ma, suggesting that the period
between the onset of pro-dominant shortening distribution (~66 Ma) and the onset of Axial Zone backthrust-
ing (~60Ma at the earliest) may have contributed to the Paleocene quiescence observed in the retro-foreland.

Using subsidence analysis and detailed tectonic reconstructions to compare the evolution on both sides of a
natural system has given insight into crustal-scale dynamics of doubly vergent orogens. The shortening dis-
tribution between the pro- and retro-wedges is not constant through time. So far, such changes have not
been suggested by models (e.g., Hoth et al., 2007; Sinclair et al., 2005). Previous foreland basin subsidence
models simplify the orogen into a uniformly growing double wedge and therefore do not predict multiple
periods of retro-foreland subsidence nor a quiescent phase (Naylor & Sinclair, 2008; Sinclair et al., 2005;
Sinclair & Naylor, 2012). Changes in the shortening distribution over time may be intrinsic to the system
and independent of external factors, implying that other inverted rift systems show a similar change in short-
ening distribution from equal to pro-dominant. This implication requires independent verification, through
modeling and comparing with other orogens, which is the subject of a future paper.

7. Conclusions

We present new stratigraphic and tectonic data for the north Pyrenean fold-and-thrust belt and Aquitaine
Basin in the Eastern Pyrenees, which, when integrated with published data, provide new insight into retro-
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wedge evolution. By integrating these new results with equivalent data on a section through the southern
Pyrenees and other published data (thermochronology and seismic tomography data), we derive an updated
full crustal history of the East Pyrenean double-wedge orogen.

Calculated minimum shortening for the East Pyrenean retro-wedge and Aquitaine Basin was ~20 km during
the Pyrenean orogeny. Late Cretaceous shortening and tectonic subsidence rates in the northern Pyrenees
(0.6 mm/yr and 0.09 mm/yr, respectively) were followed by a Paleocene quiescence and lower rates during
the Eocene (0.3 mm/yr and 0.03 mm/yr). A minimum overall N-S shortening of ~111 km was estimated for
the Eastern Pyrenees, not including closure of an inferred exhumed mantle domain of unknown width.

The evolution of the double wedge orogen is divided into four phases: (1) Late Cretaceous shortening was
characterized by closure of the exhumed mantle domain and inversion of the Iberian and European margins.
An overall shortening rate of ~1 mm/yr on average was distributed roughly equally between the two
margins. Significant early foreland basins developed on both margins well before the creation of significant
topography. (2) In the Paleocene, slow shortening continued in the southern Pyrenees (~0.4 mm/yr on aver-
age) while the north was temporarily inactive. (3) The highest overall shortening rate was reached in the
Eocene (~3.1 mm/yr on average) recording main collision. This was predominantly accommodated by short-
ening in the southern Pyrenees and Axial Zone. However, continued thickening of the Axial Zone then led to
backthrusting onto the upper plate, reactivating the retro-wedge and its foreland basin. (4) Overall shorten-
ing slowed in the Oligocene to ~2.1 mm/yr on average. The northern Pyrenees were probably inactive in this
phase. According to our revised evolutionary model for the Eastern Pyrenees, the evolution from rift inversion
to main collision caused a change from equal shortening in both rifted margins to a pro-wedge dominant
shortening distribution, accompanied by a temporary quiescence of the retro-wedge.

Comparative analysis of pro- and retro-wedge behavior reveals the self-organization of a complex orogenic
system. Major changes or events (change in strain distribution) may be due to internal thresholds being
reached that are intrinsic to inverted rift systems (e.g., onset of continental collision) and therefore may
not rely on external forcing (plate kinematics), implying other inverted rift systems may behave similarly.
The good agreement between our results and those obtained from fully independent data and methods
shows that this detailed approach can be used to further constrain the evolution of other natural systems.
We believe that in other orogens, it can potentially identify similar self-organization and intrinsic thresholds
involved in orogenesis.
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