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Margin: The Aquitaine Basin (SW France)
P. Angrand1 , M. Ford1 , and A. B. Watts2

1CRPG, UMR 7358, Nancy, France, 2Department of Earth Sciences, University of Oxford, Oxford, UK

Abstract Rift inheritance can play a key role in foreland basin geometry and behavior. If the foreland basin
initiates soon after rifting, thermal cooling can also contribute significantly to subsidence. We investigate the
effects of crustal inheritance (Aptian-Cenomanian rifting) on the evolution of the Campanian to middle
Miocene flexural Aquitaine foreland basin, northern Pyrenees, France. Surface and subsurface data define
rifted crustal geometry and postrift thermal subsidence. Analysis of Bouguer gravity anomalies coupled with
flexural modeling constrains the lateral variations of elastic thickness, plate flexure, and controlling loads. The
Aquitaine foreland is divided along-strike into three sectors. The relative role of surface and subsurface
(i.e., buried) loading varies along-strike, and the elastic thickness values decrease from the northeast (25 km)
to the southwest (7 km) where the plate is the most stretched. The eastern foreland crust was not rifted and
underwent a simple flexural subsidence in response to orogenesis. The central sector was affected by
crustal stretching. Here the basin is modeled by combining topographic and buried loads, with postrift
thermal subsidence. In the western sector, the foreland basin was created mainly by postrift thermal
subsidence. The eastern and central sectors are separated by the Eastern Crustal Lineament, which is one of
a series of inherited transverse faults that segment the orogen.

1. Introduction

Peripheral foreland basins form by lithospheric flexure in front of migrating orogenic loads (e.g., Beaumont,
1981; Dickinson, 1974; Garcia-Castellanos et al., 2002; Gaspar-Escribano et al., 2001; Haddad & Watts, 1999;
Horton & DeCelles, 1997; Ingersoll, 1988; Lyon-Caen & Molnar, 1983, 1985; Stewart & Watts, 1997). Flexural
studies indicate that foreland basin geometry primarily depends on the surface (i.e., topographic) loads of
a growing orogen and the flexural rigidity of the lithosphere, often expressed as its effective elastic thickness
(Te) (Burov & Diament, 1995; DeCelles, 2012; Karner & Watts, 1983; Molnar & Lyon-Caen, 1988; Turcotte &
Schubert, 2002; Watts, 2001). Lithospheric flexure can also be enhanced by other processes such as slab pull,
intraplate stress, and the presence of dense bodies at depth (Ford et al., 2006; Lyon-Caen & Molnar, 1983,
1985; Royden & Karner, 1984; Watts, 2001). For example, buried loads have been successfully invoked to
explain the discrepancy between calculated flexure due to surface topography and observed flexure in
Taiwan (Lin & Watts, 2002) and the United Arab Emirates (Ali & Watts, 2009).

Many foreland basins are superimposed on ancient rift systems, which may also have a fundamental influ-
ence on their evolution (e.g., DeCelles et al., 2011; Desegaulx et al., 1991; Horton et al., 2016; Watts, 1992;
Willett et al., 1984). While several studies suggest that inherited rift structures may weaken the lithosphere
and thus reduce Te (e.g., Papua New-Guinea, Haddad & Watts, 1999; Taiwan, Lin & Watts, 2002; Southern
Andes, Fosdick et al., 2014), a detailed study of this topic is lacking. In addition, depending on the thermal
age of the rifted lithosphere at the onset of convergence, a component of postrift thermal subsidence may
actively contribute to foreland subsidence (e.g., Desegaulx et al., 1991).

In this paper we investigate the flexural geometry and behavior of the Aquitaine foreland basin, SW France,
which developed on a relatively young and complex rifted crust. The Aquitaine Basin is the Pyrenean retro-
foreland basin (Naylor & Sinclair, 2008) that developed on the upper (European) plate from Campanian to
middle Miocene (Puigdefàbregas & Souquet, 1986; Figures 1b and 1d). The present-day topography of the
Pyrenees is insufficient to fully explain the observed flexure of either the pro-foreland basin (Gaspar-
Escribano et al., 2001) or the retro-foreland basin (Desegaulx et al., 1991). Therefore, additional subsidence
driving mechanisms are required. The geology of the Aquitaine Basin has been widely studied for hydrocar-
bons exploration (BRGM et al., 1974; Biteau et al., 2006; Serrano et al., 2006). Previous work has shown that
part of the synorogenic basin developed above inherited rift depocenters (Biteau et al., 2006; Brunet, 1994;
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Figure 1. Location map, geological map, and topographic map of the study area and a simplified crustal model for the Pyrenean orogen. AZ: Axial Zone; NPZ: North
Pyrenean Zone; NPF: North Pyrenean Fault; NPFT: North Pyrenean Frontal Thrust; SPT: Sub-Pyrenean Thrust; PF: Pamplona Fault; MT: Mazamet Thrust; MM:
Mouthoumet Massif. (a) Location map of the study area. Note the occurrence of the domain of oceanic crust west of the Aquitaine Basin (contour from Tugend et al.,
2015). The black contour represents the location of Figures 1b and 1c. (b) Simplified geological map of the Aquitaine Basin, showing the location of cross sections in
Figures 1d and 2. (c) Topographic map of the study area. See locations of the flexural profiles of Figures 6 and 7. (d) Simplified crustal model along the ECORS
Pyrenees deep seismic profile (modified from Muñoz, 1992). See location on Figure 1b.
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Canérot et al., 2005; Serrano et al., 2006) and suggests that the western basin records a component of postrift
thermal subsidence (Desegaulx et al., 1991).

In our analysis, we address the following questions: What was the effect of thinned lithosphere on the evolu-
tion of the Aquitaine foreland basin? Can we distinguish postrift thermal subsidence from orogenic load-
induced flexural subsidence? What were the sources of loading that caused flexure of the European plate? Is
the crust underneath the foreland segmented and did this affect basin evolution? We address these questions
by (1) using surface and subsurface data to define the present-day geometry of the foreland basin, the depth to
Paleozoic basement, andMoho depth and thus derive crustal thickness; (2) using these data to estimate crustal
stretching and thus derive the amount of postrift thermal subsidence that occurred during orogenesis; (3)
analysis of Bouguer gravity anomaly data coupled with flexural modeling to constrain the lateral variations
in elastic thickness, plate flexure, and the contribution of both surface and subsurface loads. We can thus com-
pare and quantify the variable roles of an inherited rifted crust and of surface and subsurface loads in control-
ling foreland basin geometry. We show that flexure due to topographic loading alone cannot explain the
observed foreland basin succession and that postrift thermal subsidence is locally an important component
of subsidence of the Aquitaine Basin as it developed only 10 Myr after the end of Aptian-Cenomanian rifting.

2. Geological Setting
2.1. Structure

The Pyrenean mountain chain is a 110°N trending Alpine orogen created by convergence and collision of the
Iberian and European plates, from early Campanian to middle Miocene (Beaumont et al., 2000; Choukroune &
ECORS Pyrenees Team, 1989; Christophoul et al., 2003; Choukroune et al., 1990; Fitzgerald et al., 1999;
Puigdefàbregas & Souquet, 1986; Roure et al., 1989; Sinclair et al., 2005; Vergés et al., 1995; Figures 1b and
1d and 2d). The double-wedge orogen is ~400 km long, ~100 km wide and consists of a prowedge on the
Iberian plate to the south and a retro-wedge on the upper European plate (Figure 1d). The crustal root of
the belt reaches a depth of ~50 km due to northward subduction of the Iberian lower crust and lithospheric
mantle (Choukroune & ECORS Pyrenees Team, 1989; Choukroune et al., 1990; Chevrot et al., 2014; Daignières
et al., 1981). Estimates of N-S shortening in the eastern Pyrenees range from 100 to 165 km (Beaumont et al.,
2000, 165 km; Choukroune & ECORS Pyrenees Team, 1989; Choukroune et al., 1990, 100 km;Mouthereau et al.,
2014, 142 km; Muñoz, 1992, 147 km). In the western part of the chain Teixell (1998) proposes 75–80 km of
shortening. The highest topography reaches ~3,300 m above sea level (Figure 1c).

The north Pyrenees consist of three tectonostratigraphic units (from south to north) (Figures 1b and 2a and 2b):
the North Pyrenean Zone (NPZ), the Sub-Pyrenean Zone (SPZ) in the center and eastern retrowedge, and the
Aquitaine foreland basin. To the south, the Axial Zone (AZ) comprises south-verging imbricates of Paleozoic
rocks. The NPZ is a narrow (15–30 km) thick-skinned fold-thrust belt comprising nonmetamorphic Mesozoic
sedimentary rocks and Paleozoic basement massifs to the north and a zone of LP-HT (up to 600°C) meta-
morphism of Albo-Cenomanian age, associated with breccia and peridotite bodies (Albarède & Michard-
Vitrac, 1978; Fabriès et al., 1998; Golberg & Leyreloup, 1990; Henry et al., 1998; Vielzeuf & Kornprobst, 1984)
to the south. These features are widely interpreted to represent remnants of an inverted hyper-thinned
Aptian-Cenomanian rift system (e.g., Jammes et al., 2009; Lagabrielle & Bodinier, 2008). Major boundary faults
are the North Pyrenean Fault (NPF) between the AZ and NPZ, the North Pyrenean Pyrenean Thrust (NPFT) to
the north of the NPZ, and the Sub-Pyrenean Thrust (SPT) between the SPZ and the Aquitaine Basin
(Figures 1b and 2a and 2b). The NPF is an inherited crustal fault with strike-slip kinematics and is generally
assumed to be the surface expression of the boundary between Iberian and European crusts (Choukroune
& Mattauer, 1978).

2.2. Tectonic Evolution

A first rifting event took place during Permian to Lower Triassic, associated with breakup of Pangea (Olsen,
1997). A second, major rifting event (Aptian-late Cenomanian) generated the westward opening V-shaped
Bay of Biscay oceanic basin (e.g., Olivet, 1996; Sibuet et al., 2004; Figure 1a), while extreme crustal thinning
associated with exhumation of lithospheric mantle and lower crust, and high temperature metamorphism
occurred further east where no oceanic crust was created (e.g., Fabriès et al., 1998; Henry et al., 1998;
Jammes et al., 2009; Lagabrielle & Bodinier, 2008; Vielzeuf & Kornprobst, 1984). Turonian-Santonian strata
record thermal cooling of the previously rifted lithosphere. The onset of convergence started at ~84 Ma
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(e.g., Ford et al., 2016; Mouthereau et al., 2014; Rahl et al., 2011; Rougier et al., 2016). Therefore, the time gap
between the end of rifting and the onset of orogeny is only 10 Myr (Figure 2d). As no oceanic crust was
generated (Chevrot et al., 2014; Mouthereau et al., 2014) continental collision did not involve oceanic
plate subduction. The Pyrenean orogeny has two phases. The first phase (Campano-Maastrichtian)
involves closure of the exhumed mantle domain accompanied by distributed inversion of rift structures
and a first subsidence phase in the foreland basins (Desegaulx & Brunet, 1990; Ford et al., 2016; Rougier
et al., 2016). The second phase (Eocene to middle Miocene) of full continental collision is also well
recorded in the foreland basins. These two phases are separated by a Paleocene quiet phase (Ford et al.,
2016; Mouthereau et al., 2014; Sinclair et al., 2005).

2.3. Stratigraphy

Permo-Triassic rifting is recorded in the NPZ by nonmarine sedimentation (Grès Rouge Formation; Lucas,
1985), followed by the dolomite to evaporite succession in the Upper Triassic (BRGM et al., 1974; Curnelle,
1983). Marine Jurassic to Early Cretaceous (Berriasian-Barremian) carbonate series were deposited in a
platform setting west of the Toulouse Fault (Figures 2b–2d). The Upper Jurassic/Early Cretaceous boundary
is marked by the erosive Cimmerian unconformity in the southernmost part of the Aquitaine Basin and in
the NPZ (Canérot et al., 2005; James & Canérot, 1999). Locally thickness variations of Jurassic and lower
Cretaceous series are due to salt tectonics (Figures 2b and 2c; Biteau et al., 2006; Canérot et al., 2005;
Rougier et al., 2016). The second rift phase is recorded in the Aptian-Cenomanian carbonate platforms

Figure 2. Structural cross sections, stratigraphy, and tectonic history summary for the central and eastern Aquitaine Basin. NPF: North Pyrenean Fault; NPFT: North
Pyrenean Frontal Thrust; SPT: Sub-Pyrenean Thrust; AZ: Axial Zone of the Pyrenees; NPZ: North Pyrenean Zone; SPZ: South Pyrenean Zone; AAC: Adour-Arzacq-
Comminges rift; Pft: platform. The cross sections are located on Figure 1b. (a) Cross section through the eastern Aquitaine Basin (adapted from Ford et al., 2016). The
colors used are those in the stratigraphic chart in Figure 2d. (b) Cross section through the central Aquitaine Basin (adapted from Rougier et al. (2016)). The colors
used are those in the stratigraphic chart in Figure 2d. (c) Cross section through the western Aquitaine Basin (adapted from Biteau et al. (2006)). Note that this
cross section has a distinct lithostratigraphic color scheme. (d) Stratigraphic chart andmajor tectonic events, compiled from Ford et al. (2016) and Rougier et al. (2016)
for the eastern and central Aquitaine Basin.
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fringing a series of deep depocenters infilled with turbidites (Sainte Suzanne and Black Flysch Groups;
Debroas, 1990; Souquet et al., 1985). Turonian-Santonian turbidites were then deposited during the
thermal cooling phase. The Aquitaine Basin preserves a Campanian-middle Miocene synorogenic
sedimentary series up to 5.5 km thick (Figures 2 and 4). The stratigraphic succession shows a consistent
facies change from predominantly nonmarine in the east to predominantly marine to the west (BRGM
et al., 1974). In the central basin, Campanian-Maastrichtian marine turbidites (Petites Pyrenees Group) pass
eastward into deltaic and then fluvial sandstones (Plantaurel Group). Overlying Paleocene marine
(Rieubach Group) to nonmarine detrital and carbonate facies (Aude Valley Group) are followed everywhere
by the marine facies of the Coustouge Group. The uppermost fluvial and lacustrine Carcassonne Group
(Eocene-middle Miocene) in the east and center was sourced from the uplifting orogen to the south with
equivalent to marine facies in the west (Figure 2d; BRGM et al., 1974; Christophoul et al., 2003; Ford et al.,
2016; Rougier et al., 2016).

3. Bouguer Gravity Anomalies

Following similar studies in other orogenic belts, we here use gravity anomalies to investigate the flexure of
the European lithosphere and the geometry and density of the controlling loads (i.e., surface or buried) (Casas

Figure 3. Map of Bouguer anomaly values across the Pyrenees, SW France. These data are provided by the International
Gravimetric Bureau (BGI, 2012). The contours are every 20 mGal. Major positive anomalies are as follows: PA: Parentis;
LA: Labourd; L: Lourdes; SG: Saint-Gaudens. The black rectangle shows the location of Figures 4 and 5. Profiles P1 to P4 are
presented in Figures 6 and 7. Superimposed major structures (red) are as follows: NPF: North Pyrenean Fault; NPFT: North
Pyrenean Frontal Thrust; SPT: Sub-Pyrenean Thrust; TF: Toulouse Fault; PF: Pamplona Fault; MT: Mazamet Thrust. Major
Aptian-Cenomanian depocenters are outlined in black (Parentis and Adour-Arzacq-Comminges (AAC) rift-basins).

Tectonics 10.1002/2017TC004670

ANGRAND ET AL. FLEXURE OF THE AQUITAINE FORELAND BASIN 434



et al., 1997; Contreras-Reyes & Osses, 2010; Karner & Watts, 1983; Lin &
Watts, 2002; Molnar & Lyon-Caen, 1988).

The Bouguer anomaly map of the central Pyrenees and its northern fore-
land (Figure 3) corresponds to that of a typical orogen (Daignières et al.,
1994; Karner & Watts, 1983). It is characterized by (a) a large negative
anomaly (to �170 mGal) over the AZ related to the orogen’s crustal root,
(b) a weak negative anomaly over the central foredeep due to its sedimen-
tary infill and flexure of the crust, and (c) a weak positive anomaly over the
Aquitaine Platform representing the forebulge (e.g., Ali et al., 2014;
Daignières et al., 1994). Relatively low Bouguer anomalies in the northeast
and east of the map area correspond to the Massif Central (Figure 1b).

In the onshore western sector, however, the gravity anomalies do not
present a pattern typical of a flexural foreland basin. Along the Atlantic
coastline, the south Parentis area is characterized by a large positive
Bouguer anomaly (PA; Figure 3) that continues westward offshore
where the authors propose it lies above exhumed mantle emplaced by
Aptian-Cenomanian rifting (Figure 5c; Bois & ECORS Scientific Party,
1990; Jammes, Lavier, et al., 2010; Masini et al., 2014).

The AZ negative anomaly, which decreases in intensity toward the western
and eastern edges of the Pyrenean range, is attributed to the thickened
low density crustal root of the orogen (Daignières et al., 1982, 1989;
ECORS Pyrenees Team, 1988; Torné et al., 1989). In the central sector the
NPF delimits the northern edge of this negative anomaly confirming this
fault as a major crustal boundary. However, in the eastern sector, the nega-
tive anomaly continues north of the NPFT, below the Carcassonne High
(Figure 3), an area unaffected by Aptian-Cenomanian rifting. Farther east
toward the Mediterranean Sea, late Cenozoic uplift of the rift shoulder of
the Gulf of Lion passive margin is responsible for relatively high Bouguer
anomalies, as the Moho shallows to ~22 km depth (Daignières et al.,
1982; Gallart et al., 2001).

In the NPZ a series of relatively high positive Bouguer anomalies are
aligned parallel to the NPFT (Saint-Gaudens, Lourdes, Labourd; SG, L, and
LA, respectively; Figure 3). These anomalies have been interpreted as
due to imbricates of dense material (either lower crust or mantle)

emplaced northward into the crust during the Pyrenean orogenesis (Casas et al., 1997; de Cabissole, 1990;
Jammes, Lavier, et al., 2010; Muñoz, 1992; Pedreira et al., 2003, 2007; Torné et al., 1989). Pedreira et al.
(2003) propose that the Labourd anomaly results from a large mantle body that was exhumed during Early
Cretaceous extension and subsequently thrusted into the upper European crust during Pyrenean inversion.
This mode of emplacement could also be valid for the Lourdes and Saint-Gaudens anomalies.
Alternatively, Velasque et al. (1989) propose that the Labourd anomaly is caused by a mantle uplift model
(to 15 km depth). This model has recently been supported by seismic tomographic imaging data (Wang et al.,
2016). These hypotheses will be considered using 2-D flexural modeling along sections that cross these posi-
tive gravity anomalies.

4. Aquitaine Basin Geometry

Figure 4 presents a newmap of the total preserved thickness of the foreland basin succession derived from a
compilation of published isopach maps and both published and unpublished structural cross sections (BRGM
et al., 1974; Ford et al., 2016; Rougier et al., 2016). Three sectors (east, central, and west, Figure 4) are recog-
nized in the basin based on along-strike variations in basin geometry, sediment thickness, distribution, and
deformation (described below). Overall, the basin succession thickens southward, with the greatest thickness
in the central sector. We delimit the eastern and central sectors by a broad NE-SW lineament that also affects

Figure 4. Thickness map of the synorogenic foreland basin succession of the
Aquitaine Basin (Campanian–middle Miocene), derived from a compilation
of data from structural cross sections (PYRAMID cross sections: Ford et al.,
2016; Rougier et al., 2016; and other ongoing works) and isopach maps
(BRGM et al., 1974). The white areas to the north have no foreland basin
succession. The white areas to the south of the NPFT represent the orogen.
The contours are every 500 m. Profiles P1 to P4 are presented in Figures 6
and 7. NPFT: North Pyrenean Frontal Thrust; SPT: Sub-Pyrenean Thrust; TF:
Toulouse Fault; PF: Pamplona Fault; ECL: Eastern Crustal Lineament; MN:
Montagne Noire; MT: Mazamet Thrust; MM: Mouthoumet Massif.

Tectonics 10.1002/2017TC004670

ANGRAND ET AL. FLEXURE OF THE AQUITAINE FORELAND BASIN 435



the thrust front (ECL: Eastern Crustal Lineament, Figure 4) and that is subparallel to the well-known Toulouse
(Figure 1b). The ECL has no surface expression, as it is covered by recent sediments.

A full preorogenic Mesozoic series (Triassic-Santonian) is preserved west of the Toulouse Fault, while to the
east this series is absent (Carcassonne High; Figures 2a and 2b). The western and central sectors of the fore-
land basin are characterized by a variably rifted crust and a Mesozoic succession that thickens westward
(Figures 2b and 2c). This succession comprises Upper Triassic evaporites at its base (Biteau et al., 2006;
BRGM et al., 1974; Canérot et al., 2005; James & Canérot, 1999; Jammes, Manatschal, et al., 2010; Serrano
et al., 2006). However, as will be described below, the western sector records a distinct subsidence and defor-
mation behavior with respect to the central foreland basin.

4.1. Eastern Basin

East of the ECL, the foreland basin succession onlaps northward directly onto nonrifted Paleozoic basement
(Figure 2a). The proximal foreland basin shows a relatively simple flexural geometry, thickening to up to
5.5 km toward the south (Figure 4). North of the NPFT, the amount of shortening is low, mainly localized along
the SPT (Figure 2a) in the west and on basement-involved thrusts in the east, which were active during fore-
land basin development. The resulting broad basement uplifts limited subsidence in the easternmost basin
(e.g., Mouthoumet Massif, Figure 4). Farther north, the Mazamet Thrust defines the northern limit of the
Montagne Noire Variscan massif and records Eocene-Oligocene northward thrusting (Figure 1b; Demange
& Jamet, 1986). We do not recognize any changes in the thickness or geometry of the foreland succession
across the trace of the Toulouse Fault. However, there is clearly a major southward shift in the position of
the basin depocenter across the ECL (Figure 4).

Only the southern part of the eastern foreland basin is preserved east of the Toulouse Fault. Post-Oligocene
uplift of the Massif Central (Michon & Merle, 2001) and rift shoulder uplift linked to crustal extension and for-
mation of the Gulf of Lion in the Oligo-Miocene (e.g., Gunnell et al., 2008; Mauffret et al., 2001; Seranne, 1999)
led to major erosion of the northern and eastern foreland basin (Figure 1b). Because of this, a full analysis of
the flexural behavior of the eastern basin was not possible.

4.2. Central Basin

In the central sector the basin broadens to a maximumN-S width of ~300 km (Figure 4). The NPFT steps south
by ~45 km (as does the foredeep) with respect to its position to the east and west. While showing an overall
southward thickening to 5.5 km, the foredeep also displays complex thickness variations due to local thrust
and salt tectonics (Figure 2b; Canérot et al., 2005; James & Canérot, 1999; Rougier et al., 2016). Shortening in
the SPZ is accommodated by local and short-scale tectonic inversions of salt-rich extensional structures
(Rougier et al., 2016). Approximately 200 km north of the NPFT, the synorogenic succession thins (to 1 km)
across a 20–50 km wide area (Aquitaine platform), which we identify as the forebulge. Farther north a second
minor depocenter (Medoc depocenter; Figure 4) preserves less than 1 km of Paleocene-middle Miocene sedi-
mentary rocks. Although its amplitude is rather high, this could be interpreted as the backbulge (Figure 4,
DeCelles & Giles, 1996). Such discrepancies may arise from inherited structures, locally nonelastic mechan-
isms of subsidence in the backbulge, or interference with the flexural signal from the northern craton
(DeCelles & Horton, 2003; Horton & DeCelles, 1997; Waschbusch & Royden, 1992).

4.3. Western Basin

Farther west along the Atlantic coastline, the thickness of the Aquitaine Basin succession does not show the
characteristic asymmetrical flexural pattern (Figure 4) of a foreland basin. Instead, sediment thicknesses
describe a broad depocenter thickening westward toward the Bay of Biscay (Biteau et al., 2006; Brunet,
1994; Ferrer et al., 2012 ; Tugend et al., 2014). Figure 2c (Biteau et al., 2006) shows that the foredeep is clearly
localized above extensional structures. The western foreland also records less Pyrenean shortening (Teixell,
1998). The significance of these features will be discussed below.

5. Crustal Structure: Analysis of Inherited Rifting
5.1. Depth to Top Paleozoic Basement

Figure 5a shows the depth below sea level of the top to Paleozoic basement (stratigraphically below Upper
Triassic) derived from a compilation of isobath maps (BRGM et al., 1974), structural cross sections (Ford et al.,
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Figure 5. Analysis of crustal thinning due to rifting below the Aquitaine Basin. The white areas are deformed areas south of the NPFT and SPT. Profiles P1 to P4 are
presented in Figures 6 and 7. NPFT: North Pyrenean Frontal Thrust; SPT: Sub-Pyrenean Thrust; TF: Toulouse Fault; PF: Pamplona Fault; ECL: Eastern Crustal Lineament;
AAC: Arzacq-Adour-Comminges; Az: Arzacq subbasin; Ad: Adour subbasin; Cm: Comminges subbasin; GRR: Grand-Rieu Ridge; MN: Montagne Noire; MM:
Mouthoumet Massif. (a) Map of depth below sea level to top Paleozoic basement in the Aquitaine Basin. Compilation of data from isobath maps (BRGM et al., 1974),
structural cross sections (PYRAMID cross sections: Ford et al., 2016; Rougier et al., 2016; and other ongoing works), and interpreted seismic profiles (Serrano et al.,
2006). The dashed black line represents the outcropping Paleozoic Massif Central. The contours are every 1,000 m. (b) Crustal thickness map of the European plate
calculated using depth to top Paleozoic basement in Figure 5a and depth to Moho (source: Bureau des Ressources Géologiques et Minières, French Geological
Survey). The contours are every 1,000 m. (c) Stretching factor map for the European crust (β). β is the ratio of the observed to an initial crustal thickness of 34 km. Note
edge effects to the south of the GRR. The transparent area northeast of the bold dashed black line represents preorogenic sedimentary cover where data are affected
by deformation of the massif central. The white area to the northeast represents the Paleozoic Massif Central. The contours are every 0.1. (d) Map of postrift
thermal subsidence since the onset of orogensis (Sto) (84 Ma). Sto is based on the β value (uniform stretching model, McKenzie, 1978). Note the edge effects to
the south of the GRR. The transparent area northeast of the bold dashed black line represents preorogenic sedimentary cover where data are affected by
deformation of the Massif Central. The white area to the northeast represents the Paleozoic Massif Central. The contours are every 500 m.
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2016; Rougier et al., 2016), and interpreted seismic profiles (Serrano et al., 2006). West of the Toulouse Fault,
the basement gently deepens south and southwest across the northern Medoc and Aquitaine Platforms
where no rift structures are identified (stable platform of Biteau et al. (2006)).

To the south in the central sector, top basement deepens to ~10 km under the Aptian-Cenomanian Arzacq-
Adour-Comminges (AAC) rift basin (Figure 5a; Biteau et al., 2006; Canérot et al., 2005; Serrano et al., 2006;
Rougier et al., 2016). This deep rift basin trends WNW-ESE and has a complex form with three subbasins,
the Arzacq (Az), Adour (Ad), and Comminges (Cm). It is limited to the east by the ECL. In the eastern sector,
the Carcassonne High, which was not subjected to major rifting, is characterized by a shallower basement
that deepens asymmetrically to the south, clearly reflecting synorogenic flexure.

In the western sector, the AAC basin terminates to the northwest against the Landes High and is locally
bounded to the south by the Grand-Rieu Ridge (GRR). Both are paleogeographic highs inherited from Early
Cretaceous rifting (Bourrouilh et al., 1995; Ferrer et al., 2008, 2012; Serrano et al., 2001; Teixell et al., 2016).
North of the WSW-ENE trending Landes High, the Parentis rift opens westward to the oceanic domain of
the Bay of Biscay (Figure 1a; Ferrer et al., 2012; Jammes, Tiberi, et al., 2010).

5.2. Crustal Thickness and Stretching of the Crust

Crustal thickness (Figure 5b) in the Pyrenean foreland has been calculated by subtracting the depth to top
Paleozoic basement (Figure 5a) from depth to Moho. We use a depth to Moho from a compilation of seismic
reflection and refraction data (Bureau des Ressources Géologiques et Minières, French Geological Survey).
Crustal thinning below the AAC and Parentis rifts is clearly identified. The main area of Aptian-Cenomanian
crustal thinning would have lain farther south and is now integrated into the NPZ (e.g., Jammes et al.,
2009; Lagabrielle & Bodinier, 2008). Figure 5c shows the calculated stretching factor (β) for the European
crust, derived by comparing observed crustal thickness to a mean crustal thickness reference value of
34 km, observed below the unstretched Medoc and Aquitaine Platforms (Figure 5b), cratonward of the rift
domain. Although it is a first approximation, assume that after the continental rifting during Permo-Triassic
times and thermal reequilibration during the Jurassic and early Cretaceous, the lithosphere of the future
Aquitaine Basin was in equilibriumwith a uniform crustal thickness at the onset of Aptian-Cenomanian rifting.

β increases rapidly to the south and west of the northern stable platform, with a maximum β of 1.65 in the
western AAC rift (Figure 5c). To the south of the AAC the inherited Grand-Rieu Ridge records local low β with
an edge effect of β values <1 along its southern boundary (NPFT). As expected, β is around 1 on the
Carcassonne High to the east. To the northeast toward the Massif Central, data are extrapolated and must
therefore be considered with caution.

The Parentis rift, which shows a maximum onshore β of 1.45 (Figure 5c), records hyper-extension offshore
(Ferrer et al., 2012; Tugend et al., 2014). It forms the eastern limit of the northern Bay of Biscay passive margin.
The oceanic domain starts ~500 km west of the Atlantic coastline (Figure 1c).

5.3. Postrift Thermal Subsidence

The major rifting between the European and Iberian plates initiated in the Aptian and ended during late
Cenomanian (Clerc et al., 2012; Debroas, 1987, 1990; Jammes et al., 2009; Lagabrielle & Bodinier, 2008;
Puigdefàbregas & Souquet, 1986; Tugend et al., 2015; Figure 2d). The initial (synrift) subsidence is recorded
in the Aptian-Cenomanian deep marine turbidites of the Black Flysch Group in the NPZ and the southern part
of the Aquitaine Basin (AAC rift; Debroas, 1987, 1990; Puigdefàbregas & Souquet, 1986; Souquet et al., 1985).
Turonian-Santonian postrift thermal subsidence due to cooling of the stretched European lithosphere is
recorded by the Grey Flysch Group (Ford et al., 2016; Rougier et al., 2016).

We used our β values to apply a uniform stretching model in the Aquitaine area in order to calculate postrift
thermal subsidence (as implemented in Allen and Allen (2005), equations (3.16) and (3.17), p.82; McKenzie
(1978). In the model, the basin deepens due to thermal cooling of the lithosphere, then is filled with sediment
up to sea level, generating additional sediment load which is taken into account in the calculations. We used
a standard prerift lithospheric thickness of 125 km as we assume the European lithosphere was at equili-
brium. Parameters are summarized in Table 1. In this model, we assume that the postrift thermal subsidence
is not affected by any changes in the thermal state of the lithosphere associated with the Pyrenean orogeny
(see section 7). As the McKenzie’s uniform stretching model assumed instantaneous rifting, we also do not
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take into account heat loss during rifting. Our calculated thermal subsi-
dence is therefore a maximum value. Because of edges effects in the calcu-
lated β over the Grand-Rieu Ridge, the calculated thermal subsidence is
overestimated south of it. Most of the thermal subsidence would have
taken place during approximately 50 Myr after the initiation of rifting at
94 Ma (assuming a thermal time constant of 62.8 Myr; McKenzie, 1978).
As orogenesis started at 84 Ma, thermal subsidence will therefore have
continued in the foreland during convergence. We subtracted the amount
of thermal subsidence from 94 to 84 Ma from total thermal subsidence (94
to present) in order to isolate the synorogenic component of the thermal
subsidence (Sto, Figure 5d) (84 to 0 Ma). By comparing the observed thick-
ness of synorogenic sediments (Figure 4) with these results we can make
some preliminary observations that will be tested by our flexural model-
ing. Toward the Massif Central, recent regional uplift has impacted depth
to top Paleozoic basement, and thus, the quality of β and Sto calculations
is reduced. Results in this area must therefore be considered with caution.

In the western area, Sto is similar to the observed thickness of the synorogenic sediments (Figure 4), sug-
gesting that no additional subsidence mechanism, such as orogenic loading, is required. In the central sec-
tor, Sto is significant in the AAC rift, reaching its maximum (3,500 m) in the Arzacq subbasin where β is
highest (Figure 5c). The amount of thermal subsidence varies from 0 to 1,000 m (locally up to 1,500 m)
on the northern platforms and on the Carcassonne High.

6. Flexural Modeling

Wemodeled the 2-D flexure of the European lithosphere as the response of a semiinfinite (i.e., broken) elastic
plate to a surface topographic load. The southern edge of the European plate (the plate break, Figure 1c) was
identified on two interpreted deep seismic profiles across the Pyrenees (ECORS PYRENEES: ECORS Pyrenees
Team, 1988; ECORS ARZACQ: Teixell et al., 2016). By extrapolating between these control points, we defined
the trace of the plate break below the AZ (Figure 1c).

We calculated the flexure along four profiles orthogonal to the Pyrenean belt (see location on Figure 1c):
Profile 1 lies east of the Toulouse Fault, and Profiles 2 and 3 are located in the central sector, passing through
the Saint-Gaudens and Lourdes gravity anomalies, respectively. Profile 4 lies in the western sector and passes
through the Labourd gravity anomaly. These profiles provide a good representation of the key structural ele-
ments of the Aquitaine Basin.

We followed the flexure modeling method described in Contreras-Reyes and Osses (2010) (see methodology
in their appendix). This calculation assumes a horizontal predeformation surface and complete sediment infill
of the load-induced flexural depressions up to sea level. Physical parameters used in the calculations are
listed in Table 1. Since the depth to the base of the Aquitaine foreland succession includes small-scale varia-
tions due to local thrust, fold, and salt tectonics, it was smoothed to facilitate comparison with models. We
first removed the extreme effect of diapirs and then performed a local regression using weighted linear least
squares and a first-degree polynomial model. We tested different values of the elastic thickness, Te, in order
to achieve the best representation of the observed flexure, keeping Te constant or varying it along the profile.
We then computed the gravity effect of the calculated flexed crust, based on the resultant anomaly of two
density contrast interfaces: the calculated base of foreland basin and the flexed Moho. This technique is
based on the method developed by Talwani et al. (1959) and discussed in Watts (2001). The flexed Moho,
which differs from the observed Moho, is obtained by adding the thickness of the preorogenic cover and
the observed crustal thickness (Figure 5b) to the calculated flexure.

6.1. Topographic Load and Te Values

The surface topographic load that acts on the edge of the European lithosphere was defined from the topo-
graphy of the Pyrenees between the plate break and the NPFT (Figure 1c). A mean density of 2,700 kg/m3 was
assumed for the topographic load and a mean density of 2,500 kg/m3 for the sediment infill, based on well

Table 1
Physical Parameters Used in the Calculations

Parameter Definition Value Unit

αν Volumetric coefficient of
thermal expansion

3.28.10�5 °C�1

hlitho Lithospheric thickness
at the onset of rifting

125.103 m

hcrust Reference crustal thickness 34 km
τ Thermal time constant 62.8 Myr
Tm Mantle temperature 1,333 °C
ρd Displaced material density 0 kg m�3

ρl Topographic load density 2,700 kg m�3

ρinfill Basin-infill density 2,500 kg m�3

ρmantle Mantle density 3,200 kg m�3

Δρb Buried load density contrast 500 kg m�3

g Gravitational acceleration 9.81 m s�2

G Gravitational constant 6.673.10�11 m3 kg�1 s�2

E Young’s modulus 1.1011 Pa
ν Poisson’s ratio 0.25
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log data and literature (Brunet, 1986; Ford et al., 2016). The flexure of the eastern foreland is difficult to model
due to erosion of the northern basin.

Figure 6 (upper profiles) shows the topography and observed flexure (base of synorogenic succession) along
the four profiles. Using a constant value of Te along the profiles, a range of Te values was tested (5, 10, 20, and
30 km). Irrespective of the value of Te used, there are clearly large discrepancies between the calculated and
observed flexural profiles. These discrepancies increase westward as the calculated deflection becomes
significantly less than the observed flexure. A simple flexural model with constant Te therefore cannot explain
either the amplitude or the width of the synorogenic basin. A model incorporating a southward decreasing
Te, qualitatively linked to the observed variation in β (Figure 5c), with a “low” Te for the stretched crust and a
“normal” Te in the platform was then tested (topographic load, models in Figure 7, green lines). The resulting
models better approximate the shape of the observed flexure, although the magnitude of the modeled
flexure is still too low.

Figure 6. Observed flexure and the modeled topographic flexure for different values of Te and the resulting Bouguer anomaly along four profiles located in
Figure 1c. Results for each profile are divided into two parts. (top) Comparison of observed base of foreland (blue line) to the modeled flexure due to topographic
loading only. Calculations are based on a 2-D broken plate, with the plate break located below the Axial Zone, for Te = 5, 10, 20, and 30 km. The topographic load is
applied from the plate break to the NPFT. (bottom) Comparison of the predicted gravity anomalies (Airy root) based on surface loading (thick green line) to the
observed Bouguer anomalies (solid blue line) and the gravity affected of the calculated flexure. Calculated gravity effects are based on calculated flexures in the
upper figure. See text for details. See location of the plate break and profiles in Figure 1c. NPFT: North Pyrenean Frontal Thrust; OFB: outcropping foreland base.

Tectonics 10.1002/2017TC004670

ANGRAND ET AL. FLEXURE OF THE AQUITAINE FORELAND BASIN 440



Figure 6 (bottom row) shows the observed Bouguer anomalies and the calculated Bouguer anomaly
response of the previously calculated flexure. In the eastern sector and the eastern part of the central
sector (Profiles 1 and 2, Figures 6a and 6b), the calculated Bouguer anomaly response of a flexure with
Te values of 10 km is in agreement with the observed anomalies. This observation is valid for the southern
part only, as the northern part is disturbed by the Massif Central. To the west, the discrepancies between
the observed and calculated gravity anomalies increase westward (Profiles 3 and 4, Figures 6c and 6d).
This implies that the observed topography cannot replicate the observed flexure or the observed gravity
highs in the NPZ.

6.2. Buried Loads

One explanation for such a discrepancy between a flexural model based on surface loading and the observed
flexure in a foreland basin is the presence of buried loads (Ali & Watts, 2009; Karner & Watts, 1983; Lin &Watts,

Figure 7. Observed flexure and combined modeled flexure and variations of Te along the profiles located on Figure 1c. Results for each profile are divided into two
parts. (top) Comparison of the predicted combined flexural profiles (thick black line) due to topographic (green line) and buried (orange line) loads and Sto (light blue
line). South of the NPFT, Sto has been extrapolated with constant value. (bottom) Te value used in the calculation. NPFT: North Pyrenean Frontal Thrust; OFB:
outcropping foreland base; Pyr.: Pyrenees; AAC: Adour-Arzacq-Comminges; LH: Landes High; PA: Parentis. (a) Profile 1: eastern sector. (b) Profile 2: eastern part of the
central sector of the Aquitaine Basin. Note that due to edge effect in the south of the Sto map, we remove the nonconsistent data prior to combining Sto with the
load-induced flexural profile. (c) Profile 3: western part of the central sector of the Aquitaine Basin. (d) Profile 4: western sector. Note that the total flexure is
shown with and without the effect of the Labourd buried load.
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2002; Royden & Karner, 1984). As described above, Bouguer anomaly highs along the NPZ are interpreted as
due to the presence of dense bodies in the upper crust (e.g., lower crust or mantle material) in the upper
crust (Casas et al., 1997; de Cabissole, 1990; Grandjean, 1994; Jammes, Lavier, et al., 2010; Pedreira et al.,
2003, 2007).

We therefore evaluated the effect of buried loads associated with the Saint-Gaudens, Lourdes, and Labourd
gravity anomalies on the flexure of the Aquitaine Basin (Profiles 2, 3, and 4, respectively) using the same
method as in Lin and Watts (2002), among others.

We first calculated the gravity effect of the crustal root of the mountain belt assuming an Airy model with a
topographic density of 2,670 kg/m3 and a mantle density of 3,200 kg/m3. We used a reference crustal thick-
ness value of 34 km (see section 5.2).

We then compared the gravity effect of the calculated Airy Moho to the observed Bouguer anomaly (Figure 6,
bottom). The shape of the gravity effect of the Airy Moho fits the large wavelength shape of the observed
Bouguer anomaly. However, the observed gravity appears ~40 mGal too low compared to the calculated
gravity. This is because the Bouguer anomaly includes long wavelength regional fields which have not been
taken into account in the Airy isostatic calculation. An explanation is the hypothesis that the Pyrenees are
overcompensated at depth (Vacher & Souriau, 2001). We therefore subtracted 40mGal from the gravity effect
of the Airy Moho prior to subtracting it from the observed Bouguer anomaly.

Finally, we used the difference between the corrected gravity effect of the Airy Moho and the observed
anomaly together with the Green’s equivalent layer theorem to determine the equivalent height and hence
size of the buried load assuming a density contrast of 500 kg/m3 for the material of the buried load, which
corresponds to a mantle body emplaced into upper continental crust (Casas et al., 1997; de Cabissole,
1990; Grandjean, 1994; Jammes, Lavier, et al., 2010; Pedreira et al., 2003, 2007). We then calculated the
additional flexure generated by these dense bodies using the calculated equivalent height as we did for
the topography.

The flexure due to a buried load is represented on Figure 7 for Profiles 1 to 4 (orange lines). On Profile 1
(Figure 7a) where no Bouguer anomaly high is recognized in the NPZ, the positive part of the Airy isostatic
anomaly is explained as the lateral influence of the Saint-Gaudens dense body (Figure 3), which creates a flex-
ure of ~280 m. On Profile 2 (Figure 7b) the buried load creates a flexure of ~960 m. On Profile 3 (Figure 7c) the
buried load creates a flexure of ~340 m. Finally, on Profile 4 (Figure 7d), the buried load creates a flexure of
~1,060 m. These values along are too low to account for the observed flexure.

6.3. Combining Load-Induced Subsidence With Thermal Subsidence (Sto)

The combined effect of topographic and buried loads cannot replicate the observed base of foreland along
the four profiles (Figure 7, thick black lines). Another source of subsidence is therefore required in the
Aquitaine foreland basin. In this section we investigate the role Sto, in addition to the effect of topographic
and buried loads. We assume that the synorogenic thermal subsidence Sto is the only additional major source
of subsidence. The relatively short lag time between the end of rifting and the onset of convergence (10 Myr)
would guarantee that postrift thermal subsidence continues during the early phases of orogensis (according
to parameters used in the calculations; see Table 1). As Sto is overestimated south of the Grand-Rieu Ridge, we
discarded these data prior to integrating thermal subsidence into our calculation. We extrapolated the most
southerly value of Sto from the southern limit of the thermal subsidence grid (Figure 5d) to the plate break to
the south so that Sto could be added to load-generated flexural subsidence. Figure 7 shows the flexure gen-
erated by different combinations of the identified loads and Sto along the four sections.

In the eastern sector, (Profile 1, Figure 7a), the lateral influence of the Saint-Gaudens dense body is rather
small and contributes little to the load. Sto is also minor in this area. The combined effect of topographic
and buried loads and Sto reproduces the amplitude of the southern part of the observed foreland flexure with
a Te of 13 km. As explained above, this profile is incomplete because the northern foreland was eroded dur-
ing late uplift of the Massif Central. An uncertainty must therefore be assigned to this model, in particular, to
the very low value of Te, which is clearly inconsistent with a nonrifted crust.

In the eastern part of the central sector (Profile 2, Figure 7b), the Saint-Gaudens buried load is an impor-
tant component (about a third) of the combined load, which is nevertheless too small to replicate the
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observed flexure. By adding the Sto we can reproduce the amplitude of the observed flexure. The best fit
uses a Te of 14 km in the AAC rift and 25 km in the Aquitaine Platform. Because of postorogenic uplift, the
basal foreland units crop out ~145 km north of the NPFT. We therefore cannot directly compare the loca-
tion of the forebulge. Nevertheless, it appears to fit with the forebulge location projected in from the west
(Figure 4).

In the western part of the central sector, directly north of the Lourdes anomaly (Profile 3, Figure 7c), the com-
bined effect of topographic and buried loads is again too small to replicate the base of the foreland succes-
sion. The effect of the Lourdes dense body load is small compared to the topographic load. The combined
load and Sto, however, reproduces the observed flexure. The best fit uses a Te of 7 km in the AAC rift and
25 km in the Aquitaine Platform. From ~80 to 145 km north of the NPFT, the modeled flexure is not deep
enough compared to the observed base of the foreland basin (discrepancy of ~800 m).

Finally, in the western sector (Profile 4, Figure 7d), Sto alone is in the range of the base of the foreland succes-
sion. North of the NPFT, the topographic flexure can be added to the Sto and the combined curve is still con-
sistent with the observed base of foreland basin. Although the nature of the Labourd dense body is matter to
debate (see section 3), we tested the influence of this dense body. We cannot, however, derive a clear con-
clusion, as it is not required to explain observed subsidence in the foreland basin. The best fit uses a
Te = 10 km in the AAC, 15 km in the Landes High, and 20 km in the Medoc Platform. The profile passes
through the eastern margin of the Parentis rift. Te variations in this area do not produce significant changes;
we therefore used the same values as for the Landes High. However, derived Te values in this sector have little
significance as subsidence is mainly due to Sto.

7. Discussion
7.1. Crustal Inheritance

The Aquitaine Basin is an excellent example of a retro-foreland basin that was superimposed on a young,
highly segmented rift system, which controlled foreland behavior. We have shown that the flexure of the
Aquitaine Basin can be accounted for by a model combining surface and subsurface loads with tectonic ther-
mal subsidence linked to preorogenic rifting. There are, however, strong lateral variations. The preserved
eastern foreland basin is superimposed on unstretched crust, while in the central and western sectors, the
basin is superimposed on stretched crust.

The geometry of the Early Cretaceous rift system is still debated (e.g., Clerc & Lagabrielle, 2014; Debroas, 1987,
1990; Masini et al., 2014; Teixell et al., 2016; Tugend et al., 2014). Rifting created a complex distribution of
depocenters now preserved both in the foreland and in the NPZ where they are strongly inverted (e.g.,
Debroas, 1987, 1990; Masini et al., 2014). Subcontinental mantle was exhumed below some rift-basins
now preserved in the NPZ, recording an overall southward increase in crustal thinning of the European
margin (e.g., Lagabrielle & Bodinier, 2008; Lherz rift-basin, Clerc et al., 2012; Mauléon rift-basin, Masini et
al., 2014; Tugend et al., 2014). Major transverse crustal structures, probably Variscan in origin, partitioned
the Aptian-Cenomanian rifting (e.g., Boillot, 1986; Debroas, 1990; Larrasoaña et al., 2003; Tugend et al.,
2014), notably the Pamplona Fault in the western Pyrenees and the Toulouse Fault and the newly defined
ECL in the eastern retro-foreland (Figure 5). This segmentation continues offshore (Carola et al., 2013;
Ferrer et al., 2008; Roca et al., 2011; Tugend et al., 2014).

While coherent with the work of Tugend et al. (2014), we provide a more detailed insight into the southwest
European crustal geometry and stretching in the Pyrenean retro-foreland (Figure 5). New mapping of fore-
land crustal thickness shows that Aptian-Cenomanian stretching increased westward and southward across
a segmented crust. Our derived stretching values are in the range of those of Tugend et al. (2014) for the
southwest Aquitaine Basin. Figure 5c shows that within the AAC rift stretching and basin geometry are highly
heterogeneous. Our data clearly define the northern limit of rifting in the west and central foreland and show
that it stepped south to the east of the Toulouse Fault where it is integrated into the orogen. Paleozoic blocks
(e.g., the Landes High and the Grand-Rieu Ridge) and transverse faults (i.e., Toulouse Fault and ECL) separate
rift depocenters. This broad NE-SW segmentation pattern associated with a regional eastward southstepping
of depocenters is consistent with the more local “en-échelon” geometry proposed by Debroas (1987, 1990) in
the NPZ.
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The ECL clearly controlled the geometry of the foreland. In contrast, the Toulouse Fault was inactive during
convergence as it cannot be identified on the foreland basin isopach map (Figure 4). Farther west, the very
heterogeneous geometry of the foreland basin, probably due to salt tectonics, obscures any smaller scale
segmentation of the foreland. The Pamplona Fault does not appear to cut the Aquitaine Basin. It affected only
the southern Pyrenees and the NPZ during both rifting and convergence, when it transferred shortening
farther south in the Iberian plate (Larrasoaña et al., 2003).

Te can be considered as a proxy for the long-term strength of the lithosphere and may therefore be
indirectly correlated to the amount of stretching experienced by the plate, if thermal reequilibration has
not been achieved at the time of loading (Iberian plate, southern Pyrenees, Gaspar-Escribano et al., 2001;
Zoetemeijer et al., 1990; European plate, western Alps, Stewart & Watts, 1997). This relationship is supported
by our analysis of the Aquitaine Basin where low Te values are valid for areas affected by lithospheric thin-
ning. In the Aquitaine Basin, the decrease in Te toward the west and toward the south (7–25 km, Figure 7)
is correlated to an increase in β (Figure 5c). However, as flexural loading in this basin is not solely responsible
for driving subsidence, it becomes difficult to constrain values of Te with more certainty. Our values, however,
are in the same range as those proposed for the western European plate by Desegaulx et al. (1990) and Karner
and Watts (1983) (15 to 20 km and 25 km, respectively), and for other foreland basins that are superimposed
on relatively young passive margins, such as Taiwan (13 km) (Lin & Watts, 2002).

Fosdick et al. (2014) propose that an inherited passivemargin geometry may localize or “trap” themain depo-
center of a foreland basin at its initiation, using the Magallanes retro-arc foreland basin as a case study. The
position of the central Aquitaine Basin above the AAC rift basin may suggest a similar localization role for the
inherited rift. However, foreland basins that develop on the retro side of the orogen are characterized by rela-
tive immobility; that is, they do not migrate significantly outward (Naylor & Sinclair, 2008). As the Aquitaine
Basin is a retro-foreland basin (as is the Magallanes Basin), it is therefore difficult to evaluate the true role
of the inherited rift in localizing the main depocenter. However, we show that the postrift thermal subsidence
is another mechanism that must be considered: the Aquitaine foreland basin is a particular case where its
position in the western sector is dictated by thermal cooling above the rift.

Along strike variations in deformation style in the Aquitaine foreland can also be linked to inherited mechan-
ical and structural properties of the crust as observed in other orogens (e.g., Kley et al., 1999). In the eastern
foreland minor Eocene shortening gently reactivates the Variscan nappe stack to form basement-cored anti-
clines (Ford et al., 2016). West of the ECL/Toulouse Fault system inherited extensional structures are inverted
below an efficient decoupling horizon along Keuper evaporites with deforming sedimentary cover above
(Rougier et al., 2016; Teixell et al., 2016).

7.2. Subsidence Mechanisms

The nonuniqueness of flexural modeling and subsidence analysis may represent a challenge when attempt-
ing to discriminate modes of subsidence. We have identified three main contributors to foreland basin sub-
sidence, topography load, buried loads, and postrift thermal subsidence. However, other phenomena may
have also contributed to subsidence including inherited bathymetry, slab pull, and dynamic subsidence.
The potential role of each of these is considered below.

Although the three established subsidence mechanisms for the Aquitaine Basin operate over similar wave-
lengths and time scales, their respective peak of activity differs in time. Postrift thermal subsidence was
mainly active during the early phase of convergence (Campanian to Eocene) while the main topographic
loading occurred during Eocene collision. We suggest that loading by the buried dense bodies occurred con-
temporaneously with topographic loading as they were emplaced into the upper crust during main collision.
As we have analyzed only the present-day configuration of the Aquitaine Basin, we cannot perform a more
detailed analysis of the evolution of these mechanisms through time.

Our model for the Aquitaine Basin also assumes that the load acts on a horizontal predeformation surface at 0
altitude and therefore ignores preexisting bathymetry at the onset of orogeny, which is a simplification. In
Campanian times, sedimentation was deep marine in the southern part of the studied area. It would be an
interesting improvement to test the effect of inherited bathymetry on the calculated flexure. Stockmal and
Beaumont (1987) propose that preexisting bathymetry at the onset of orogensis reduces the topography
needed above sea level. Taking this into consideration, our model overestimates the required load.
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On the southern side of the orogen, the eastern Ebro pro-foreland basin is explained by Gaspar-Escribano
et al. (2001) by a combination of topographic loading and pull exerted by the downgoing Iberian plate.
While slab-pull mainly affects the pro-foreland basin, the retro-foreland basin would be subjected to dynamic
subsidence resulting from slab pull (DeCelles & Giles, 1996). If dynamic subsidence affected the retro-
foreland, we would expect the discrepancy between the observed and calculated flexure to be greater to
the east, where estimates of Pyrenean shortening and topography are higher than the western Pyrenees (see
section 2.1). In the upper plate we show that topography seems to be the main controlling factor of the flex-
ure of the eastern Aquitaine foreland basin, despite uncertainties in the Te value (see section 6.3). We have
also shown that the topographic flexure decreases westward (Figures 6 and 7), thus supporting a westward
decrease in Pyrenean shortening. A significant additional source of subsidence is required in the central and
western Aquitaine Basin, which we identify as due to postrift cooling.

While it is not possible to completely rule out the role of dynamic subsidence during the evolution of the
Aquitaine Basin, we believe it played only a minor role. An explanation could be that the very heterogeneous
geometry of the European Moho along the orogen (e.g., Chevrot et al., 2015; Wang et al., 2016) may have dis-
turbed or inhibited convection in the mantle wedge.

We have established that postrift thermal subsidence was a major component of synorogenic subsidence in
the central Aquitaine Basin and probably the principal component in the western basin. This model assumes
that the foreland lithosphere was not thermally affected by crustal thickening during early convergence.
Current reconstructions indicate that crustal thickening occurred during the main Eocene continental
collision with little thickening during the early convergence phase (Late Cretaceous; Ford et al., 2016;
Mouthereau et al., 2014). In addition, as discussed above, total shortening in the retrowedge is very small,
especially in the retro-foreland (5 km, Ford et al., 2016; 6.7 km, Rougier et al., 2016). We therefore argue that,
as postrift thermal subsidence was active (and decreasing) from Campanian to Eocene, any orogenic
changes in the thermal state of the foreland lithosphere were minor and initiated toward the end of active
thermal subsidence.

As shown by our case study, postrift thermal subsidence can play an important role in foreland basin
behavior. Most studies of foreland basins developed on rifted lithosphere do not consider postrift thermal
subsidence as an additional driving force of foreland subsidence. When both pro and retro-foreland basins
initiate long after the end of rifting (e.g., Alps, 130 Myr, Stewart & Watts, 1997; Papua New-Guinea,
120 Myr, Haddad & Watts, 1999; Southern Andes, 80 Myr, Fosdick et al., 2014), the lithosphere has time
to thermally reequilibrate and no effect of postrift thermal subsidence needs to be added to the flexural
subsidence. In the Taiwan orogenic system, the end of rifting and initiation of the pro-foreland basin are
separated by only 24 Myr. We would therefore expect postrift thermal cooling to contribute to foreland
subsidence. Lin and Watts (2002), however, explain the observed foreland subsidence as a combination
of topographic and buried loads using relatively low Te values. One possibility would be that the authors
have overlooked the effect of postrift thermal subsidence, by underestimating Te and hence reducing the
load required to flex the plate. As their estimates of Te are robust and Taiwan is associated with active
subduction, another possibility is that the thermal regime of the lithosphere is disturbed by the cold
downgoing slab.

8. Conclusions

The geometry and evolution of foreland basins provide some of the best evidence on the thermal and
mechanical properties and behavior of the continental lithosphere. A new analysis of the crustal geometry,
foreland succession, Bouguer anomalies, and flexural behavior of the Aquitaine retro-foreland basin reveals
the following characteristics.

Early Cretaceous rifting strongly influenced the evolution of the Aquitaine Basin. The rifting ended only
10 Myr before the onset of orogenesis, and created a highly segmented rift system. Major oblique faults seg-
ment the European crust and contribute to along- and across-strike variations in crustal stretching. Overall β
increases westward. This inheritance influenced the foreland basin behavior in two ways: (1) by generating
postrift thermal subsidence that was partially synchronous with Pyrenean convergence and (2) by creating
lateral variations in Te values in the variably thinned European plate. Te seems linked with the stretching
of the crust: the lower the Te, the higher the β.
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Numerical modeling of the flexure of the European plate shows that (1) in the east, the topographic load of
the Pyrenean orogen may be the main source of subsidence; (2) in the center, the combined effect of topo-
graphic load, buried load, and postrift thermal subsidence can satisfactorily explain the geometry of the fore-
land basin; and (3) in the west, the foreland basin geometry is mainly controlled by thermal subsidence.

In conclusion, this case study in the Pyrenees demonstrates that postrift thermal subsidence can play an
important role in foreland basin behavior. The possibility of active thermal subsidence during convergence
should be considered in all foreland case studies.
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