
1 

 

Role of rift structural inheritance in orogeny highlighted by the Western Pyrenees 1 

case-study 2 

Júlia Gómez-Romeu1, Emmanuel Masini2, Julie Tugend2,3, Maxime Ducoux2,4 & Nick 3 

Kusznir1 4 

1Department of Earth, Ocean and Ecological Sciences, University of Liverpool, 5 

Liverpool, UK 6 

2Total SA, R&D, Pau, France 7 

3Sorbonne Université, CNRS-INSU, Institut des Sciences de la Terre, Paris, France 8 

4E2S-UPPA, Université de Pau et Pays Adour-CNRS-TOTAL, LFCR IPRA, UMR 5150, 9 

Pau, France 10 

 11 

Abstract 12 

It is commonly accepted that many orogens form by contractional reactivation of earlier 13 

continental rifts or rifted margins. Therefore, to better understand orogenesis, it is 14 

important to also understand how rift domains and their associated structures are 15 

incorporated into orogens. 16 

We investigate the role of rift structural inheritance during orogeny using the Western 17 

Pyrenees as a case-study. To achieve our aim, we use a kinematic forward lithosphere 18 

deformation model (RIFTER) to produce flexural isostatically compensated as well as 19 

balanced cross-sections showing the structural and stratigraphic development of both 20 

the rift and orogenic stages of the Western Pyrenees. The cross-section produced 21 

extends from the Northern to the Southern Foreland Basins and crosses the Mauléon-22 

Arzacq Basin. 23 

Our modelling results show how rift-domains and their faults are sequentially 24 

reactivated and incorporated into the present-day Western Pyrenees architecture. Based 25 

on the results from our case-study, we identify a sequence of tectonic stages separated 26 

by critical events that record the transition between different tectonic styles by which 27 

lithosphere is deformed. The pre-orogenic extensional stage is characterized by a hyper-28 

extended rift system that eventually led to exhumed mantle. This constitutes the pre-29 

orogenic template. The subsequent contractional tectonics consists of two stages: (i) the 30 

inversion of the hyper-extended rift system reactivating extensional structures and (ii) 31 

the crustal shortening of the southern proximal rift domain.  32 
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Results of the Western Pyrenees case-study may be used to understand the development 33 

of other Alpine-type collisional systems involving the sequential reactivation and 34 

inversion of former hyper-extended rift systems.  35 

1. Introduction 36 

The Wilson cycle represents one of the most important concepts of the plate tectonic 37 

theory and one of its key implications is that mountain belts are built on the former site 38 

of continental rifted margins (Wilson, 1966). This implies that present-day orogens are 39 

formed by the closure of precursor rift basins or rifted margins. Many studies have 40 

shown that remnants of distal rifted margins are present within internal parts of orogens 41 

(e.g. Alps: Lemoine et al., 1987; Manatschal, 2004; Mohn et al., 2010; 2014; Masini et 42 

al., 2012, Beltrando et al., 2014 and Epin et al., 2017, Pyrenees: Lagabrielle and 43 

Bodinier, 2008; Jammes et al., 2009; Lagabrielle et al., 2010; Clerc et al., 2012; Clerc 44 

and Lagabrielle, 2014, Masini et al., 2014, Tugend et al., 2014, Mouthereau et al., 2014, 45 

Teixell et al., 2016 and 2018, Caledonides: Andersen et al., 2012). These observations 46 

demonstrate the necessity of understanding the role of the earlier extensional rift history 47 

during orogen formation.  48 

We use the Western Pyrenees as a natural laboratory to study the influence of rift 49 

structural inheritance on collision. The Western Pyrenees underwent Late Jurassic to 50 

Cretaceous rifting (Canérot, 2008; Jammes et al., 2009, 2010a) followed by the Alpine 51 

orogeny between the Santonian and the Miocene (Garrido-Megías and Ríos, 1972; 52 

Muñoz, 1992; Vergés et al., 1995; Capote et al., 2002; Vergés and García-Senz, 2001; 53 

McClay et al., 2004; Mouthereau et al., 2014). The contractional reactivation of the 54 

Western Pyrenees enabled the partial preservation of the earlier rift history (e.g. 55 

Jammes et al., 2009; Masini et al., 2014; Tugend et al., 2014). Tugend et al., (2014) has 56 

proposed that the sequential rift domain reactivation made a large contribution to the 57 

present-day orogen architecture of the Western Pyrenees making it an ideal case-study 58 

to study the role of rift structural inheritance during orogeny. We investigate the 59 

sequential rift domain reactivation paying particular attention to the role of pre-existing 60 

rift structures required to produce the present-day Western Pyrenees architecture. 61 

Early work showing balanced geological sections across the Pyrenees (e.g. Roure et al., 62 

1989; Choukroune et al., 1990; Muñoz, 1992; Teixell, 1998; Vergés et al., 2002) used 63 

pull-apart basins as the initial template for the collisional stage. However, recent 64 

published cross-sections (Jammes et al., 2009; Tugend et al., 2014; Mouthereau et al., 65 
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2014; Teixell et al., 2016) have improved the pre-orogenic template by including a 66 

hyper-extended rift architecture, consistent with observations of major crustal thinning 67 

and mantle exhumation (Lagabrielle and Bodinier, 2008; Jammes et al., 2009; 68 

Lagabrielle et al., 2010; Masini et al., 2014; Tugend et al., 2014, 2015b). A common 69 

feature of all these sections is that they are palinspastically restored but do not include 70 

the flexural isostatic compensation of the lithosphere resulting from both extensional 71 

and contractional tectonics. In this study, we use a kinematic forward lithosphere 72 

deformation model (RIFTER) that allows us to produce flexural isostatically 73 

compensated as well as balanced cross-sections. 74 

Using RIFTER we produce a cross-section extending from the Northern (Aquitaine 75 

Basin) to the Southern Foreland Basins, that crosses the Mauléon-Arzacq Basin, and 76 

incorporates both the hyper-extended rifting and the orogenic evolution of the Western 77 

Pyrenees. Our modelling strategy consists of bringing together the shallow observed 78 

geology, seismic reflection observations and the deeper seismic tomographic structure 79 

of the Western Pyrenees into a single unified model that balances isostatically as well 80 

as structurally. Our RIFTER modelling shows that by including the earlier rift history 81 

we are able to reproduce the present-day first-order structural and stratigraphic 82 

architecture of the Western Pyrenees. We show that the present-day first-order structure 83 

of this orogen can be reproduced through the sequential reactivation of pre-existing rift 84 

domains. In addition, we bring insights on how the pre-orogenic rift-related faults may 85 

be reactivated and incorporated into the present-day Western Pyrenees architecture.  86 

2. Geological setting  87 

The Pyrenees is a double vergent orogen orientated east-west and located at the 88 

boundary between Spain (part of the Iberian plate) and France (part of the European 89 

plate). It is bounded to the east by the Mediterranean Sea and to the west by the Bay of 90 

Biscay (Figure 1). The Pyrenees form the central part of an orogenic system, developed 91 

subsequently to the subduction of the Iberian plate underneath the European plate.  92 

2.1. Present-day structure of the Pyrenees 93 

The Pyrenees can be divided into five main structural units. From north to south these 94 

are: (1) the Aquitaine Northern Foreland Basin, (2) the North Pyrenean Zone forming 95 

the retro-wedge of the orogen where Meso-Cenozoic rocks are exposed, (3) the Axial 96 

Zone made by a stack of thrust sheets involving Paleozoic basement, (4) the South 97 
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Pyrenean Zone forming the pro-wedge of the orogen and (5) the Ebro Foreland Basin 98 

(e.g. Choukroune and Séguret, 1973; Mattauer and Henry, 1974; Teixell, 1990; 99 

Daignières et al., 1994 and references therein) (Figure 2a). In the eastern and central 100 

part of the Pyrenees, the Axial Zone is well-developed exposing Palaeozoic rocks 101 

(Figure 2a). Towards the west, the Axial Zone is reduced and the Mauléon Basin, made 102 

up of Mesozoic sediments, occupies most of the western edge of the Pyrenees (Figure 103 

2a). In the northern and southern part of the Pyrenees, a wide range of sediments 104 

ranging from Lower Triassic up to Lower Miocene are present (Figure 2a). It is 105 

important to highlight the presence of an evaporitic sequence at the bottom of the 106 

Mesozoic cover (Upper Triassic) that acts as a decollement layer and strongly controls 107 

both the extensional and compressional tectonics of the Pyrenees (Canérot, 1989; James 108 

and Canérot, 1999; Jammes et al., 2010b; Lagabrielle et al., 2010). The Aquitaine 109 

Northern and Ebro Southern Foreland Basins contain Neogene sediments deposited 110 

during the syn- to post-orogenic evolution of the Pyrenees (Figure 2a) (see Vacherat et 111 

al., 2017 and Grool et al., 2018 for a detailed tectonostratigraphy of these basins). 112 

During the Alpine collision, the Pyrenees orogen was mainly deformed by E-W 113 

trending thrust faults such as the North Pyrenean Frontal Thrust and the South Pyrenean 114 

Frontal Thrust (Figure 2a). Additionally, present-day NE-SW trending faults (e.g. 115 

Toulouse structure) that formed in the Late Variscan (Burg, 1994) were possibly partly 116 

reactivated as transfer zones during rifting (Tugend et al., 2014). What type of Variscan 117 

faults they were and how they reactivated during the development of the Pyrenees 118 

remains uncertain.  119 

2.2. Tectonic evolution of the Pyrenees 120 

The opening of the North Atlantic Ocean together with the opening of the Bay of Biscay 121 

strongly controlled the relative motions of the Iberian plate with respect to the European 122 

and African plates (e.g. Olivet, 1996; Rosenbaum et al., 2002; Macchiavelli et al., 2017; 123 

Nirrengarten et al., 2018). The relative movements between these three plates are 124 

recorded through the tectonic evolution of the Pyrenees. Over the past 30 years, the 125 

formation and development of the Pyrenees have been intensively studied (e.g. Le 126 

Pichon et al., 1971; Srivastava et al., 1990; Roest and Srivastava, 1991; Sibuet and 127 

Collette, 1991; Olivet, 1996), but there is still controversies on the paleogeographic 128 

evolution prior to the Alpine collision of this orogen. As a first order simplification, the 129 
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Pyrenees can be considered as the result of several extensional and compressional 130 

tectonic events that initiated in the Palaeozoic and finalized in the Miocene. We focus 131 

on the main rift episode that occurred from latest Jurassic to early Late Cretaceous time 132 

(Schettino and Scotese, 2002; Canérot, 2008; Jammes et al., 2009, 2010a; Tugend et 133 

al., 2015b). The rifting episode was followed by the Alpine orogeny that took place 134 

between the Late Santonian and the Miocene (Garrido-Megías and Ríos, 1972; Muñoz, 135 

1992; Vergés et al., 1995; Capote et al., 2002; Vergés and García-Senz, 2001; McClay 136 

et al., 2004; Mouthereau et al., 2014).  137 

2.2.1. Rift evolution 138 

The pre-Alpine evolution of the Iberian and European plate boundary was 139 

accommodated within three oblique rift systems; the Bay of Biscay-Parentis, the 140 

Pyrenean-Basque-Cantabrian and the Central Iberian Range (Salas and Casas, 1993; 141 

Vergés and García-Senz, 2001; Roca et al., 2011; Tugend et al., 2014; 2015a). The 142 

onset of the Mesozoic rifting occurred in the latest Jurassic (Figure 3a) during an overall 143 

left-lateral movement between the Iberian and European plates deduced from plate 144 

kinematic scenarios (e.g. Rosenbaum et al., 2002; Schettino and Scotese, 2002; 145 

Canérot, 2008; Jammes et al., 2010a; Nirrengarten et al., 2018). Details of the 146 

partitioning of the deformation between the different rift systems remain debated 147 

(Tugend et al., 2015a; Nirrengarten et al., 2018; Rat et al., 2019). From the Aptian up 148 

to early Late Cretaceous the relative movement between Iberia and Europe appears 149 

purely divergent as deduced from field interpretations (Jammes et al., 2010a; Tavani et 150 

al., 2018). Onset of sea-floor spreading of the western Bay of Biscay in Aptian time 151 

(Montadert et al., 1979) (Figure 3b) coincides with the main crustal thinning event and 152 

local mantle exhumation in the Pyrenean-Basque-Cantabrian rift system (Lagabrielle 153 

and Bodinier, 2008; Jammes et al., 2009; Masini et al., 2014; Tugend et al., 2014; 154 

2015b) (Figure 3c). The identification of anomaly 34 in the Bay of Biscay and absence 155 

of anomaly 33 (Roest and Srivastava, 1991) suggest that sea-floor spreading persisted 156 

until Santonian-Early Campanian time (e.g. Montadert and Roberts, 1979, Montadert 157 

et al., 1979). This extensional deformation is not evidenced in the Pyrenean-Basque-158 

Cantabrian rift system.  159 

The relative movement between the Iberian and European plates resulted in a complex 160 

rift domain architecture giving the pre-Alpine setting of the Pyrenees (Figure 3c).  161 
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2.2.2. Convergence evolution 162 

Onset of the Alpine orogeny (Figure 3d) started in the late Santonian – Campanian 163 

(Garrido-Megías and Ríos 1972; Capote et al., 2002; McClay et al., 2004) and evolved 164 

up to the Late Oligocene – Early Miocene (Muñoz, 2002; Verges et al., 2002). This 165 

orogeny is related to the northward motion of Africa relative to Europe (e.g. Rosenbaum 166 

et al., 2002) leading to a north-south to northeast-southwest convergent motion between 167 

the Iberian and European plates. In the Pyrenees, this motion is characterized by the 168 

subduction of Iberia beneath Europe (Pulgar et al., 1996; Gallastegui et al., 2002; 169 

Muñoz, 1992, 2002; Pedreira et al., 2007). During this episode, Mesozoic basins were 170 

shortened and inverted leading to the formation of the present-day architecture of the 171 

Pyrenees (Capote et al., 2002).  172 

3. Modelling constraints for the Western Pyrenees 173 

Our modelled section includes both the Northern and the Southern Foreland Basins but 174 

we pay particular attention to the Arzacq-Mauléon Basin development. This basin 175 

initially formed during rifting and was later reactivated during the Alpine orogeny. A 176 

singular feature of this basin is that it escaped from most of the pervasive Alpine 177 

deformation and exposes part of the pre-collision history (e.g. Jammes et al., 2009; 178 

Masini et al., 2014).. We have less constraints for the rifting episode along the rest of 179 

the section but we use the available dataset to infer the rift record and how this may 180 

have been reactivated during collision.  181 

Our modelling strategy consists of bringing together the shallow observed geology, 182 

seismic observations and the deeper structure of the Western Pyrenees into a single 183 

unified model that balances isostatically as well as structurally. In particular, we use 184 

sub-surface geology (down to a depth of 5-10 km) along the eastern Mauléon Basin 185 

(Figure 4a-c) and the deep crustal structure along the western Mauléon Basin (Figure 186 

4d). The sub-surface observations for the Southern Foreland Basin (i.e. Ebro and Jaca 187 

Basins), the Axial Zone and the Mauléon Basin are based on the work by Teixell et al., 188 

(2016 and 2018), Tugend et al., (2014) and Lagabrielle et al., (2010) respectively 189 

(Figures 4a-b). The architecture of the Aquitaine-Arzacq Basin (Figure 4c) is revealed 190 

by the interpretation of seismic reflection line nº1325 (Appendix 1) together with well 191 

data owned by Total SA. Because no deep crustal information is available across the 192 

eastern Mauléon Basin, we use first-order deep constraints from the western Mauléon 193 
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Basin. These are obtained from a passive seismic tomography transect (PYROPE, 194 

Wang et al., 2016; Chevrot et al., 2018), whose data was acquired by Chevrot et al., 195 

(2015) and are shown in Figures 4d-e. 196 

The RIFTER model is used to bring together sub-surface and deep observations 197 

distributed across the Western Pyrenees into a single unified model that balances 198 

isostatically as well as structurally, showing both the rifting and convergent evolution 199 

of this orogen.  200 

3.1. Sub-surface geology 201 

From south to north, the transect that we model consists of the sub-surface geology of; 202 

the Southern Foreland Basin, Axial Zone, Mauléon Basin, Grand Rieu Ridge and the 203 

Arzacq Basin (e.g. Casteras, 1969; BRGM, 1974; Le Pochat et al., 1976; Teixell, 1990; 204 

Daignières et al., 1994; Serrano et al., 2006; Jammes et al., 2009; Masini et al., 2014).  205 

Southern Foreland Basin 206 

The Southern Foreland Basin (i.e. Jaca and Ebro basins) formed as a consequence of 207 

the Axial Zone loading leading to the flexure of the Iberian lithosphere as 208 

compressional deformation was migrating southwards. Most of the calciclastic and 209 

siliciclastic sedimentation that fills up this basin is derived from the erosion of the Axial 210 

Zone during the Cenozoic. The South Pyrenean Frontal Thrusts affects the sedimentary 211 

cover of the Southern Foreland Basin leading to the last compressional deformation by 212 

early Miocene times (Teixell et al., 2016) (Figure 4a). 213 

Axial Zone 214 

One of the key characteristics of the Axial Zone is the deposition of post-rift sediments 215 

(Turonian and younger) on top of the eroded basement due to the occurrence of a major 216 

hiatus (Jammes et al., 2009; Masini et al., 2014) (Figures a-b). This hiatus argues for a 217 

major uplift and/or no deposition on the future Axial Zone during the rifting episode 218 

(Jammes et al., 2009). The Gavarnie and Guarga north-dipping thrusts are the main 219 

structures that led to the uplifting of the Axial Zone during the Late Cretaceous and 220 

Cenozoic Pyrenean collision. The overall timing of these structures is well documented 221 

by tectono-sedimentary and thermochronological data (e.g. Teixell et al., 2016 and 222 

references therein). However, the Gavarnie and Guarga thrust geometries at depth 223 

remains poorly understood as does their importance in terms of shortening (e.g. 224 
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Cochelin et al., 2018). 225 

Mauléon Basin 226 

Former rift structures are exposed and preserved in the western Mauléon Basin enabling 227 

extensive studies of basement-sediment primary relationships (e.g. Jammes et al., 2009; 228 

Masini et al., 2014; Tugend et al., 2015b; Saspiturry et al., 2019). While preservation 229 

of these rift structures along the eastern Mauléon Basin is poor, former structural rift 230 

domains can still be identified and correlated at the scale of the entire basin (Tugend et 231 

al., 2015b).  232 

The Mauléon Basin is squashed between the Grand Rieu Ridge to the north and the 233 

Axial Zone to the south (Lagabrielle et al., 2010; Masini et al., 2014; Tugend et al. 234 

2014; Teixell et al., 2016) by the NPFT and the Lakhora Thrust system respectively 235 

(Figures 4b-c). A remarkable feature of this basin is that it preserves a complex rift 236 

history showing discontinuous pre-rift layers lying on top of the Upper Triassic 237 

evaporitic decollement as well as a non-uniform syn-rift sedimentary architecture 238 

(Masini et al., 2014) (Figure 4b). Studies carried out in the Mauléon Basin (e.g., 239 

Jammes et al., 2009; Lagabrielle et al., 2010; Masini et al., 2014; Tugend et al., 2014) 240 

suggest that it was formed through a hyper-extension rift episode leading to extreme 241 

crustal thinning and mantle exhumation. Field studies such as Masini et al., (2014) 242 

interpreted that this deformation was accommodated by two diachronous thick-skinned 243 

detachment systems (the Southern Mauléon Detachment and the Northern Mauléon 244 

Detachment) related to the formation of two sub-basins; the Southern Mauléon Basin 245 

and the Northern Mauléon Basin respectively. The onset of the tectonic inversion of the 246 

Mauléon Basin occurred between Santonian and Campanian times (Teixell et al., 2016 247 

and references therein). This inversion episode led to the thrusting of the Northern 248 

Mauléon Basin over the former Grand Rieu Ridge and Arzacq Basin (e.g. Casteras, 249 

1969; Teixell, 1990 and 1998; Muñoz, 1992; Daignières et al., 1994) while the Southern 250 

Mauléon Basin was thrusted over the Axial Zone along the Lakhora Thrust system 251 

(Muñoz, 1992; Teixell, 1998). The presence of south-directed thrust sheets made of 252 

Mauléon Basin sediments within the former hyper-extended domain and subsequently 253 

folded and tilted during the formation of the Axial Zone located to the south, argues 254 

that the Alpine shortening began in the hyper-extended basin by Cretaceous times 255 

before migrating into the Axial Zone by Eocene times (Tugend et al., 2014; Dumont et 256 
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al., 2015). 257 

Grand Rieu Ridge 258 

The Grand Rieu Ridge is characterized by the local absence of syn-rift sediments (e.g. 259 

Cardesse 2 drill hole; Serrano et al., 2006; Tugend et al., 2014). Post-rift sediments 260 

cover either discontinuous slivers of pre-rift cover or lay directly on top of basement 261 

(Masini et al., 2014) (Figure 4c). The north-vergent North Pyrenean Frontal Thrust 262 

system is located on this ridge that separates the Arzacq Basin in the north from the 263 

Mauléon Basin in the south (Figures 4b-c). 264 

Arzacq Basin 265 

The architecture of the Arzacq Basin (Figure 4c) is revealed using the seismic reflection 266 

line nº1325 (Appendix 1) together with well data owned by Total SA. It consists of a 267 

smooth 25 km wide “sag basin” syncline consisting of sediments of Permian-Lower 268 

Triassic to Quaternary age. A north-dipping extensional fault is the main observed rift 269 

structure, which bounds the southern Arzacq Basin and separates it from the Grand 270 

Rieu Ridge basement. On top of this major fault, syn-rift sediments (Aptian-Albian in 271 

age) show a growth strata development in an overall syncline-shape geometry. This 272 

indicates that the deformation of the basement was decoupled from the sedimentary 273 

cover by a major basal decollement level corresponding to the Triassic Keuper 274 

evaporitic layer (e.g. Le Pochat et al., 1978; Canérot et al., 2001; Jammes et al., 2010b; 275 

Masini et al., 2014). It can be inferred that the pre-tectonic sedimentary cover lying 276 

above the Upper Triassic decollement was dragged and gently folded above the normal 277 

fault. No important collisional structures can be identified within this basin at this 278 

location apart from a few thrusts at the southern edge of the Arzacq Basin 279 

corresponding to the North Pyrenean Frontal Thrust system (Figure 4c) suggesting that 280 

a minor compressional tightening affected this basin (see Rocher et al., 2000 for a 281 

detailed structural analysis of this basin). The Arzacq Basin is characterized by 282 

substantial crustal thinning reaching beta values of 2 (Brunet, 1984) and consistent with 283 

the crustal architecture imaged by Wang et al., (2016). Indeed, the overall subsidence 284 

evolution of this basin can only be explained by a post-rift thermal subsidence 285 

continuing largely after the onset of shortening (Angrand et al., 2018). Masini et al., 286 

(2014) pointed out that the amount of thinning that the Arzacq Basin underwent cannot 287 

be simply provided by the observed north-dipping extensional fault located at the 288 
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southern edge of the basin. They suggested that additional thinning may have been 289 

achieved by strain transfer from the Southern Mauléon Detachment in the Southern 290 

Mauléon Basin to the middle and lower crustal levels in the Arzacq Basin. This crustal 291 

decoupling structure may have generated the asymmetric rifting architecture between 292 

the Mauléon Basin (lower plate) and the Arzacq Basin (upper plate). 293 

3.2. Deep crustal structure 294 

Recent studies have imaged the deepest part of the Western Pyrenees, along the western 295 

Mauléon Basin, based on a tomographic model (Chevrot et al., 2015 and 2018; Wang 296 

et al., 2016). Figure 4d shows the Vs seismic velocity model obtained by full waveform 297 

inversion together with a simple interpretation of the crustal architecture suggested by 298 

Wang et al., (2016). The Vs data shows the southernmost Iberian Moho at 30 km depth 299 

which gently dips to the north reaching 50 km deep beneath the Mauléon Basin. In 300 

contrast, the geometry of the European Moho is almost horizontal beneath the Arzacq 301 

Basin at 30 km deep while beneath the Mauléon Basin it becomes shallower reaching 302 

10 km depth. Indeed, in the western part of the Mauléon Basin, a strong positive 303 

Bouguer gravity anomaly is observed (Figure 4e) and has been interpreted as deriving 304 

from a piece of Iberian mantle (Casas et al., 1997; Jammes et al., 2010a) or lower crust 305 

(Grandjean, 1994; Vacher and Souriau, 2001; Pedreira et al., 2007). However, the work 306 

by Wang et al., (2016) shows seismic velocities beneath the western part of the Mauléon 307 

Basin (Vp ~ 7.3 km/s and Vs 4.2 km/s) that were interpreted as a body of exhumed 308 

mantle, inherited from the pre-collision hyperextended rift system. These geophysical 309 

results are consistent with many recent geological studies of the Western Pyrenees that 310 

describe remnants of a hyper-extended rift with pre-orogenic mantle exposures (e.g., 311 

Jammes et al., 2009; Lagabrielle et al., 2010; Masini et al., 2014; Tugend et al., 2014; 312 

Tugend et al., 2015b). We use the Iberian Moho geometry as well as the geometry of 313 

the European indenter as reference observations to constrain our modelled profile. The 314 

disappearance of the main gravity anomaly towards the eastern Mauléon Basin (Figure 315 

4e) suggests that, if the mantle body exists, then it would be of limited importance under 316 

the eastern Mauléon Basin or consist of less-dense more intensively serpentinized 317 

mantle. Masini et al., (2014) suggested that this difference in gravity anomaly between 318 

the western and eastern Mauléon Basin (Figure 4e) may result from a lateral change in 319 

the Pyrenean structure accommodated by the Saison transverse structure.  320 
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3.3. Rift domains 321 

The repartition of former rift domains in the present-day Pyrenean orogen was recently 322 

interpreted by Tugend et al., (2014) (Figure 3e). At the scale of the Western Pyrenees, 323 

the Arzacq Basin likely recorded the necking of the European plate in an upper plate 324 

setting bounded in the south by the Northern Mauléon Detachment (Masini et al., 2014). 325 

The Northern Mauléon Basin presumably corresponded to a lower plate hyper-extended 326 

domain including (the hyperthinned and exhumed mantle domains in Tugend et al., 327 

2014. The Southern Mauléon Basin is interpreted as the former Iberian necking domain 328 

while the former proximal domain might be eroded in the Axial Zone or buried beneath 329 

the southern Pyrenees (Figure 3e). 330 

4. RIFTER model 331 

We use a numerical model (RIFTER) to constrain the evolution of the Western 332 

Pyrenees. RIFTER is a kinematic forward lithosphere deformation model that allows 333 

the production of flexural isostatically compensated as well as balanced cross-sections. 334 

Within RIFTER, lithosphere is deformed by faulting in the upper crust with underlying 335 

distributed pure-shear deformation in the lower crust and mantle. A key attribute of 336 

RIFTER is that it incorporates the flexural isostatic response to extensional and/or 337 

reverse faulting, crustal thinning and/or thickening, lithosphere thermal loads, 338 

sedimentation and erosion. Therefore, RIFTER can be used to model and predict the 339 

structural and stratigraphic development of both extensional and contractional tectonic 340 

settings. The model is kinematically controlled with fault geometry and displacement, 341 

pure-shear distribution and the amount of sedimentation and erosion given as model 342 

inputs as a function of time. Lithosphere flexural strength, parameterised as lithosphere 343 

effective elastic thickness, is also defined. The model incorporates lithosphere thermal 344 

perturbation and re-equilibration in response to lithosphere deformation. Model outputs 345 

are geological cross-sections which are flexural isostatically compensated as well as 346 

structurally balanced. The kinematic formulation of RIFTER represents an advantage 347 

over dynamic modelling because the input data given to RIFTER can be constrained by 348 

observed geology. In addition RIFTER provides for the isostatic testing of palinspastic 349 

cross-sections and can also be used to explore different kinematic scenarios. A more 350 

detailed description of the model formulation (originally called OROGENY) is given 351 

by Toth et al., (1996), Ford et al., (1999) and Jacome et al., (2003). These studies show 352 
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the model formulation applied to contractional tectonics however similar physical 353 

principles apply for an extensional tectonics scenario.   354 

The fundamental behaviour of RIFTER and its flexural isostatic response, to sequential 355 

faulting, sedimentation and erosion, is shown in Figure 5 for both simple extensional 356 

and contractional settings. The upper lithosphere is deformed by faults whose geometry 357 

is assumed to be listric and whose response to fault displacement is calculated using the 358 

vertical shear (Chevron) construction. Faults within RIFTER detach at a defined 359 

horizontal level, below which the deeper lithosphere is deformed by pure-shear.  360 

RIFTER also includes the deeper lithosphere deformation response during extensional 361 

and/or contractional tectonics. Failure to incorporate this deeper deformation results in 362 

an unrealistic cross-section, as shown in Figures 5a and 5f where an extensional and 363 

reverse fault respectively deform the upper lithosphere without any deep pure-shear 364 

deformation below. Any robust lithospheric model must include both the upper and 365 

lower lithosphere deformation response to extensional and/or contractional tectonics.  366 

Model results shown in Figures 5b-e (for extension) and Figures 5g-j (for shortening) 367 

include deeper deformation and the flexural isostatic response to faulting, crustal 368 

thinning or thickening, sediment fill, erosion, lithosphere thermal perturbation and re-369 

equilibration. Figure 5b shows half-graben formation resulting from a single 370 

extensional fault while Figure 5g shows subsidence and foreland basin formation ahead 371 

of the over-thrusting. For both extension and shortening, sediment fill and its isostatic 372 

loading generates subsidence while erosion consisting of unloading of the subaerial 373 

topography generate flexural uplift. New faults modify the earlier formed basins. For 374 

extensional tectonics, lithosphere thermal re-equilibration results in post-tectonic 375 

thermal subsidence (Figures 5c-e) while for shortening, re-equilibration results in 376 

thermal uplift (Figures 5h-j).  377 

5. Modelling experiments applied to the Western Pyrenees 378 

RIFTER model is used to construct the development of the Western Pyrenees across 379 

the hyper-extended Mauléon Basin including the Northern (Arzacq) and the Southern 380 

Foreland Basins. In this section, we present a set of sequential 2D crustal sections 381 

showing the rift and orogenic forward evolution of the Western Pyrenees (Figure 6).  382 

5.1. Rifting evolution  383 
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Three main extensional events are responsible of the Arzacq-Mauléon Basin formation 384 

(Masini et al., 2014; Jammes et al., 2009). These are; (i) an early rifting event believed 385 

to be dominated by a left-lateral transtensional movement but currently highly debated 386 

(Late Jurassic – Early Cretaceous), (ii) a necking rifting event (Aptian–Albian) and (iii) 387 

a hyper-extended rifting event leading to extreme crustal thinning and locale mantle 388 

exhumation (Albian – Cenomanian). Because several studies highlighted the role of salt 389 

tectonics in this area (James and Canérot, 1999; Canérot, 1989; Jammes et al., 2010b; 390 

Lagabrielle et al., 2010; Masini et al., 2014), we tentatively include this in our 391 

modelling as a supplementary surface decollement. However, using our kinematic 392 

model, we are unable to generate diapiric structures arising from salt tectonics; this 393 

study focuses on the large crustal scale architecture. 394 

Initial RIFTER model setup consists of horizontal layers with uniform thickness. From 395 

top to bottom they are; (i) 2 km of pre-rift sediments representing Upper Triassic to 396 

Lower Jurassic times, (ii) 28 km of continental crust representing basement consisting 397 

of pre-Triassic rocks, (iii) 90 km of continental lithospheric mantle and (iv) 398 

asthenospheric mantle. 399 

5.1.1. Early rifting 400 

The first extensional episode that we model is poorly constrained and understood. It has 401 

been suggested that during the Late Jurassic – Early Cretaceous a transtensional rifting 402 

episode may have occurred leading to slight crustal thinning (e.g. Jammes et al., 2009 403 

and 2010a), however this is currently debated. Local erosion within Jurassic sediments 404 

together with Neocomian bauxitic deposits indicate sub-aerial exposures (e.g. James et 405 

al., 1996; Canérot, 2008). During the Late Jurassic – Early Cretaceous, the Aquitaine 406 

basin recorded long wavelength vertical motions (e.g. Brunet, 1984; Biteau et al., 2006) 407 

rather than an intense localized crustal stretching and thinning which suggests that this 408 

deformation might have been controlled by lithospheric scale processes. While Canérot 409 

(2008) proposed a regional “transpression” event, recent studies have shown that this 410 

phase is coeval with the main stage of transtensional rifting in the nearby Bay of Biscay 411 

westwards and Central Iberian Range rift system southwards, both acting as the limits 412 

of a diffuse plate boundary at this time (e.g. Tugend et al., 2015a; Nirrengarten et al., 413 

2018; Tavani et al., 2018; Rat et al., 2019). Based on these studies, we suggest that the 414 

Late Jurassic – Early Cretaceous rifting episode in the Western Pyrenees occurred due 415 
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to incipient crustal stretching and thinning ahead of the propagation tip of the Bay of 416 

Biscay.      417 

We represent this episode in RIFTER by a non-uniform minor crustal thinning (15 km 418 

of extension) followed by partial erosion (Figures 6a and 7a). This deformation affects 419 

only the southern area of the model resulting in slight uplift and partial erosion of Upper 420 

Triassic to Lower Jurassic sediments which is consistent with field observations (Figure 421 

2). 422 

5.1.2. Necking rifting 423 

The second modelled extensional episode corresponds to the necking rift event that 424 

occurred between the Aptian and Albian (Jammes et al., 2009; Masini et al., 2014). The 425 

deformation that resulted from this episode is believed to be achieved by the Southern 426 

Mauléon Detachment system and an extensional fault that controls the formation of the 427 

Southern Mauléon Basin and the Arzacq Basin respectively (Masini et al., 2014). The 428 

activity of these north-directed extensional faults started in the Lower Aptian and lasted 429 

until the Lower Albian although the climax of the deformation took place between the 430 

Upper Aptian and the Lower Albian (Jammes et al., 2009; Masini et al., 2014; Tugend 431 

et al., 2014). Lower crustal thinning (boudinage) may have occurred during this stage 432 

and, in the Arzacq Basin which shows crustal thinning by a factor of 2 (e.g. Brunet, 433 

1984), may have been more important than the upper crustal stretching.  434 

To reproduce the consequences of the necking rifting episode, we develop a model 435 

template that shows asymmetric crustal thinning (37 km of total extension) affecting 436 

only the northern part of the model (Figure 6b). To achieve this, we first create two 437 

north-dipping extensional faults soling out at lower crustal levels followed by Lower 438 

Aptian sedimentation (Figure 7b). These structures form the northern realm of the 439 

Southern Mauléon Detachment and the extensional fault controlling the Arzacq Basin 440 

formation (i.e. South-Arzacq fault in this study), the displacement of which is achieved 441 

using the Triassic salt layer as a decoupling horizon. We then reactivate the northern 442 

realm of the Southern Mauléon Detachment and add another sedimentary unit 443 

equivalent to Middle Aptian times (Figure 7c). The last input parameter is the formation 444 

of the southern realm of the Southern Mauléon Detachment followed by Upper Aptian 445 

to Lower Albian sedimentation and 15 Myr of thermal subsidence representing the 446 

duration of the rift event (Figure 7d). As a result of these input parameters, smooth 447 
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synclines, approximately 5 km deep, consisting of pre- and syn-necking rift sediments 448 

are predicted within the Southern Mauléon Basin and the Arzacq Basin (Figures 6b and 449 

7d). These geometries are consistent with the structural observations from the Arzacq 450 

Basin (Figure 4c and Appendix 1) as well as with the outcropping of the southern part 451 

of the Mauléon Basin located ~20 km west of the cross-section shown in Figure 4b 452 

consisting of the Arbailles massif syn-rift syncline (Canérot, 2008). The resultant deep 453 

crustal architecture of the Southern Mauléon Basin is characterized by an important 454 

crustal thinning forming the typical crustal neck shape whereas beneath the Arzacq 455 

Basin the crustal thinning is less pronounced and mainly focused within the lower crust.   456 

5.1.3. Hyper-extension rifting 457 

The last extensional episode modelled corresponds to the hyper-extension rift event. 458 

According to Masini et al., (2014), major crustal thinning was achieved by the Northern 459 

Mauléon Detachment between Middle Albian and Cenomanian times. This deformation 460 

led to the Northern Mauléon Basin formation located between the Southern Mauléon 461 

Basin and the Grand Rieu Ridge.  462 

To reproduce this extensional episode, we develop a model that gives major crustal 463 

thinning (30 km of total extension) together with mantle exhumation (Figure 6c). To 464 

achieve this, we create the Northern Mauléon Detachment corresponding to a large 465 

north-dipping extensional fault crosscutting the previously thinned continental crust 466 

and coupled into the mantle (Figure 7e) and the Future North Pyrenean Frontal Thrust 467 

consisting of an extensional antithetic conjugate fault of the Northern Mauléon 468 

Detachment (Figure 7f). The fact that the Northern Mauléon Detachment cuts through 469 

a previous necking decollement and thinned crust implies that the crust ahead of the 470 

breakaway zone of the Northern Mauléon Detachment is substantially thin. This is in 471 

accordance with observations from the western Mauléon Basin where a thinned crustal 472 

section without most of the middle-lower crustal rocks is reported (Labourd massif 473 

section, Jammes et al., 2009; Masini et al., 2014). 474 

The displacement of the Future North Pyrenean Frontal Thrust (i.e. along the southern 475 

slope of the Grand Rieu Ridge) is achieved using the Triassic salt as a decoupling 476 

horizon mimicking gravity slides into the axis of the Mauléon Basin. In particular, this 477 

tectonic event allows the movement of pre- to syn-hyper-extension sediments from the 478 

southern flank of the Grand Rieu Ridge downwards in to the Northern Mauléon Basin. 479 
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We add a sedimentary unit (representing Middle-Albian to Cenomanian times) while 480 

deformation occurs followed by 15 Myr of thermal subsidence (Figure 7f). As a result 481 

of these input parameters, the Northern Mauléon Basin with its 8 km deep depocenter 482 

is formed together with the occurrence of crustal breakup and mantle exhumation 483 

(Figure 7f). The resultant crustal architecture of hyper-extension rifting is that of a 484 

typical young pair of conjugate rifted margins characterized by Iberia being the lower 485 

plate and Europe being the upper plate (Figure 6c). 486 

5.2. Post-rifting 487 

To reproduce the post-rifting stage, we first generate erosion followed by 8 Myr of 488 

thermal subsidence and partial sedimentation corresponding to post-rift sediments of 489 

Turonian to Coniacian age. As a result of this input data, regional subsidence is 490 

produced (Figure 6d). 491 

Using RIFTER we have reproduced the development of the rift evolution of the 492 

Western Pyrenees (Figures 6a-c) using 82 km of total extension. This post-rifting stage 493 

(Figure 6d) is the initial template that we use for the subsequent collisional development 494 

of the Western Pyrenees.   495 

5.3. Orogenic evolution  496 

In this section, we quantitatively test a sequential reactivation of former rift domains 497 

leading to orogen formation using the Western Pyrenees case-study by reproducing the 498 

following three events; (i) reactivation of the hyper-extended domain, (ii) reactivation 499 

of the necking domain and (ii) shortening of the proximal domain. 500 

5.3.1. Reactivation of hyper-extended domain 501 

To reproduce the reactivation of the hyper-extended domain (i.e. the hyperthinned and 502 

exhumed mantle domains), we use RIFTER to generate a model that shows the nappe-503 

stacking of the Northern Mauléon Basin sedimentary cover while the exhumed Iberian 504 

material is underthrusted below the Grand Rieu Ridge. This leads to the closure of the 505 

exhumed mantle domain and shortening of the hyper-thinned domain (Figure 6e) 506 

(Jammes et al., 2009; Mouthereau et al., 2014; Tugend et al., 2014; Dumont et al., 2015; 507 

Teixell et al., 2016). The structures related to this phase are affected by the later folding 508 

and thrusting collisional phase suggesting that the reactivation of the hyper-extended 509 
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domain took place between the Santonian and Upper Cretaceous (Tugend et al., 2014; 510 

Dumont et al., 2015). 511 

To achieve this collisional stage, we reactivate the Northern Mauléon Detachment and 512 

the North Pyrenean Frontal Thrust together with minor additional shortening generated 513 

by two new north-dipping synthetic thrusts of the Northern Mauléon Detachment 514 

leading to the Chaînons Béarnais formation (Figures 8a-b). We add sedimentation while 515 

the deformation occurs followed by 6 Myr of thermal re-equilibration and partial 516 

erosion. As a consequence of 19 km of shortening during the reactivation of the hyper-517 

extended domain, an important uplift of the Northern Mauléon Basin sedimentary cover 518 

(e.g. Chaînons Béarnais fold and thrust belt) corresponding to an accretionary wedge is 519 

formed (Figure 6e). 520 

5.3.2. Reactivation of necking domain 521 

For the convergent reactivation of the necking domain, we use 52 km of shortening in 522 

RIFTER which generates sub-aerial regional uplift and leads to the restoration of crustal 523 

thickness to near normal ( ̴ 30 km) (Figure 6f). This stage is mostly accommodated by 524 

south-directed thrusting along the Lakhora-Eaux Chaudes thrust system (Teixell, 1998; 525 

Tugend et al., 2014; Dumont et al., 2015; Teixell et al. 2016). Shortening in this domain 526 

occurs between the Late Cretaceous and Early Eocene, before the deformation migrates 527 

into the subsequent main structures of the Axial Zone (i.e. Gavarnie and Guarga 528 

thrusts). The transition between the pre- and post-Palaeocene shortening remains poorly 529 

constrained during the reactivation of the necking domain due to an erosional post-530 

Cretaceous event (Bosch et al., 2016). The reactivation of the necking domain is partly 531 

simultaneous with the reactivation of the hyper-extended domain as well as with relief 532 

initiation in the Axial Zone (Teixell et al., 2016 and 2018). This indicates that the 533 

reactivation of the necking domain is a transitional phase consistent with recent results 534 

of thermo-mechanical modelling experiments (Jourdon et al., 2019). 535 

To achieve the reactivation of the necking domain, we use the Southern Mauléon 536 

Detachment system, the Northern Mauléon Detachment, and the North Pyrenean 537 

Frontal Thrust consisting of an antithetic structure of the Southern Mauléon 538 

Detachment (Figures 8b-c). Note that the Northern Mauléon Detachment only acts as 539 

the underthrusting plane and therefore its shallower segment is not active. We first 540 

displace by thrusting a realm of the North Pyrenean Frontal Thrust and the 541 
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southernmost realm of the Sothern Mauléon Detachment system (i.e. Lakhora Thrust), 542 

followed by partial erosion and sedimentation. The Lakhora Thrust consists of a 543 

synthetic footwall fault of the Northern Mauléon Detachment coupled into the shallow 544 

mantle enabling to carry upwards a small piece of mantle. We then thrust the 545 

northernmost realm of the Southern Mauléon Detachment system (i.e. a synthetic 546 

hangingwall fault of the Lakhora Thrust) followed by partial erosion and sedimentation. 547 

As a result of this tectonic event, the pop-up of the Southern Mauléon Basin and the 548 

Northern Mauléon Basin sedimentary cover is accomplished together with the 549 

development of the pre-indentation structure between the Iberian and European plates 550 

(Figure 6f). Note that as a consequence of this tectonic event a relatively small piece of 551 

anomalously shallow mantle is generated which is consistent with the attenuation of the 552 

gravity anomaly towards the east of the Mauléon Basin. In contrast with the western 553 

Mauléon Basin where a larger gravity anomaly is observed and interpreted as a shallow 554 

large mantle body (Wang et al., 2016). To sample and carry upwards a large piece of 555 

mantle, the Lakhora Thrust may has to be coupled into deeper mantle during the 556 

reactivation of the necking domain.  557 

5.3.3. Shortening of proximal domain 558 

The later collision phase is characterized by the formation of the Axial Zone together 559 

with the development of the Southern Foreland Basin (Figure 6g). This deformation 560 

phase occurred between the Eocene and Miocene times which corresponds to the 561 

climax of the Alpine orogeny of the Western Pyrenees. This phase is generally 562 

described as responsible for the creation of high relief and acceleration of crustal 563 

thickening in the Axial Zone and flexural subsidence in the foreland basin.  564 

To reproduce this stage, we develop a set of new south-vergent thrusts crosscutting the 565 

Iberian unthinned crust (Figures 8d-e). These structures are, from north to south; 566 

Gavarnie Thrust, a minor thrust, Guarga Thrust, and the South Pyrenean Frontal Thrust 567 

(Lacombe and Bellahsen, 2016). Additional intermediate second-order thrusts are 568 

sometimes discussed (e.g. Teixell et al., 2016, 2018) but are of limited importance for 569 

the total amount of shortening as well as for the overall crustal architecture. We 570 

sequentially move these thrust structures followed by partial erosion, sedimentation and 571 

6 Myr of thermal re-equilibration. This results in the formation of high relief (using a 572 

total shortening of 29 km) together with substantial thickening of the Iberian continental 573 
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crust from south to north whereas, in contrast, the European continental crust shows a 574 

relatively uniform thickness (Figure 6g). 575 

The RIFTER model of the entire collisional evolution of the Western Pyrenees (Figures 576 

6e-g) uses a total of 100 km of shortening including the closing of the former hyper-577 

extended rift basins.  578 

6. Discussion 579 

The purpose of our investigation of the evolution of the Western Pyrenees is to better 580 

understand the role of rift structural inheritance during orogeny. We examine both 581 

rifting and orogenic histories using structural and stratigraphic modelling that produces 582 

cross-sections that are both isostatically as well as structurally balanced. 583 

6.1. Comparison between our model and the target data 584 

Our present-day modelled profile of the Western Pyrenees (Figure 9b) shows a very 585 

similar architecture to the target observations (Figures 9a and c). 586 

We are able to reproduce the first-order sub-surface geology of the main domains of 587 

the Western Pyrenees across the Mauléon Basin including the Northern (Arzacq) and 588 

the Southern Foreland Basins. From north to south these are; the Arzacq Basin, the 589 

Northern Mauléon Basin, the Southern Mauléon Basin, the Axial Zone and the 590 

Southern Foreland Basin (Figure 9b). However, some parts of our modelled section 591 

using RIFTER, such as the Southern Foreland Basin and the Arzacq Basin, require more 592 

subsidence to match the target data more precisely. One of the reasons for this misfit 593 

may be the value of the effective elastic thickness (Te) used to define the flexural 594 

isostatic strength of the lithosphere. The typical Te during continental rifting ranges 595 

between 1.5 and 3 km (Roberts et al., 1998; White, 1999; Roberts et al., 2019) while 596 

during shortening tectonics this value is usually higher than that. Ford et al., (1992) 597 

explored the sensitivity of Te to the lithosphere flexure during thrust sheet emplacement 598 

and foreland basin formation and showed that a Te value of 20 km is representative of 599 

the foreland region while a lower Te is expected for the centre of the orogen. Jácome 600 

et al., (2003) showed that Te = 7.5 km provided the best fit to observations for models 601 

of the development of the Maturín Foreland Basin, Eastern Venezuela. In this study we 602 

use Te = 1.5 km to calculate the flexural isostatic response for both rifting and 603 

contractional tectonics. Not using a higher Te during the contractional history most 604 
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probably explains the insufficient subsidence predicted for the Arzacq and Southern 605 

Foreland Basins (Figure 9b).  606 

Despite this, the Southern and Northern Mauléon Basin as well as the Axial Zone are 607 

reasonably well reproduced (Figure 9b) and show the first order stratigraphic 608 

architecture as suggested by field observations (Figure 9a). Note that the Southern 609 

Mauléon Basin is not well preserved along the eastern Mauléon Basin (Figure 2) and 610 

thus we use as reference the outcropping geology ~20 km to the west (Arbailles massif 611 

syn-rift syncline, Canérot, 2008) of the target cross-section shown in Figures 4b and 9a 612 

to reproduce the Southern Mauléon Basin architecture.  613 

The deeper part of our modelled section shows the southern Iberian Moho at about 30 614 

km depth which gently dips towards the north reaching values of 50 km deep beneath 615 

the Mauléon-Arzacq Basin, while the European Moho is more or less horizontal at 20 616 

km deep (Figure 9b). At the larger scale, our modelled deep crustal architecture is 617 

similar to that shown by the PYROPE seismic transect of Wang et al., (2016). However, 618 

it differs from the seismically imaged Moho beneath the Mauléon Basin (Figure 9c). 619 

The PYROPE profile is located across the western part of the Mauléon Basin (Figure 620 

2) where a localized strong positive Bouguer gravity anomaly has been identified 621 

(Figure 4e) and interpreted as a piece of exhumed mantle. However, this anomaly is not 622 

observed in the eastern Mauléon Basin where the majority of sub-surface geological 623 

target observations are obtained (Figure 2). The Moho beneath the Mauléon Basin of 624 

our modelled profile is more characteristic of the eastern Mauléon Basin. The overall 625 

deep crustal architecture along the Southern Foreland Basin, Axial Zone and Arzacq 626 

Basin is expected to be similar across both the eastern and western parts of the Mauléon 627 

Basin. 628 

6.2. Uncertainties of deep fault geometry 629 

Fault geometries used to produce our preferred model of the present-day architecture 630 

of the Western Pyrenees (Figure 9b) are relatively well constrained for the top 10 to 15 631 

km of depth using surface geology, seismic data and boreholes. However, below these 632 

depths, there is little constraint on deep fault geometry. Our preferred model uses deeper 633 

fault geometries to give the closest possible agreement to the deep target data (Figure 634 

9c) as well as to the shallower constraints (Figure 9c), however the deeper fault 635 

geometries that we have used are not unique. An important question that remains is 636 
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whether thrust faults within the reactivated necking and proximal rift domains are 637 

coupled into the mantle or sole out within the middle-lower crust associated with 638 

distributed (pure-shear) deformation below. The evolution of the coupling-depth of 639 

faults of other orogenic systems should be investigated to better understand this. 640 

6.3. From rifting to orogeny 641 

Based on the Western Pyrenean example, we suggest a succession of first order tectonic 642 

stages that may be used to understand the development of other Alpine type collisional 643 

systems. These stages are separated by critical events in geological time that record the 644 

change between different tectonic styles of lithosphere deformation. In Figure 10 we 645 

show a tectonic evolutionary chart which summarises the deformation mechanism 646 

associated with these first order extensional and contractional tectonic stages. The 647 

attribution of deformation mechanisms for the rifting stage is based on literature review, 648 

while the attribution of deformation mechanisms during the orogenic stage is based on 649 

this study.  650 

6.3.1. Rifting evolution 651 

The rifting evolution of the Western Pyrenean example is characterized by three 652 

different tectonic phases, each of them respectively bounded by Lower Aptian, Middle 653 

Albian and Upper Cenomanian critical events (Figures 10a-c). 654 

During an early rifting stage, the deformation is typically wide and diffuse. This is 655 

achieved by faulting in the brittle upper crust soling out at mid-crustal levels (e.g. Stein 656 

and Barrientos, 1985, Jackson, 1987) with distributed deformation below in the lower 657 

crust and mantle. This typically leads to a slight crustal thinning (e.g. Marsden et al., 658 

1990). In our Western Pyrenees case-study, the first early rifting stage occurred up to 659 

the Lower Aptian leading to slight crustal thinning resulting into an overall crustal 660 

doming architecture (Figure 10a). In the subsequent necking rift stage, the extensional 661 

deformation localizes although it is still achieved by faults decoupled from the mantle 662 

which sole out at mid to lower crustal levels (Pérez-Gussinyé et al., 2001; Sutra et al., 663 

2013). During this stage more substantial crustal thinning occurs (Pérez-Gussinyé et 664 

al., 2003; Osmundsen and Redfield, 2011, Sutra et al., 2013). This second rifting stage 665 

affected the Western Pyrenees up to the Lower Albian. This resulted in high crustal 666 

thinning and deepening of the Southern Mauléon and Arzacq Basins (Figure 10b). In 667 

our study-case, the necking rifting stage was strongly asymmetric characterized by 668 
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north-dipping faulting. This is evidenced by: (i) major uplift of the southern flank of 669 

the Mauléon Basin (footwall uplift of the lower plate) and (ii) an extension discrepancy 670 

between the observed rift structures and the amount of total crustal thinning in the 671 

Arzacq Basin. Note that this peculiar asymmetric necking is not always the case and 672 

can be more symmetric in other examples (e.g. Lavier and Manatschal, 2006). The third 673 

rifting stage consists of hyper-extension rifting where deformation is also localized, 674 

however in this case it is achieved by extensional faults coupled into the mantle (Pérez-675 

Gussinyé et al., 2001; Sutra et al., 2013), the maximum penetration depth of which is 676 

unknown. In our Western Pyrenean example, this stage lasted up to the Upper 677 

Cenomanian critical event leading to the deepening of the Northern Mauléon Basin 678 

(Figure 10c).  679 

6.3.2. Pre-orogenic template 680 

In the Western Pyrenees, the post-rifting stage consists of a period of tectonic 681 

quiescence characterized by regional thermal subsidence (Figure 10d). This stage, 682 

spanning the Upper Cenomanian to Upper Santonian, is bounded by two critical events 683 

marking the end of rifting and the onset of orogeny respectively. It is important to point 684 

out that the end of this stage (Upper Santonian) corresponds to the pre-orogenic 685 

template.  686 

  6.3.3. Orogenic evolution 687 

The orogenic evolution of the Western Pyrenees consists of two stages divided by 688 

critical events in the Santonian, Eocene and Miocene marking changes in deformation 689 

style (Figures 10e-g). The first stage is characterized initially by the reactivation of the 690 

hyper-extended domain (i.e. exhumed mantle and hyperthinned domains) followed by 691 

the reactivation of the necking domain. This deformation stage, involving the 692 

contractional reactivation of hyper-extended and necking rift domains, leads to the 693 

recovery of normal crustal thickness ( ̴ 30 km). The second deformation stage is 694 

characterized by the shortening of the proximal rift domain consisting of crustal 695 

thickening as well as the development of the orogenic root.  696 

Reactivation of hyper-extended domain 697 

According to Péron-Pinvidic et al., (2008) the exhumed continental mantle within the 698 

hyper-extended domain corresponds to the weakest part of the margin and thus is a 699 
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preferred location for the initiation of subduction. This area may become even more 700 

weaker if serpentinization of exhumed mantle takes place as suggested by Pérez-701 

Gussinyé et al., (2001) and may consequently generate a weakness within the mantle 702 

where the contractional deformation may preferentially initiate (Péron-Pinvidic et al., 703 

2008; Lundin and Doré, 2011; Tugend et al., 2014 and 2015a). 704 

In the Western Pyrenees, the initiation of the reactivation of the hyper-extended domain 705 

starts in the Santonian. We show that the deformation during this stage is localized and 706 

achieved through extensional fault reactivation within the hyper-extended domain 707 

where the Northern Mauléon Detachment system is coupled into the mantle. This 708 

reactivated structure pre-configures the continental underthrusting plane and may 709 

define, in this case, the vergence of the belt (Figure 10e).  710 

Reactivation of necking domain 711 

How structures developed during the necking rift stage may reactivate during collision 712 

is uncertain. One possibility is that the necking-domain extensional faults are 713 

reactivated using their original geometry which corresponds to faults soling out within 714 

the crust with distributed pure-shear deformation below. However, another possibility 715 

is that the reactivated necking-domain extensional faults modify their deeper geometry 716 

and couple directly into shallow mantle towards the underthrusting plane. From a 717 

geometrical point of view, this would consist of a footwall shortcut that may sample 718 

lower crust or even mantle rocks. Whether one fault reactivation mechanism is 719 

generally more common than the other is unknown. However, to reproduce the present-720 

day architecture of the Western Pyrenees we use the second hypothesis consisting on 721 

the reactivation of the Southern Mauléon Detachment system modifying its deeper 722 

geometry and coupling into shallow mantle. This can also explain the occurrence of 723 

shallow bodies of mantle rocks that outcrop and/or are suggested from gravity 724 

anomalies (Wang et al., 2016). 725 

In any case, the contractional reactivation of the hyper-extended and necking domains 726 

results in the closure of the earlier rift basins and leads to the restoration of the thickness 727 

of continental crust towards normal values ( ̴ 30 km) (Figure 10f). 728 

Shortening of proximal domain 729 
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Previous geometric or model-based studies such as Teixell et al., (2016) or Jammes et 730 

al., (2014) suggested that basement involved thrusts responsible for the collisional stage 731 

may be decoupled at about 15 km. Using the Western Pyrenees as an example, we show 732 

that to achieve the shortening of the proximal domain, thrusts ramps are decoupled from 733 

the mantle by a flat decollement at 25 km depth which laterally branches within the 734 

underthrusting plane (ramp). These north-dipping thrusts may be either new faults or 735 

reactivated extensional faults (Bellahsen et al., 2012) within the proximal rift domain. 736 

As a result of this deformation stage, significant orogenic crustal thickening is produced 737 

and hence the Axial Zone is formed (Figure 10g).  738 

The deformation mechanism by which this final stage is achieved differs from that of 739 

the earlier convergent stage, involving reactivation of the hyper-extended and necking 740 

domains, and thus suggests a critical event between these two stages during the Eocene. 741 

The final convergent stage of the Western Pyrenees lasted until the Miocene when 742 

contractional deformation ended.  743 

7. Conclusions 744 

Using modelling we investigate the structural and stratigraphic evolution of both the 745 

rift and orogenic lithosphere deformation of the Western Pyrenees through a set of 746 

isostatically as well as structurally balanced cross-sections. We use this to better 747 

understand the role of rift structural inheritance during orogeny.  748 

The key conclusions of this work on the formation of rifted margins and their 749 

subsequent development into orogens are the following: 750 

1- The present-day structure of the Western Pyrenees orogen has been reproduced 751 

by including the extensional as well as the compressional history of lithosphere 752 

deformation.  753 

2- The earlier extensional tectonic of the Western Pyrenees is characterized by a 754 

Cretaceous hyper-extended rift system. This is followed by contractional 755 

tectonics consisting of two sequential deformation stages: (i) the reactivation of 756 

the hyper-extended and necking rift domains and (ii) the shortening of the 757 

proximal rift domain.  758 

3- Using the Western Pyrenees as an example, we suggest the following insights 759 

on the deeper fault geometries during orogeny, although this still needs to be 760 

compared with other orogenic systems. The contractional reactivation of the 761 
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hyper-extended rift domain uses faults which are coupled into the mantle. The 762 

contractional reactivation of the necking rift domain uses faults which modify 763 

their deeper geometry and couple into shallow mantle. The shortening of the 764 

proximal rift domain on the pro-side of the belt is achieved by thrusts ramps 765 

which laterally link into the continental underthrusting ramp plane. 766 

We believe that the tectonic evolutionary chart derived from this study, which 767 

summarises the extensional and contractional lithosphere deformation stages, may be 768 

applied to other Alpine-type collisional systems involving the reactivation and 769 

inversion of former hyper-extended rift domains.  770 
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Figure 1Singe column width

Figure 1: Bathymetric and topographic map of the Iberian and European plates, showing the location of the Bay of Biscay and

Pyrenees.



Figure 2Double column width

Figure 2: a) Geological map of the Western Pyrenean orogen. The black polygon shows the position of the Mauléon Basin map shown

in b). This map is modified after the BRGM 1 million map. b) Geological map of the Mauléon basin as shown in Tugend et al., (2014

and 2015). Lithologies and age of sequences are synthetized in a log. The red lines indicate the location of the geological sections shown

in Figures 4a-c and the position of the PYROPE seismic transect (Chevrot et al., 2015) shown in Figure 4d.



Figure 3Double column width

Figure 3: a), b), c) and d) Restoration showing the spatial and temporal evolution of the Iberian-European plate boundary from Tugend

et al., (2015). a) Initiation of transtensional rifting stage (Late Jurassic). b) Sea-floor spreading initiation and northeast-southwest

extension (Aptian-Albian). c) Failed tentative localization of plate boundary (before Santonian). d) Subduction initiation (Late

Cretaceous). e) Rift domains map of the Pyrenean-Cantabrian rift system (after Tugend et al., 2014). The red dashed line shows the

position of the PYROPE seismic transect (Chevrot et al., 2015) shown in Figure 4d.



Figure 4

Figure 4: a), b) and c) Present-day geological cross-sections across the Western Pyrenees. a) and b) Are constrained using published

cross-sections and mainly based on field observations while c) is constrained using seismic line nº1325 and well logs (black lines)

owned by Total SA (seismic line is shown in Appendix 1). d) Vs seismic velocity model obtained by full waveform inversion and its

interpretation along the PYROPE seismic transect located in the Western Pyrenees (Wang et al., 2016). e) Map of Bouguer gravity

anomaly with the location of the seismic stations (blue triangles) as well as the location of the PYROPE transect (black line) (Wang et

al., 2016). AZ: Axial Zone, S-Mauléon B.: Southern Mauléon Basin, SPFT: South Pyrenean Frontal Thrust, SMD: Southern Mauléon

Detachment, NMD: Northern Mauléon Detachment; N-Pyrenean Frontal T.: North Pyrenean Frontal Thrust.
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Figure 5

Extensional Tectonics Contractional Tectonics

Double column width

Figure 5: The RIFTER model applied to extensional (a-e) and contractional (f-j) tectonics. a) and f) show faulting alone with no deep

pure-shear deformation below. b-e) and g-j) show the lithosphere response to sequential faulting, deeper lithosphere deformation giving

crustal thinning or thickening, sediment loading, erosional unloading, lithosphere thermal perturbation and re-equilibration and their

flexural isostatic responses. See text for more explanation.



Figure 6Double column width

Figure 6: Rifting and orogenic evolution of the Western Pyrenees using a kinematic structural-stratigraphic forward model (RIFTER).

The rifting evolution is shown in a-c), the pre-orogenic template obtained at the end of rifting and used to start the orogenic evolution is

show in d), and the orogenic evolution is shown in e-g). a) Early rifting with lithosphere extended by 15 km. b) Necking rifting with

lithosphere extended by 37 km. c) Hyper-extension rifting with lithosphere extended by 30 km. d) Post-rifting giving the pre-orogenic

template (P-O T.). e) Reactivation of hyper-extended domain with lithosphere shortened by 19 km. f) Reactivation of necking domain

with lithosphere shortened by 52 km. g) Shortening of proximal domain with lithosphere shortened by 29 km. Age of sedimentary units

and the nature of the basement are shown in the legend.
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Figure 7: Detail of the rifting evolution of the Western Pyrenees shown in Figure 6. Red dashed lines indicate active extensional faults

whereas white solid lines are inactive extensional faults. a) Slight crustal thinning is achieved by lithosphere stretching and thinning. b)

The N-SMD and the S-A extensional faults are moved at this stage. Sediments partly fill the SMB and the Arzacq Basin. c) The N-SMD

extensional fault is re-activated at this stage and sediments added. d) The S-SMD extensional fault is active at this stage and sediments

added. e) The NMD extensional fault is active at this stage. f) The F.NPFT is active at this stage and a new sedimentary unit fills the

SMB, the NMB and the Arzacq Basin. See Figure 6 for the model legend. Structures are; S-A: South-Arzacq extensional fault, N-SMD:

Northern realm of the Southern Mauléon Detachment, S-SMD: Southern realm of the Southern Mauléon Detachment, NMD: Northern

Mauléon Detachment. F.NPFT: Future North Pyrenean Frontal Thrust, Basins: SMB: Southern Mauléon Basin, NMB: Northern

Mauléon Basin and GRR: Grand Rieu Ridge.
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Figure 8: Detail of the orogenic evolution of the Western Pyrenees shown in Figure 6. Red dashed lines indicate active thrusts faults,

black dash lines highlight the position and geometry of thrusts that are active in the next model stage and white solid lines indicate

inactive faults. a) Pre-orogenic model stage resulting from earlier rifting and thermal subsidence. No thrusts are active at this stage

however structures that will be active in the next model stage (b) are indicated as black dashed lines. b) The NMD, the NPFT and two

thrusts within the sedimentary cover leading to the formation of CB are activated as thrusts. A sedimentary unit is added at this stage. c)

The LaT system and a realm of the NPFT are activated as thrusts at this stage. A sedimentary unit is added at this stage. d) The GavT

and a minor north-dipping thrust are active. A sedimentary unit is added at this stage. e) The GuaT and the SPFT thrusts are active at this

stage. See Figure 6 for the legend of the models. Structures are; NMD: Northern Mauléon Detachment. NPFT: North Pyrenean Frontal

Thrust. SMD: Southern Mauléon Detachment, LaT: Lakhora Thrust, GavT: Gavarnie Thrust, GuaT: Guarga Thrust, SPFT: South

Pyrenean Frontal Thrust. SMB: Southern Mauléon Basin, NMB: Northern Mauléon Basin, S-N MB: Southern and Northern Mauléon

Basin, AZ: Axial Zone, SFB: Southern Foreland Basin, CB: Chaînons Béarnais.
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Figure 9: a) Present-day geological cross-sections across the Western Pyrenees (from South to North: after Teixell et al., 2016 and

2018; after Tugend et al., 2014; after Lagabrielle et al., 2010 and based on seismic and well data owned by Total) also shown in Figure 4

(their location is shown in Figure 2) and used as a target of the shallow architecture of the modelled section shown in b). b) Present-day

architecture of the Western Pyrenees generated using RIFTER model in this study (see Figure 6 for model legend). c) The PYROPE

seismic transect located in the Western Pyrenees (Wang et al., 2016) and also shown in Figure 4 (its position is shown in Figure 2) used

as a target of the deep crustal architecture of the modelled section shown in b). Arzacq B.: Arzacq Basin, NMB: Northern Mauléon

Basin, SMB: Southern Mauléon Basin, AZ: Axial Zone, Southern Foreland B.: Southern Foreland Basin (includes Ebro and Jaca

Basins). SPFT: South Pyrenean Frontal Thrust, SMD: Southern Mauléon Detachment, NMD: Northern Mauléon Detachment.
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Figure 10: Evolutionary chart summarizing the rifting and orogenic evolution of the Western Pyrenees showing the different tectonic

stages and their geological times. a) Early rifting, b) Necking rifting, c) Hyper-extension rifting), d) Post-rifting subsidence giving the

pre-orogenic template, e) Hyper-extended domain reactivation, f) Necking domain reactivation and g) Proximal domain shortening. See

Figures 6 models legend. Basins: SMB: Southern Mauléon Basin, AZB: Arzacq Basin, NMB: Northern Mauléon Basin. Structures:

NMD: Northern Mauléon Detachment, SMD: Southern Mauléon Detachment.
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Appendix 1: Seismic line nº1325 and the position of well logs owned by Total SA (above) used to constrain the first order seismic

interpretation of the Arzacq Basin (below).


