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Abstract 8 

Many relic of passive margin are found in mountain belts sometimes together with pristine 9 

exhume mantle. The reasons why these structures are preserved from tectonic reworking and 10 

whether the piece of mantle that accompanies them is exhumed during extension or collision 11 

remains a question. Using thermo-mechanical modelling we find on the one hand that, the 12 

strain distribution in the orogenic wedge is controlled by the original position of crustal 13 

domains across the rifted margin. In the upper plate, the structural relationships acquired 14 

during the rifting phase between the upper mantle and surrounding units are never reactivated 15 

during compression due to crustal strain localization. Mantle exhumation on the other hand 16 

can occur either during the collision or rifting phase depending on the thermal regime at the 17 

onset of the inversion. Applying these general rules to the Pyrenees, we show that exhumed 18 

mantle domain in the former passive margin could not exceed a width of 50 km to 70 km; 19 

otherwise obduction would have occurred due to the high thermal regime at the onset of the 20 

inversion. 21 
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1. Introduction 22 

The impact of inherited mechanical properties of the lithosphere is recognized to be a major 23 

driver in the evolution of orogenic belts (Beaumont et al., 2009; Calignano et al., 2015a; 24 

Chenin et al., 2017; Heron et al., 2016; Jourdon et al., 2017; Manatschal et al., 2015; 25 

Velasque et al., 1989; Yamato et al., 2008). Geological, geophysical and numerical modelling 26 

studies show for instance that age-dependent properties of the lithospheric mantle and crust 27 

control first-order patterns of shortening distribution, cyclical evolution and seismicity in 28 

orogens (Audet and Bürgmann, 2011; Mouthereau et al., 2013). While lateral heterogeneities 29 

in the lithospheric mantle control the location of intracontinental orogenic belt (Calignano et 30 

al., 2015b; Heron et al., 2016),  the local mechanical coupling between crust and mantle or 31 

within the crust controls the tectonic style (Jourdon et al., 2017; Lafosse et al., 2018).   32 

In the recent years, an increasing number of studies have found evidence that structure and 33 

timing of tectonic evolution of Alpine-type orogens largely inherit the properties and 34 

architecture of former rifted margins. For instance, the onset of fast exhumation and abrupt 35 

changes in the thermal structure of orogens point to the accretion of stronger, less thinned 36 

segment of rifted margins, as shown in the Zagros (Ballato et al., 2010; Mouthereau et al., 37 

2012), Taiwan (Mesalles et al., 2014) or the Pyrenees (Mouthereau et al., 2014; Vacherat et 38 

al., 2016, 2014). An important step forward in the exploration of these relationships have been 39 

reached thanks to new high-resolution seismological imaging techniques showing the nature 40 

of the mountain root and lateral segmentation of an orogenic system can preserve first-order 41 

tectonic features of a rift system (Wang et al., 2016), which confirm former inferences from 42 

field geology in the Pyrenees (e.g. Jammes et al., 2009; Lagabrielle and Bodinier, 2008).  43 

However, we still have a poor understanding of the key physical processes at play during the 44 

earliest stages of collision, when the distal part of a rifted margin is accreted to form mountain 45 



ranges. Only a limited number of orogens preserve markers of this transient stage in a 46 

continuum of laterally evolving geodynamic settings from subduction to collision. For 47 

instance, the complex structure of high-pressure units in the Alps (Beltrando et al., 2014) and 48 

the formation of non-metamorphic ophiolitic mélange in the Alps or the Pyrenees (Beltrando 49 

et al., 2014; Lagabrielle and Bodinier, 2008; Müntener et al., 2009) display end-members 50 

expression of inverted hyper-extended domain of magma-poor margins. Here, we focus on the 51 

role played by the size, number and vergence of detachment zones, thermal maturity and the 52 

overall architecture of a rifted margin on the accretion of the hyper-extended domain 53 

preserved in collisional belts. Using numerical models we try to get a better understanding on 54 

how, where and when rift inherited structures are reactivated throughout the collisional 55 

orogenic process and whether exhumed mantle units preserved in mountain belts related to 56 

rifting, orogeny or both.  The study focuses primarily on the effect of the maturity of the 57 

margin, i.e. the residual rift thermal anomaly, on the structure of the nascent mountain belt. 58 

2. Natural constraints for inverted rifts from the Pyrenees  59 

The Pyrenean belt is probably one of the best documented examples of an inverted rift 60 

system. The shortening of the former extensional domains with different rift maturities/width 61 

along strike resulted in the preservation of different stages of orogeny along strike. The Bay 62 

of Biscay fossilized a nascent subduction zone involving an oceanic domain with a classical 63 

oceanic crust. Eastward, the convergence in the Pyrenees led to a fully developed orogenic 64 

wedge (Figure 1b). The role of rift segmentation is reflected across the Pyrenees as in the 65 

Mauléon basin where a former rift structure is interpreted as an inverted hyper-extended 66 

margin with an exhumed mantle domain (Jammes et al., 2009; Lagabrielle et al., 2010; 67 

Lagabrielle and Bodinier, 2008; Masini et al., 2014; Teixell et al., 2016; Tugend et al., 2014; 68 

Wang et al., 2016), while the eastern part of the belt shows a more complex pattern of 69 



discontinuous exhumed mantle zones (Figure 1b; Grool et al., 2018; Vacherat et al., 2014). 70 

According to paleogeographic reconstructions (Jammes et al., 2009; Tugend et al., 2014; 71 

Nirrengarten et al., 2018), a major transtensional rifting phase started in the Late Jurassic-72 

Early Cretaceous (~150-120 Ma). Extension between Europe and Iberia was first distributed 73 

between the Central Iberian Belt and the Pyrenees. Then, rifting localized in the Pyrenean 74 

domain in the Late Aptian-Albian (~115 Ma) and resulted in mantle exhumation in the North 75 

Pyrenean zone (Jammes et al., 2009; Lagabrielle et al., 2010; Lagabrielle and Bodinier, 2008; 76 

Masini et al., 2014; Teixell et al., 2016; Tugend et al., 2014). The late stages of rifting are 77 

marked by a HT-LP metamorphism (Albarède and Michard-Vitrac, 1978; Montigny et al., 78 

1986). It corresponds to a strong thermal anomaly affecting both pre- and syn-rift sediments 79 

that locally exceed 600°C in sedimentary basins close to exhumed mantle domains (Clerc et 80 

al., 2012; Ducoux, 2017; Vacherat et al., 2014). Vacherat et al. (2014) showed that the rift-81 

inherited thermal anomaly prevailed as convergence started in Late Cretaceous, which 82 

supports a fast plate boundary inversion with no evidence for thermal relaxation.  83 

Pyrenean orogeny is often considered as two-folds (Dumont et al., 2015; Mouthereau et al., 84 

2014). A first early orogenic phase consists of the inversion of former north pyrenean rifts 85 

(Dumont et al., 2015; Mouthereau et al., 2014; Tugend et al., 2014; Vacherat et al., 2016) as 86 

early as the Santonian (~85 Ma). Incipient orogenic reliefs are also recorded during this phase 87 

as evidenced by thermochronology (Vacherat et al., 2016). The second orogenic phase 88 

consists in the Eocene-Oligocene crustal nappe-stacking of the Axial zone (Pyrenean high 89 

range) corresponding to the main stage of crustal thickening, relief and topographic growth 90 

until the early Miocene post-orogenic time (Mouthereau et al., 2014). Although the timing 91 

and history of the Pyrenean rifting and orogeny seems to be well constrained, the way the 92 

former influence the latter is often postulated but poorly evaluated physically. As a result, first 93 

order questions such as wether the actual pre-orogenic width of the exhumed mantle/oceanic 94 



domain between Iberia and Europe in the Pyrenees was 10 km or 200 km remain open, 95 

leaving large uncertainty in regional plate kinematic scenario. 96 

3. Dynamic modelling of tectonically-inverted hyper-extended rifts  97 

Numerous numerical modelling studies have been performed to understand the role of the 98 

rheology and of the properties and architecture of continental lithosphere during collision 99 

(Beaumont et al., 2009, 2001; Burg and Gerya, 2005; Burov et al., 2014, 2011, 2001; Duretz 100 

et al., 2012; Duretz and Gerya, 2013; Dymkova et al., 2015; Jourdon et al., 2017; Warren et 101 

al., 2008; Yamato et al., 2008). However, the majority of these models did not account for the 102 

complexity of rifted margins. Based on the Pyrenean study case, studies (Erdös et al., 2014; 103 

Jammes et al., 2014; Jammes and Huismans, 2012) showed that the extension phase preceding 104 

the collision can explain the observed presence of mantle bodies at shallow depth and that 105 

inherited structures facilitate the propagation of the deformation in the orogenic wedge. These 106 

models assume narrow rifts with limited amount of extension (thinning factors of about 2). 107 

The lack of a large domain with exhumed mantle is at odd with commonly accepted 108 

reconstructions of the Pyrenean rifts where extension led to a mature and wide hyper-109 

extended domain but failed to record seafloor spreading. Offshore mapping of rift domains in 110 

the Bay of Biscay indeed argued for the occurrence of a 100 km large widespread area of 111 

hyper-thinned continental crust, exhumed domains and even oceanic crust (e.g. Tugend et al., 112 

2014). This result accords with geophysical imaging of magma-poor rifted margins showing a 113 

70 to 200 km wide domain of hyper-extended crust, typically thinned below 10 km, 114 

sandwiched between the necking zone and a domain of exhumed mantle (e.g. Chenin et al., 115 

2017).  116 

Numerical models which are able to produce such magma-poor hyper-extended margins 117 

require a weak crustal channel to decouple crust and mantle which in turn produces a delay in 118 



the necking of the mantle. In 2D, they require slow extension rates (< 1cm/yr) (Brune et al., 119 

2017, 2014; Manatschal et al., 2015; Naliboff et al., 2017; Tetreault and Buiter, 2017) or a 120 

mechanically layered lithosphere (Duretz et al., 2016) in which pre-existing softened zones 121 

permit to keep the deformation sufficiently distributed during lithospheric thinning to delay 122 

the break-up. During the final mantle exhumation phase, the 1200°C (LAB) isotherm typically 123 

lies at ~20 km or more beneath a magma-poor type Mid Oceanic ridge axis involving a “cold” 124 

rift geotherm (Dick, 1989; Lagabrielle and Lemoine, 1997; Sauter et al., 2013, 2004).  125 

Among these 2D models, the crustal thinning is firstly accommodated by simultaneous 126 

faulting, and then followed by a sequential faulting (Brune et al., 2017, 2014; Manatschal et 127 

al., 2015; Naliboff et al., 2017; Tetreault and Buiter, 2017) rooting along a main detachment 128 

shear zone called “exhumation channel” (Brune et al., 2014) or “viscous channel” (Lavier and 129 

Manatschal, 2006) which allows rift migration and the formation of asymmetric rift systems. 130 

This process of strain localization along shallow dipping shear zones and rift asymmetry is 131 

interpreted as resulting from mechanical softening with ongoing deformation (Huismans et 132 

al., 2005; Lavier and Manatschal, 2006).  133 

3.1. Rheology 134 

Our models setup took benefit of former numerical models that were successful in 135 

reproducing the formation of magma-poor hyper-extended margins. The initial layering is 136 

designed to represent a simplified pre-rift lithosphere. The continental crust is divided in three 137 

layers (Figure 2a): (1) the upper crust from the surface to 10 km, (2) the middle crust from 10 138 

km to 20 km and (3) the lower crust from 20 km to 35 km. Upper and middle crust rheology is 139 

approximated with a quartz flow law (Table 1, Ranalli and Murphy, 1987) according to the 140 

granitic composition of the upper crust (Denèle et al., 2012; Wickham, 1987) while the lower 141 

crust rheology is simulated with an anorthite flow law (Table 1, Rybacki and Dresen, 2000) 142 



representing a more felsic composition (Wickham, 1987). This layering allows a decoupling 143 

between the middle and lower crust (Figure 2b).  144 

For all runs, the mantle is divided into two phases: (1) the lithospheric mantle from 35 km to 145 

120 km and (2) the asthenosphere from 120 km to 200 km. The rheology of these two phases 146 

is modelled with a dry olivine dislocation creep law (Table 1, Hirth and Kohlstedt, 2003).  147 

In addition, the brittle parts of the lithosphere are simulated using the Drucker-Prager yield 148 

criterion adapted to continuum mechanics (see Supplementary Material). We implement at the 149 

beginning of the simulation a random Gaussian distribution (see supplementary material for 150 

details) of a small plastic strain amount (0 to 0.4) to simulate an already damaged lithosphere. 151 

This initial plastic strain will decrease the friction angle following a linear plastic strain 152 

softening (Figure 2c). The plastic strain softening is used to roughly approximate the 153 

behaviour of large faults that record long-term slip and localization due to phyllosilicates 154 

crystallisation in crustal rocks or serpentinization in mantle rocks. 155 

3.2. Thermal setup 156 

The initial thermal state is computed with the analytical solution provided in Burov & 157 

Diament (1995), with a radiogenic heat production in the crust of 8.91 µW.m-3. A thermal 158 

perturbation is added at the centre of the domain (Figure 2a). The 1300°C isotherm 159 

representing the lithosphere-asthenosphere boundary is located at 120 km and the Moho 160 

temperature is 603°C (Müntener et al., 2000) (Figure 2b). The thermal boundary conditions to 161 

solve energy conservation are: 0°C at the surface, 1340°C at the bottom of the domain (200 162 

km) and null heat flux on the left and right sides of the model.  163 

3.3. Velocity boundary conditions 164 

In order to investigate the influence of extensional structures during the collision we simulate 165 

an extension phase followed by compression. During the first 30 Myr we impose a constant 166 



extension velocity (Figure 2d and Supplementary material Table S1, given velocity values are 167 

the absolute velocity difference between the two model sides). We adopt a 5 Myr window 168 

between extension and compression to simulate a smooth plate boundary inversion (Figure 169 

2d) rather than a sharp extension to compression inversion. In detail, model velocity decreases 170 

linearly from 30 Ma to reach zero at 32.5 Ma. Then, from 33 to 35 Ma the compression 171 

velocity linearly increases to reach 2.5 mm.yr-1 and remains constant until the end of the 172 

simulation. The extension velocity varies from a model to another in order to investigate the 173 

role of along-strike variations of margin width and maturity during mountain building for an 174 

extensive system which undergoes the same period of extension.  175 

Our models are not aimed to represent orogenies which went through a long convergence 176 

history like the India-Asia hyper-collision in which colliding lithospheres have very different 177 

thermo-mechanical properties (Molnar and Tapponnier, 1981, 1975). However, these models 178 

represent alpine-type collisional belts, where the upper plate is weakly deformed and 179 

structures of the former passive margin are well preserved. 180 

Models presented in this study are performed with pTatin (May et al., 2015, 2014) a parallel 181 

implementation of the finite element method, which employs an Arbitrary Lagrangian 182 

Eulerian discretization, together with the material point method for the rheologies described in  183 

supplementary material. It is coupled to a diffusive surface processes model (see details in 184 

Jourdon et al. 2018). 185 



4. Results 186 

4.1. Structure of hyper-extended domains with variable amount and rates of 187 

extension 188 

All our experiments show the systematic development of lithospheric-scale detachment 189 

during rifted margin formation, which number, direction of slip and lateral extent are shown 190 

to depend on the amount and rates of extension.  191 

In runs 1 to 3 deformation first localizes at the middle-lower crust boundary. As extension 192 

increases the shear zones exhumed through the crust and progressively reach the surface. The 193 

decoupling between middle and lower crust is accommodated by a shallow dipping shear zone 194 

in both proximal and necking domain during the whole rifting phase. A second decoupling 195 

level develops between the lower crust and the mantle. The oceanward sense of shear 196 

eventually leads to lower crust extraction in the distal domain resulting in mantle exhumation 197 

to upper crustal levels. Depending on the extension velocity, which is equivalent to the total 198 

amount of stretching in our model, the final rift structure differs and the geothermal gradient 199 

becomes greater with increasing extension velocity. At the end of extension, Run 1 displays 200 

an aborted rift system characterized by four antithetic normal fault zones (Figure 3). The most 201 

external fault zones are synchronous conjugate shear zones which developed during the first 202 

15 Myrs and constitute the necking domain. Then two sequential shear zones are formed in 203 

the centre of the rift. At the end of the rifting phase the mantle is not exhumed and a 10-20 km 204 

thick crust remains. 205 

Runs 2 and 3 display more mature passive margin structures and the mantle is exhumed to the 206 

surface. During crustal thinning the major part of the deformation is accommodated by crustal 207 

normal shear zones in the distal domain connected to a single low-angle detachment dipping 208 

oceanward at the Moho and rooting into the mantle in steeply dipping shear zone. This 209 



lithospheric scale detachment represents the upper-lower plate boundary. It is remarkable that 210 

once the crust is thinned enough (~5 km thick) the upper-lower plate relationship switches 211 

and a second steep mantle detachment of opposite vergence initiates (Figure 4). Run 3 (Figure 212 

5) characterized by more extension, shows a succession of sequentially formed detachments 213 

exhuming the mantle asymmetrically along mantle core complex structures. During mantle 214 

exhumation, the shear zone flattens until it becomes mechanically easier to create a new 215 

detachment rather than continuing to exhume along the previous one. At higher extension 216 

velocities, these structures vanish due to a warmer thermal regime which can be assimilated to 217 

a mid-oceanic ridge.  218 

4.2. Rift inversion and mountain building 219 

The onset of inversion is accommodated by reactivating former weak crustal extensional 220 

shear zones driven by first strain localization in the mantle where the rift thermal anomaly 221 

was maximal. The first back-thrust develops in the upper plate 10 to 15 Myrs after the polarity 222 

change. Following the onset of continental accretion, the crustal strain propagates into the 223 

down going plate along the reactivated middle-lower crust décollement. As the lowermost 224 

crust is underthrusted, the middle/upper crust is shortened and thickened to form a typical 225 

thick-skinned orogenic wedge. Shortening ratios of each former passive margin domains 226 

remain close between the different runs. Indeed, the lower plate hyper-extended domain 227 

shortens from 40% to 60%. The lower plate necking domain shortens from 35% to 50% while 228 

the upper plate records no shortening up to 30%. Internal deformation within the wedge 229 

results in tilting of former thrusts and their passive transport toward the rigid upper plate 230 

along the retro-wedge thrust. The mantle exhumed in the upper crust during the rifting acts as 231 

a buttress during inversion. The back-thrust plays an important role in the deformation 232 

process as it localizes almost all the upper plate shortening. Coupled with orogenic wedge 233 

thickening and erosion, it allows exhumation of the deepest units.  234 



In the slowest rift case (run 1; Figure 3) the mantle is not exhumed. However, the lithospheric 235 

mantle remains incorporated to the belt at the end of collision. This mantle unit is bordered by 236 

a reactivated shear zone, which is the first shortening structure in the crust. The former 237 

extensional shear zones which linked the two decoupling levels at middle-lower crust 238 

boundary and along the Moho are passively transported in the hanging wall of the retro-239 

wedge thrust, and the extensional relationships between the crust and mantle are preserved. 240 

Finally, a second back-thrust is activated during the last steps of the collision and reactivates a 241 

former extensional shear zone. 242 

In runs 2 and 3, mantle exhumation during rifting is observed. Larger exhumed mantle 243 

domain leads to larger mantle units outcropping in the mountain belt. Run 2 (Figure 4) shows 244 

a first back-thrust structure located in the mantle, which is abandoned 20 Myr after the onset 245 

of tectonic inversion. A new retro-wedge thrust forms closer to the surface. This thrust 246 

nucleates in the mantle and then connects upward into a former extensional shear zone in the 247 

crust. This structure accommodates all the upper plate shortening, letting the most distant 248 

normal shear zones intact. At the end of the simulation the upper plate preserves most of the 249 

architecture inherited from the rifting stage. Once again, the mantle and crust units carried by 250 

the retro-wedge thrust exhibit rifting structures which are tilted but not deformed during the 251 

collision.  252 

Run 3 (Figure 5) displays a wide exhumed mantle domain (~70 km), which formation was 253 

accommodated by extension across 5 detachments. The inversion process starts as in the other 254 

runs along a shear zone connecting the thinnest part of the rifted margin with the thermal 255 

anomaly in the mantle. As the shortening increases, the margin underthrusts the exhumed 256 

mantle assisted by the reactivation of crustal normal faults and mantle detachments. At the 257 

end of the experiment, the orogenic wedge is shaped by the underthrusted continental passive 258 



margin and a wide suture zone of obducted exhumed mantle while the upper continental plate 259 

is poorly deformed.  260 

5. Discussion 261 

5.1. Rift architecture  262 

All our experiments show the systematic development of lithospheric-scale detachment 263 

during rifted margin formation, which number, direction of slip and lateral extent are shown 264 

to depend on the amount and rates of extension. Detachment structures develop sequentially 265 

in the mantle, always landward-dipping regarding the position of the plate boundary. A first 266 

detachment is created when the continental crust reaches a thickness less than 5 km. Then, 267 

detachments develop regularly every 1 Myr or 2 Myrs and result in regularly spaced 268 

structures. This deformation and mantle exhumation sequence is a characteristics of slow-269 

spreading ridges as the southwest Indian ridge (Reston and Mcdermott, 2011; Sauter et al., 270 

2013) and has been imaged in magma-poor conjugate margins of the Newfoundland (Hopper 271 

and Funck, 2004) and Iberia (Krawczyk et al., 1996; Reston et al., 2007) margins. Moreover, 272 

these detachments can sometimes be found in exhumed mantle or ophiolites as in the Tasna 273 

nappe in the Swiss Alps (Froitzheim and Rubatto, 1994; Manatschal, 2014; Reston and 274 

Mcdermott, 2011). In the model displaying this detachment sequence (run 3, Figure 5), the 275 

obducted mantle exhibits inverted detachment faults. 276 

5.2. Thermal structure 277 

The temperature peak of the rifted margin in the Pyrenees is evaluated between 200°C and 278 

600°C in the pre- and syn-rift sediments (Clerc et al., 2012; Ducoux, 2017; Vacherat et al., 279 

2014). However, the most part of metamorphosed pre- and syn-rift sediments reached 300°C 280 

to 350°C (Clerc et al., 2012; Vacherat et al., 2014). In our study, syn-rift sediments undergo 281 



200°C to 330°C, i.e., the average peak temperature recorded in syn-rift Pyrenean sediments. 282 

This temperature is limited by the fact that in 2D, wide margins form at small rate of 283 

extension promoting cold geotherm or in 3D, the presence of an out of plane propagator  also 284 

permits to distribute extension at larger rate than in 2D enabling warmer regime to occur at 285 

similar crustal thickness and margin width (Le Pourhiet et al., 2018).  Alternatively, the 286 

presence of highly conductive salt layer in the pre-rift sediment could also have affected the 287 

temperature recorded in the sediments and none of the model above account for possible 288 

hydrothermal heating. 289 

5.3. Mantle exhumation 290 

Mantle bodies exposed in the Pyrenees are interpreted to be remnants of the subcontinental 291 

mantle exhumed during the rifting phase (Lagabrielle et al., 2010; Lagabrielle and Bodinier, 292 

2008). We note, however, that in the case of a small amount of extension as in run 2, the 293 

mantle may be exhumed while being passively transported along the retro-wedge. Moreover, 294 

either in compression or in extension, the exhumed mantle still displays at the end of the 295 

collision the structural patterns acquired during the rifting phase. For instance, the extensional 296 

shear zones bounding the exhumed mantle unit are not reactivated. Natural examples of 297 

exhumed mantle units incorporated into mountain belts display preserved extensional 298 

structures such as the Beni Bousera peridotite in the Rif (Frets et al., 2014) or the Ronda 299 

peridotite in the Betics (Précigout et al., 2013). The finding of extensional structures 300 

associated with exhumed mantle bodies cannot therefore be considered as a definitive 301 

explanation of the main process of mantle exhumation. 302 

5.4. Inversion process 303 

In all runs of this study, inversion is localized on the rift thermal anomaly. Indeed, the upward 304 

advection of the isotherms leads to strong temperature-dependent weakening of the 305 



lithospheric mantle through diffusion or dislocation creep. Therefore, when the inversion 306 

starts, strain localizes on the weakest part of the domain. One important result is that strain 307 

localization controlled by the rifting thermal anomaly triggers the underthrusting of one of the 308 

rifted margins beneath the exhumed mantle domain. This result implies that the width of the 309 

exhumed mantle domain cannot exceed a certain size, beyond which obduction occurs (Figure 310 

6). In the Pyrenees, the time laps between extension and compression is short and occurs 311 

within a high temperature gradient (Masini et al., 2014; Vacherat et al., 2014). Our study 312 

shows that such boundary conditions can reproduce a case like the Pyrenean orogeny only for 313 

a small (< 50 km) exhumed mantle domain developed between the Iberian and European 314 

plates (Figure 6), which is consistent with estimates from Mouthereau et al. (2014). 315 

5.5. Preserved rift structures in pro- and retro-wedge sides of the orogen 316 

The growth of an asymmetric collisional orogenic wedge in our experiments leads to the 317 

formation of classical pro- and retro-wedge structures. Such pop-up like orogenic structure is 318 

generally well-reproduced in models assuming a kinematic singularity (Jamieson and 319 

Beaumont, 2013) and more recently in models accounting for thermal perturbations at the 320 

base of the lithosphere (Jaquet et al., 2018). Deformation sequence in the lower plate 321 

propagates from the thinnest part of the former hyper-extended domain to the proximal 322 

margin. The former hyper-extended domain shortens from 40% to 60%. The deformation is 323 

mainly localized on former normal faults. Then, it propagates to the necking domain which 324 

shortens around 40% before reaching the proximal domain. Such values are in the range of 325 

crustal strains estimated from balanced cross-sections in external orogens (Mouthereau et al., 326 

2013). Our experiments may therefore help geologists estimating shortening values in orogens 327 

from the knowledge of the shortening rifted segment. In our models that explicitly account for 328 

rift inheritance, the retro-wedge side of the orogen is a direct consequence of extension. 329 

Indeed, the upper plate that hosts the retro-wedge is characterized by limited shortening. 330 



Former normal faults are well preserved and the crust is poorly or even not thickened. This 331 

behaviour is due to: (i) the small amount of underthrusted mantle limiting heat transfer (or 332 

melt) in the upper plate and therefore thermal weakening; (ii) the large amount of exhumed 333 

mantle at upper crustal levels acts as a buttress where the retro-wedge structures root; (iii) the 334 

ability of the lower plate to deform easily during its underthrusting. Moreover, the former 335 

rifting phase strongly influences the deep structure of the belt, particularly beneath the suture 336 

zone and the upper plate. Indeed, large mantle bodies exhumed beneath hyper thinned 337 

margins are preserved beneath the upper plate and above the crustal root. Otherwise, when the 338 

crust remains as thick as in the run 1, the deep structure of the belt exhibits less mantle and a 339 

sharp vertical transition from mantle to crust in the suture zone. 340 

6. Conclusions 341 

Through thermo-mechanical modelling we are able to provide new constraints and 342 

interpretations about the Pyrenean rifting and its influence on the following mountain building 343 

stage: 344 

- The rapid extension to compression switch of stress regime accompanied by a hot 345 

thermal regime implies that the width of the mantle exhumed domain could not exceed 346 

50 km to 70 km, otherwise obduction of large mantle bodies would have occurred. 347 

- Mantle exhumation during extension is driven by continentward dipping detachment 348 

faults developing sequentially at the plate boundary. 349 

- Extensional shear zones that originally developed in the lower plate are reactivated as 350 

thrusts while extensional structures of the upper plate are mainly preserved due to 351 

strain localization in the lower plate and along the retro-wedge thrust. 352 

-  The exhumed mantle incorporated in the mountain belt does not display reactivated 353 

normal shear zones. The relationships between the crust and exhumed mantle acquired 354 

during the rifted phase are conserved. 355 



- The presence of the mantle in the mountain belt is not necessarily due to mantle 356 

exhumation during rifting. Mantle can also exhume during shortening stages. 357 

However, models displaying mantle exhumation during extension end with a higher 358 

proportion of exhumed mantle in the mountain belt. 359 

- All simulations showed that the shortening amounts are very close regarding the 360 

former passive margin domains regardless of the size of those former domains. Once 361 

the former passive margin domains identified, this result can help to evaluate the 362 

shortening amount in mountain belts when no markers are available. 363 
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Table 376 

  Units Quartz Anorthite Olivine 

Reference 

 

Ranalli and 

Murphy 

1987 

Rybacki and 

Dresen 2000 

Hirth and 

Kohlstedt 

2003 

A MPa
n
.s

-1
 6.3x10

-6
 13.4637 1.1x10

5
 

n 

 

2.4 3 3.5 

Q KJ.mol
-1 

156x10
3
 345x10

3
 530x10

3
 

V m
3
.mol

-1
 0 3.8x10

-5
 18x10

-6
 

Table 1 377 

 378 

Figures captions 379 

 380 

Figure 1: a) Structural map of the Pyrenees (modified from Mouthereau et al., 2014). Thick 381 

black dashed lines indicate cross-sections c) and d). Coloured dots indicate the former 382 

extensional domains (modified from Tugend et al., 2014). b) Structural sketch map of the 383 

Pyrenean rift during the Santonian (~85 Ma, modified from Tugend et al., 2014). c) 384 

Geological cross-section of the western Pyrenees interpreted from tomographic model 385 

(modified after Wang et al., 2016). d) Geological cross-section of the central Pyrenees 386 

(modified from Mouthereau et al., 2014). 387 

Figure 2: a) Numerical phases geometry, thermal structure of the models and boundary 388 

conditions. b) Yield-stress envelopes computed for a strain rate of 10-15 s-1 for the different 389 

materials used to simulate the lithosphere. The Yield-stress envelopes represent the high stress 390 



cutoff used in the simulations (400 MPa). This cutoff is set to roughly approximate the 391 

strength limitation for high confinement pressures (Watremez et al., 2013).  The red line 392 

indicates the initial undisturbed geotherm. c) Plastic strain softening, the friction angle 393 

decreases from 30° to 3° with the increase of plastic strain. d) Variation during the runs of the 394 

absolute velocity difference between the two model sides. Ext: extension, Comp: 395 

compression. 396 

Figure 3: Run 1 evolution. Extension phase velocity of 4 mm/a over 30 Myr. Inversion starts 397 

at 35 Myr. Colours of the left panel represent the cumulative plastic and viscous strain. 398 

Colours of the right panel represent the numerical phases of the run. Sediments are indicated 399 

by 1 Myr alternating colour bands. Black lines represent the extensive shear zones, red lines 400 

represent the compressive shear zones and dashed black and red lines represent the reactivated 401 

shear zones. The frictional shear zones are drawn for a corresponding plastic strain superior or 402 

equal to 1. The viscous shear zones are drawn for a corresponding viscous strain superior or 403 

equal to ~1.8-2. Abbreviations represent the passive margin domains, N.D.: Necking domain. 404 

Colours are the same than in the horizontal shortening legend. 405 

Figure 4: Run 2 evolution. Extension phase velocity of 5 mm/a over 30 Myr. Inversion starts 406 

at 35 Myr. Colours of the left panel represent the cumulative plastic and viscous strain. 407 

Colours of the right panel represent the numerical phases of the run. Sediments are indicated 408 

by 1 Myr alternating colour bands. Black lines represent the extensive shear zones, red lines 409 

represent the compressive shear zones and dashed black and red lines represent the reactivated 410 

shear zones. The frictional shear zones are drawn for a corresponding plastic strain superior or 411 

equal to 1. The viscous shear zones are drawn for a corresponding viscous strain superior or 412 

equal to ~1.8-2. Abbreviations represent the passive margin domains, N.D.: Necking domain, 413 

H.E.: Hyper-Extended domain. Colours are the same than in the horizontal shortening legend. 414 



Figure 5: Run 3 evolution. Extension phase velocity of 6 mm/a over 30 Myr. Inversion starts 415 

at 35 Myr. Colours of the left panel represent the cumulative plastic and viscous strain. 416 

Colours of the right panel represent the numerical phases of the run. Sediments are indicated 417 

by 1 Myr alternating colour bands. Black lines represent the extensive shear zones, red lines 418 

represent the compressive shear zones and dashed black and red lines represent the reactivated 419 

shear zones. The frictional shear zones are drawn for a corresponding plastic strain superior or 420 

equal to 1. The viscous shear zones are drawn for a corresponding viscous strain superior or 421 

equal to ~1.8-2. Abbreviations represent the passive margin domains, N.D.: Necking domain, 422 

H.E.: Hyper-Extended domain. Colours are the same than in the horizontal shortening legend. 423 

Figure 6: Interpretative sketches based on models results. Narrow mantle exhumed domain 424 

rifts result in continental collision when inverted during hot geotherm. Wide mantle exhumed 425 

domain rifts result in obduction during inversion process with hot geotherms. 426 

Table 1: Parameters used for Arrhenius flow laws. 427 
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