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Abstract

Many relic of passive margin are found in mountain belts sometimes together with pristine
exhume mantle. The reasons why these structures are preserved from tectonic reworking and
whether the piece of mantle that accompanies them is exhumed during extension or collision
remains a question. Using thermo-mechanical modelling we find on the one hand that, the
strain distribution in the orogenic wedge is controlled by the original position of crustal
domains across the rifted margin. In the upper plate, the structural relationships acquired
during the rifting phase between the upper mantle and surrounding units are never reactivated
during compression due to crustal strain localization. Mantle exhumation on the other hand
can occur either during the collision or rifting phase depending on the thermal regime at the
onset of the inversion. Applying these general rules to the Pyrenees, we show that exhumed
mantle domain in the former passive margin could not exceed a width of 50 km to 70 km;
otherwise obduction would have occurred due to the high thermal regime at the onset of the

inversion.
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https://creativecommons.org/licenses/by-nc/4.0/


http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0012821X19300937
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0012821X19300937

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

1. Introduction

The impact of inherited mechanical properties & lithosphere is recognized to be a major
driver in the evolution of orogenic belts (Beaumettal., 2009; Calignano et al., 2015a;
Chenin et al.,, 2017; Heron et al., 2016; Jourdoralet 2017; Manatschal et al., 2015;
Velasque et al., 1989; Yamato et al., 2008). Gectdggeophysical and numerical modelling
studies show for instance that age-dependent grepenf the lithospheric mantle and crust
control first-order patterns of shortening disttibo, cyclical evolution and seismicity in

orogens (Audet and Burgmann, 2011; Mouthereau. ef@13). While lateral heterogeneities
in the lithospheric mantle control the locationimtiracontinental orogenic belt (Calignano et
al., 2015b; Heron et al., 2016), the local meat@ntoupling between crust and mantle or

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

In the recent years, an increasing number of studée found evidence that structure and
timing of tectonic evolution of Alpine-type orogenargely inherit the properties and

architecture of former rifted margins. For instanibee onset of fast exhumation and abrupt
changes in the thermal structure of orogens paoirthé accretion of stronger, less thinned
segment of rifted margins, as shown in the ZagBal4to et al., 2010; Mouthereau et al.,

2012), Taiwan (Mesalles et al., 2014) or the Pyesn@louthereau et al., 2014; Vacherat et
al., 2016, 2014). An important step forward in &x@loration of these relationships have been
reached thanks to new high-resolution seismologinabing techniques showing the nature
of the mountain root and lateral segmentation obagenic system can preserve first-order
tectonic features of a rift system (Wang et al1&0 which confirm former inferences from

field geology in the Pyrenees (e.g. Jammes e2@(09; Lagabrielle and Bodinier, 2008).

However, we still have a poor understanding ofkbg physical processes at play during the

earliest stages of collision, when the distal p&d rifted margin is accreted to form mountain
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ranges. Only a limited number of orogens presenakers of this transient stage in a
continuum of laterally evolving geodynamic settinjsm subduction to collision. For

instance, the complex structure of high-pressurits imthe Alps (Beltrando et al., 2014) and
the formation of nhon-metamorphic ophiolitic mélangehe Alps or the Pyrenees (Beltrando
et al., 2014; Lagabrielle and Bodinier, 2008; Mingteet al., 2009) display end-members
expression of inverted hyper-extended domain ofmeagoor margins. Here, we focus on the
role played by the size, number and vergence @cti@tent zones, thermal maturity and the
overall architecture of a rifted margin on the ation of the hyper-extended domain
preserved in collisional belts. Using numerical misdve try to get a better understanding on
how, where and when rift inherited structures agactivated throughout the collisional

orogenic process and whether exhumed mantle uretseepred in mountain belts related to
rifting, orogeny or both. The study focuses priiiyaon the effect of the maturity of the

margin,i.e. the residual rift thermal anomaly, on the streeeof the nascent mountain belt.

2. Natural constraintsfor inverted riftsfrom the Pyrenees

The Pyrenean belt is probably one of the best deotmd examples of an inverted rift
system. The shortening of the former extensionalalns with different rift maturities/width
along strike resulted in the preservation of défdrstages of orogeny along strike. The Bay
of Biscay fossilized a nascent subduction zoneluirg an oceanic domain with a classical
oceanic crust. Eastward, the convergence in theregs led to a fully developed orogenic
wedge (Figure 1b). The role of rift segmentatiorréiected across the Pyrenees as in the
Mauléon basin where a former rift structure is ripteted as an inverted hyper-extended
margin with an exhumed mantle domain (Jammes et2809; Lagabrielle et al., 2010;
Lagabrielle and Bodinier, 2008; Masini et al., 20T4ixell et al., 2016; Tugend et al., 2014;

Wang et al.,, 2016), while the eastern part of tked bhows a more complex pattern of
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discontinuous exhumed mantle zones (Figure 1b; IGebal., 2018; Vacherat et al., 2014).
According to paleogeographic reconstructions (Jasneteal., 2009; Tugend et al., 2014,
Nirrengarten et al., 2018), a major transtensiagifathg phase started in the Late Jurassic-
Early Cretaceous (~150-120 Ma). Extension betweae and Iberia was first distributed
between the Central Iberian Belt and the Pyren€ken, rifting localized in the Pyrenean
domain in the Late Aptian-Albian (~115 Ma) and fésdiin mantle exhumation in the North
Pyrenean zone (Jammes et al., 2009; Lagabrieie,2010; Lagabrielle and Bodinier, 2008;
Masini et al., 2014; Teixell et al., 2016; Tugertdak, 2014). The late stages of rifting are
marked by a HT-LP metamorphism (Albaréde and Midhdétrac, 1978; Montigny et al.,
1986). It corresponds to a strong thermal anomtécting both pre- and syn-rift sediments
that locally exceed 600°C in sedimentary basinsecko exhumed mantle domains (Clerc et
al., 2012; Ducoux, 2017; Vacherat et al., 2014)chéat et al. (2014) showed that the rift-
inherited thermal anomaly prevailed as convergesizegted in Late Cretaceous, which

supports a fast plate boundary inversion with ndeawe for thermal relaxation.

Pyrenean orogeny is often considered as two-fdsnpont et al., 2015; Mouthereau et al.,
2014). A first early orogenic phase consists of itheersion of former north pyrenean rifts
(Dumont et al., 2015; Mouthereau et al., 2014; Taget al., 2014; Vacherat et al., 2016) as
early as the Santonian (-85 Ma). Incipient orogeeiiefs are also recorded during this phase
as evidenced by thermochronology (Vacherat et 2016). The second orogenic phase
consists in the Eocene-Oligocene crustal nappédsgof the Axial zone (Pyrenean high
range) corresponding to the main stage of crubiekening, relief and topographic growth
until the early Miocene post-orogenic time (Moutsar et al., 2014). Although the timing
and history of the Pyrenean rifting and orogenymse¢o be well constrained, the way the
former influence the latter is often postulated parly evaluated physically. As a result, first

order questions such as wether the actual pre-niogédth of the exhumed mantle/oceanic
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domain between Iberia and Europe in the Pyrenees Makm or 200 km remain open,

leaving large uncertainty in regional plate kineimatenario.

3. bynamic modelling of tectonically-inverted hyper-extended rifts

Numerous numerical modelling studies have beenopedd to understand the role of the
rheology and of the properties and architectureaitinental lithosphere during collision
(Beaumont et al., 2009, 2001; Burg and Gerya, 28Bov et al., 2014, 2011, 2001; Duretz
et al., 2012; Duretz and Gerya, 2013; Dymkova gt28l15; Jourdon et al., 2017; Warren et
al., 2008; Yamato et al., 2008). However, the majaf these models did not account for the
complexity of rifted marginsBased on the Pyrenean study case, studies (Etdils 2014;
Jammes et al., 2014; Jammes and Huismans, 201&@gdhbat the extension phase preceding
the collision can explain the observed presencmanftle bodies at shallow depth and that
inherited structures facilitate the propagationhef deformation in the orogenic wedge. These
models assume narrow rifts with limited amount wfieasion (thinning factors of about 2).
The lack of a large domain with exhumed mantle tisodd with commonly accepted
reconstructions of the Pyrenean rifts where extended to a mature and wide hyper-
extended domain but failed to record seafloor spinga Offshore mapping of rift domains in
the Bay of Biscay indeed argued for the occurresica 100 km large widespread area of
hyper-thinned continental crust, exhumed domaimsemen oceanic crust (e.g. Tugend et al.,
2014).This result accords with geophysical imaging ofyma-poor rifted margins showing a
70 to 200 km wide domain of hyper-extended crugpically thinned below 10 km,
sandwiched between the necking zone and a domamtefmed mantle (e.g. Chenin et al.,

2017).

Numerical models which are able to produce suchnmaagoor hyper-extended margins

require a weak crustal channel to decouple crustiaentle which in turn produces a delay in
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the necking of the mantle. In 2D, they require skExtension rates (< 1cm/yr) (Brune et al.,
2017, 2014; Manatschal et al., 2015; Naliboff ef 2017; Tetreault and Buiter, 2017) or a
mechanically layered lithosphere (Duretz et al1&0in which pre-existing softened zones
permit to keep the deformation sufficiently distried during lithospheric thinning to delay
the break-upDuring the final mantle exhumation phase, the 120Q°AB) isotherm typically
lies at ~20 km or more beneath a magma-poor tyge@dieanic ridge axis involving a “cold”

rift geotherm (Dick, 1989; Lagabrielle and Lemoii®97; Sauter et al., 2013, 2004).

Among these 2D models, the crustal thinning istlfiraccommodated by simultaneous
faulting, and then followed by a sequential fagtiBrune et al., 2017, 2014; Manatschal et
al., 2015; Naliboff et al., 2017; Tetreault and t8ui 2017) rooting along a main detachment
shear zone called “exhumation channel” (Brune .e8ll4) or “viscous channel” (Lavier and
Manatschal, 2006) which allows rift migration ame formation of asymmetric rift systems.
This process of strain localization along shallappthg shear zones and rift asymmetry is
interpreted as resulting from mechanical softenwiilp ongoing deformation (Huismans et

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

3.1. Rheology

Our models setup took benefit of former numericabdeis that were successful in
reproducing the formation of magma-poor hyper-edésh marginsThe initial layering is
designed to represent a simplified pre-rift lithiosge. The continental crust is divided in three
layers (Figure 2a): (1) the upper crust from thdame to 10 km, (2) the middle crust from 10
km to 20 km and (3) the lower crust from 20 km $okBn. Upper and middle crust rheology is
approximated with a quartz flow law (Table 1, Rérehd Murphy, 1987) according to the
granitic composition of the upper crust (Denélalet2012; Wickham, 1987) while the lower

crust rheology is simulated with an anorthite flaw (Table 1, Rybacki and Dresen, 2000)
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representing a more felsic composition (Wickhan87)9 This layering allows a decoupling

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

For all runs, the mantle is divided into two phagé$ the lithospheric mantle from 35 km to
120 km and (2) the asthenosphere from 120 km tokB@0The rheology of these two phases

is modelled with a dry olivine dislocation creelélable 1, Hirth and Kohlstedt, 2003).

In addition, the brittle parts of the lithosphere aimulated using the Drucker-Prager yield
criterion adapted to continuum mechanics (see upghtary Material). We implement at the
beginning of the simulation a random Gaussian idigion (see supplementary material for
details) of a small plastic strain amount (0 to) @4simulate an already damaged lithosphere.
This initial plastic strain will decrease the fimt angle following a linear plastic strain
softening (Figure 2c). The plastic strain softenisgused to roughly approximate the
behaviour of large faults that record long-ternp sdind localization due to phyllosilicates

crystallisation in crustal rocks or serpentinizatio mantle rocks.

3.2. Thermal setup
The initial thermal state is computed with the gtiehl solution provided in Burov &
Diament (1995), with a radiogenic heat productiorthe crust of 8.91 pW.th A thermal
perturbation is added at the centre of the domé&igute 2a). The 1300°C isotherm
representing the lithosphere-asthenosphere bouridalgcated at 120 km and the Moho
temperature is 603°C (MUntener et al., 2000) (Fé¢ly). The thermal boundary conditions to
solve energy conservation are: 0°C at the surfa840°C at the bottom of the domain (200

km) and null heat flux on the left and right sidéshe model.

3.3.  Velocity boundary conditions
In order to investigate the influence of extensi@tauctures during the collision we simulate

an extension phase followed by compression. Dutiegfirst 30 Myr we impose a constant
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extension velocity (Figure 2d and Supplementaryeniat Table S1, given velocity values are
the absolute velocity difference between the twalehsides). We adopt a 5 Myr window
between extension and compression to simulate atbnplate boundary inversion (Figure
2d) rather than a sharp extension to compressi@rsion. In detail, model velocity decreases
linearly from 30 Ma to reach zero at 32.5 Ma. Thi#gom 33 to 35 Ma the compression
velocity linearly increases to reach 2.5 mnt.yand remains constant until the end of the
simulation. The extension velocity varies from ad®loto another in order to investigate the
role of along-strike variations of margin width amdturity during mountain building for an

extensive system which undergoes the same periexteifision.

Our models are not aimed to represent orogenieshwivent through a long convergence
history like the India-Asia hyper-collision in wiiccolliding lithospheres have very different
thermo-mechanical properties (Molnar and Tapponrdie81, 1975). However, these models
represent alpine-type collisional belts, where thgper plate is weakly deformed and

structures of the former passive margin are welserved.

Models presented in this study are performed withtin (May et al., 2015, 2014) a parallel
implementation of the finite element method, whiemploys an Arbitrary Lagrangian
Eulerian discretization, together with the matepaint method for the rheologies described in
supplementary material. It is coupled to a diffesaurface processes model (see details in

Jourdon et al. 2018).
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4. Results

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

extension
All our experiments show the systematic developmeintithospheric-scale detachment
during rifted margin formation, which number, ditiea of slip and lateral extent are shown

to depend on the amount and rates of extension.

In runs 1 to 3 deformation first localizes at thaldhe-lower crust boundary. As extension
increases the shear zones exhumed through theacrdigirogressively reach the surface. The
decoupling between middle and lower crust is accodated by a shallow dipping shear zone
in both proximal and necking domain during the vehofting phase. A second decoupling
level develops between the lower crust and the Imafthe oceanward sense of shear
eventually leads to lower crust extraction in tigtad domain resulting in mantle exhumation
to upper crustal levels. Depending on the extensedacity, which is equivalent to the total
amount of stretching in our model, the final riftusture differs and the geothermal gradient
becomes greater with increasing extension veloéitythe end of extension, Run 1 displays
an aborted rift system characterized by four aatithnormal fault zones (Figure 3). The most
external fault zones are synchronous conjugater steeges which developed during the first
15 Myrs and constitute the necking domain. Then $equential shear zones are formed in
the centre of the rift. At the end of the riftinggse the mantle is not exhumed and a 10-20 km

thick crust remains.

Runs 2 and 3 display more mature passive margictsties and the mantle is exhumed to the
surface. During crustal thinning the major parthef deformation is accommodated by crustal
normal shear zones in the distal domain conneaedsingle low-angle detachment dipping

oceanward at the Moho and rooting into the mamnilesteeply dipping shear zone. This
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lithospheric scale detachment represents the Upp&r plate boundary. It is remarkable that
once the crust is thinned enough (~5 km thick) upper-lower plate relationship switches
and a second steep mantle detachment of opposgencae initiates (Figure 4). Run 3 (Figure
5) characterized by more extension, shows a suoces sequentially formed detachments
exhuming the mantle asymmetrically along mantleecosmplex structures. During mantle
exhumation, the shear zone flattens until it becommechanically easier to create a new
detachment rather than continuing to exhume altvegprevious one. At higher extension
velocities, these structures vanish due to a wathemal regime which can be assimilated to

a mid-oceanic ridge.

4.2. Riftinversion and mountain building
The onset of inversion is accommodated by reaatigatormer weak crustal extensional
shear zones driven by first strain localizatiorthe mantle where the rift thermal anomaly
was maximal. The first back-thrust develops indpper plate 10 to 15 Myrs after the polarity
change. Following the onset of continental accretibe crustal strain propagates into the
down going plate along the reactivated middle-lowerst décollement. As the lowermost
crust is underthrusted, the middle/upper crusthsrtened and thickened to form a typical
thick-skinned orogenic wedge. Shortening ratioseath former passive margin domains
remain close between the different runs. Indeed, lttwer plate hyper-extended domain
shortens from 40% to 60%. The lower plate neckiogpain shortens from 35% to 50% while
the upper plate records no shortening up to 30%rral deformation within the wedge
results in tilting of former thrusts and their passtransport toward the rigid upper plate
along the retro-wedge thrust. The mantle exhumebéarupper crust during the rifting acts as
a buttress during inversion. The back-thrust playsimportant role in the deformation
process as it localizes almost all the upper mattening. Coupled with orogenic wedge

thickening and erosion, it allows exhumation of deepest units.
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In the slowest rift case (run 1; Figure 3) the rfeaist not exhumed. However, the lithospheric
mantle remains incorporated to the belt at theafrabllision. This mantle unit is bordered by
a reactivated shear zone, which is the first shartg structure in the crust. The former
extensional shear zones which linked the two ddomypevels at middle-lower crust
boundary and along the Moho are passively transgoirt the hanging wall of the retro-
wedge thrust, and the extensional relationships/dxt the crust and mantle are preserved.
Finally, a second back-thrust is activated durlmglast steps of the collision and reactivates a

former extensional shear zone.

In runs 2 and 3, mantle exhumation during riftiry dbserved. Larger exhumed mantle
domain leads to larger mantle units outcroppinthéymountain belt. Run 2 (Figure 4) shows
a first back-thrust structure located in the manilkich is abandoned 20 Myr after the onset
of tectonic inversion. A new retro-wedge thrustnfier closer to the surface. This thrust
nucleates in the mantle and then connects upwéodaifiormer extensional shear zone in the
crust. This structure accommodates all the uppatepshortening, letting the most distant
normal shear zones intact. At the end of the sitimrahe upper plate preserves most of the
architecture inherited from the rifting stage. Oagmin, the mantle and crust units carried by
the retro-wedge thrust exhibit rifting structurebieh are tilted but not deformed during the

collision.

Run 3 (Figure 5) displays a wide exhumed mantle ailont~70 km), which formation was
accommodated by extension across 5 detachmentsnJdrsion process starts as in the other
runs along a shear zone connecting the thinnestgbahe rifted margin with the thermal
anomaly in the mantle. As the shortening increaes,margin underthrusts the exhumed
mantle assisted by the reactivation of crustal @brfaults and mantle detachments. At the

end of the experiment, the orogenic wedge is shhpedtie underthrusted continental passive
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margin and a wide suture zone of obducted exhunsdlenwhile the upper continental plate

is poorly deformed.

5. Discussion

5.1 Riftarchitecture
All our experiments show the systematic developmeitithospheric-scale detachment
during rifted margin formation, which number, ditiea of slip and lateral extent are shown
to depend on the amount and rates of extensiormcbetent structures develop sequentially
in the mantle, always landward-dipping regarding plosition of the plate boundary. A first
detachment is created when the continental crasthes a thickness less than 5 km. Then,
detachments develop regularly every 1 Myr or 2 Mwred result in regularly spaced
structures. This deformation and mantle exhumaseguence is a characteristics of slow-
spreading ridges as the southwest Indian ridget@Resmnd Mcdermott, 2011; Sauter et al.,
2013) and has been imaged in magma-poor conjugatgims of the Newfoundland (Hopper
and Funck, 2004) and Iberia (Krawczyk et al., 1996ston et al., 2007) margins. Moreover,
these detachments can sometimes be found in exhoraatle or ophiolites as in the Tasna
nappe in the Swiss Alps (Froitzheim and Rubattd®4]19Manatschal, 2014; Reston and
Mcdermott, 2011). In the model displaying this dbraent sequence (run 3, Figure 5), the

obducted mantle exhibits inverted detachment faults

5.2.  Thermal structure
The temperature peak of the rifted margin in theeRges is evaluated between 200°C and
600°C in the pre- and syn-rift sediments (Cleralet2012; Ducoux, 2017; Vacherat et al.,
2014). However, the most part of metamorphosed gumd-syn-rift sediments reached 300°C

to 350°C (Clerc et al., 2012; Vacherat et al., 2014 our study, syn-rift sediments undergo
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200°C to 330°C, i.e., the average peak temperagaerded in syn-rift Pyrenean sediments.
This temperature is limited by the fact that in 2Bide margins form at small rate of
extension promoting cold geotherm or in 3D, thespree of an out of plane propagator also
permits todistribute extension at larger rate than in 2D énghbwarmer regime to occur at
similar crustal thickness and margin width (Le Paetr et al., 2018). Alternatively, the
presence of highly conductive salt layer in the-nifitesediment could also have affected the
temperature recorded in the sediments and nonéeofhiodel above account for possible

hydrothermal heating.

5.3.  Mantle exhumation
Mantle bodies exposed in the Pyrenees are integbitet be remnants of the subcontinental
mantle exhumed during the rifting phase (Lagalwiell al., 2010; Lagabrielle and Bodinier,
2008). We note, however, that in the case of alsambunt of extension as in run 2, the
mantle may be exhumed while being passively trategalong the retro-wedge. Moreover,
either in compression or in extension, the exhummeshtle still displays at the end of the
collision the structural patterns acquired durimg tifting phase. For instance, the extensional
shear zones bounding the exhumed mantle unit araeactivated. Natural examples of
exhumed mantle units incorporated into mountaintsbelisplay preserved extensional
structures such as the Beni Bousera peridotitdhénRif (Frets et al., 2014) or the Ronda
peridotite in the Betics (Précigout et al., 201¥he finding of extensional structures
associated with exhumed mantle bodies cannot therebe considered as a definitive

explanation of the main process of mantle exhumatio

5.4. Inversion process
In all runs of this study, inversion is localized the rift thermal anomaly. Indeed, the upward

advection of the isotherms leads to strong temperatependent weakening of the
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lithospheric mantle through diffusion or dislocaticreep. Therefore, when the inversion
starts, strain localizes on the weakest part ofdiv@ain. One important result is that strain
localization controlled by the rifting thermal anaiytriggers the underthrusting of one of the
rifted margins beneath the exhumed mantle domdirs fesult implies that the width of the

exhumed mantle domain cannot exceed a certaint®yend which obduction occurs (Figure

6). In the Pyrenees, the time laps between exteraiml compression is short and occurs
within a high temperature gradient (Masini et @D14; Vacherat et al., 2014). Our study
shows that such boundary conditions can reproduase like the Pyrenean orogeny only for
a small (< 50 km) exhumed mantle domain developetsvdéen the Iberian and European

plates (Figure 6), which is consistent with estesdtom Mouthereau et al. (2014).

5.5. Preserved rift structuresin pro- and retro-wedge sides of the orogen
The growth of an asymmetric collisional orogenicdge in our experiments leads to the
formation of classical pro- and retro-wedge strregu Such pop-up like orogenic structure is
generally well-reproduced in models assuming a rkemé&c singularity (Jamieson and
Beaumont, 2013pnd more recently in models accounting for therpeturbations at the
base of the lithosphere (Jaquet et al., 2018). edftion sequence in the lower plate
propagates from the thinnest part of the formeremgxtended domain to the proximal
margin. The former hyper-extended domain shortems 40% to 60%. The deformation is
mainly localized on former normal faults. Thenprbpagates to the necking domain which
shortens around 40% before reaching the proximaiailo. Such values are in the range of
crustal strains estimated from balanced crossesecin external orogens (Mouthereau et al.,
2013). Our experiments may therefore help geolsgistimating shortening values in orogens
from the knowledge of the shortening rifted segmbnbour models that explicitly account for
rift inheritance, the retro-wedge side of the orodge a direct consequence of extension.

Indeed, the upper plate that hosts the retro-wedgeharacterized by limited shortening.
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Former normal faults are well preserved and thetasipoorly or even not thickened. This
behaviour is due to: (i) the small amount of understed mantle limiting heat transfer (or
melt) in the upper plate and therefore thermal wedalg; (i) the large amount of exhumed
mantle at upper crustal levels acts as a buttrésseathe retro-wedge structures root; (iii) the
ability of the lower plate to deform easily duriitg underthrusting. Moreover, the former
rifting phase strongly influences the deep strietirthe belt, particularly beneath the suture
zone and the upper plate. Indeed, large mantleebodkhumed beneath hyper thinned
margins are preserved beneath the upper platetsve ahe crustal root. Otherwise, when the
crust remains as thick as in the run 1, the deejetstre of the belt exhibits less mantle and a

sharp vertical transition from mantle to crusthe suture zone.

6. Conclusions
Through thermo-mechanical modelling we are able ptovide new constraints and
interpretations about the Pyrenean rifting andhitsence on the following mountain building

stage:

- The rapid extension to compression switch of streggme accompanied by a hot
thermal regime implies that the width of the maettdumed domain could not exceed
50 km to 70 km, otherwise obduction of large mahtidies would have occurred.

- Mantle exhumation during extension is driven by towmntward dipping detachment
faults developing sequentially at the plate boupdar

- Extensional shear zones that originally developethé lower plate are reactivated as
thrusts while extensional structures of the uppatepare mainly preserved due to
strain localization in the lower plate and along thtro-wedge thrust.

- The exhumed mantle incorporated in the mountalhdmes not display reactivated
normal shear zones. The relationships betweenrtis and exhumed mantle acquired

during the rifted phase are conserved.



356 - The presence of the mantle in the mountain behois necessarily due to mantle

357 exhumation during rifting. Mantle can also exhumarimy shortening stages.
358 However, models displaying mantle exhumation duestension end with a higher
359 proportion of exhumed mantle in the mountain belt.

360 - All simulations showed that the shortening amouwemts very close regarding the
361 former passive margin domains regardless of the gizhose former domains. Once
362 the former passive margin domains identified, tf@sult can help to evaluate the
363 shortening amount in mountain belts when no markersavailable.
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Table

Units Quartz Anorthite Olivine
Ranalli and Hirth and
Rybacki and
Reference Murphy Kohlstedt
Dresen 2000
1987 2003
A MPa".s*  6.3x10° 13.4637 1.1x10°
n 2.4 3 3.5
Q Kl.mol™  156x10’ 345x10° 530x10°
v m>.mol™ 0 3.8x10° 18x10°

Table 1

Figures captions

Figure 1: a) Structural map of the Pyrenees (medifrom Mouthereau et al., 2014). Thick
black dashed lines indicate cross-sections c¢) andCdloured dots indicate the former
extensional domains (modified from Tugend et abl14). b) Structural sketch map of the
Pyrenean rift during the Santonian (-85 Ma, modifieom Tugend et al., 2014). c)
Geological cross-section of the western Pyreneésrpreted from tomographic model
(modified after Wang et al., 2016). d) Geologicabss-section of the central Pyrenees

(modified from Mouthereau et al., 2014).

Figure 2: a) Numerical phases geometry, thermalcgire of the models and boundary
conditions. b) Yield-stress envelopes computedafatrain rate of I s* for the different

materials used to simulate the lithosphere. ThédYs&ress envelopes represent the high stress
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cutoff used in the simulations (400 MPa). This &iuis set to roughly approximate the
strength limitation for high confinement pressuf¥gatremez et al., 2013). The red line
indicates the initial undisturbed geotherm. c) Bastrain softening, the friction angle
decreases from 30° to 3° with the increase of iglastain. d) Variation during the runs of the
absolute velocity difference between the two moddades. Ext: extension, Comp:

compression.

Figure 3: Run 1 evolution. Extension phase veloofty4 mm/a over 30 Myr. Inversion starts
at 35 Myr. Colours of the left panel represent thenulative plastic and viscous strain.
Colours of the right panel represent the numepbaises of the run. Sediments are indicated
by 1 Myr alternating colour bands. Black lines esamt the extensive shear zones, red lines
represent the compressive shear zones and dastokdanld red lines represent the reactivated
shear zones. The frictional shear zones are dramna ¢orresponding plastic strain superior or
equal to 1. The viscous shear zones are drawn ¢orr@sponding viscous strain superior or
equal to ~1.8-2. Abbreviations represent the passiargin domains, N.D.: Necking domain.

Colours are the same than in the horizontal shiogdegend.

Figure 4: Run 2 evolution. Extension phase velooft$ mm/a over 30 Myr. Inversion starts
at 35 Myr. Colours of the left panel represent thenulative plastic and viscous strain.
Colours of the right panel represent the numepbaises of the run. Sediments are indicated
by 1 Myr alternating colour bands. Black lines esgant the extensive shear zones, red lines
represent the compressive shear zones and dastekdanld red lines represent the reactivated
shear zones. The frictional shear zones are dramna ¢orresponding plastic strain superior or
equal to 1. The viscous shear zones are drawn ¢orre@sponding viscous strain superior or
equal to ~1.8-2. Abbreviations represent the passiargin domains, N.D.: Necking domain,

H.E.: Hyper-Extended domain. Colours are the sdrae in the horizontal shortening legend.



415  Figure 5: Run 3 evolution. Extension phase velooit$ mm/a over 30 Myr. Inversion starts
416 at 35 Myr. Colours of the left panel represent tuwenulative plastic and viscous strain.
417  Colours of the right panel represent the numepbaises of the run. Sediments are indicated
418 by 1 Myr alternating colour bands. Black lines esant the extensive shear zones, red lines
419  represent the compressive shear zones and dasteddalld red lines represent the reactivated
420 shear zones. The frictional shear zones are drana ¢orresponding plastic strain superior or
421 equal to 1. The viscous shear zones are drawn éorr@sponding viscous strain superior or
422 equal to ~1.8-2. Abbreviations represent the passigargin domains, N.D.: Necking domain,

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

424  Figure 6: Interpretative sketches based on modsisits. Narrow mantle exhumed domain
425  rifts result in continental collision when invertddring hot geotherm. Wide mantle exhumed

426  domain rifts result in obduction during inversioogess with hot geotherms.

427  Table 1: Parameters used for Arrhenius flow laws.
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