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Abstract

The identification of the structures and deformafatterns in magma-poor continental rifted
margins is essential to characterize the proceslsesntinental lithosphere necking. Brittle
faults, often termed mantle detachments, are badi¢o play an essential role in the rifting
processes that lead to mantle exhumation. Howeetjle shear zones in the deep crust and
mantle are rarely identified and their mechanioé remains to be established. The western
Betics (Southern Spain) provides an exceptionabsuge of a strongly thinned continental
lithosphere, formed in a supra-subduction settingngy Oligocene-Lower Miocene. A full

section of the entire crust and the upper pamefbantle is investigated. Variations in crustal
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thickness are used to quantify crustal stretchirag thay reach values larger than 2000%
where the ductile crust almost disappear, defimisgage of hyper-stretching. Opposite senses
of shear top-to-W and top-to-E are observed in éxtensional shear zones located close to
the crust-mantle boundary and along the brittletitutransition in the crust, respectively. At
locations where the ductile crust almost disappeamscordant top-to-E-NE senses of shear
are observed in both upper crust and serpentimzatle. Late high-angle normal faults with
ages of ca. 21 Ma or oldel’Ar/*°Ar on white mica) crosscut the previously hypeesthed
domain, involving both crust and mantle in tiltetbdks. The western Betics exemplifies,
probably better than any previous field example, ¢hanges in deformation processes that
accommodate the progressive necking of a contihktimasphere. Three successive steps can
be identified: i/ a mid-crustal shear zone andustemantle shear zone, acting synchronously
but with opposite senses of shear, accommodateileluzust thinning and ascent of
subcontinental mantle; ii/ hyper-stretching locedizin the neck, leading to an almost
disappearance of the ductile crust and bringing dp@er crust in contact with the
subcontinental mantle, each of them with theiraadseacquired opposite senses of shear; and
iii/ high-angle normal faulting, cutting throughettMoho, with related block tilting, ends the
full exhumation of the mantle in the zone of lozali stretching. The presence of a high
strength sub-Moho mantle is responsible for theagkan sense of shear with depth. Whereas
mantle exhumation in the western Betics occurred ibackarc setting, this deformation
pattern controlled by a high-strength layer at tbp of the lithosphere mantle makes it
directly comparable to most passive margins whosmdtion lead to mantle exhumation.
This unique field analogue has therefore a strantgrgial for the seismic interpretation of the

so-called “hyper-extended margins”.
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1/ Introduction

During the last decades, the exhumation of subcental lithospheric mantle in rifted
margins became a commonly recognized tectonic fieabn the Iberia margin, the case-study
for magma-poor continental margin (Boillot et dl980; Boillot et al., 1987; Beslier et al.,
1990; Whitmarsh and Miles, 1995; Brun and Besli€96), the crustal thickness decreases
abruptly in a short horizontal distance (75 km; Whiarsh et al., 2001; Péron-Pinvidic and
Manatschal, 2009) leading to wide mantle exposdiesctly to the sea-floor. The sudden
extreme thinning of the continental crust has beeh imaged through reflection seismics
(Péron-Pinvidic et al., 2007; Ranero and Perez-@Byss2010) and ascribed to polyphased
and complex activity of ductile and brittle strues (Manatschal et al., 2001; Péron-Pinvidic

et al., 2007).

The bulk process responsible for lithosphere tmignip to continental breakup is a
“necking” instability that leads to a sharp deceeas crustal thickness and to strong
decoupling between upper crust and mantle alloviliegmantle to exhume in the rift center
(Brun and Beslier, 1996). The final stage of lifhlosre thinning, so-called “hyperextension”,
is then characterized by coupled continental krittust and mantle. Faults penetrate into the
mantle and “extensional allochtons” of upper crlistin direct contact with the mantle
(Beslier et al., 1993; Manatschal et al., 2001)isTtnal stage of rifting is now well
documented worldwide, e.g. in the South Atlantiori@ucci et al., 2004; Moulin et al., 2005),
in the Red Sea (Cochran and Karner, 2007) and mvalo (Osmundsen and Ebbing, 2008),
and fossil examples can be observed directly irfidie in the obducted margins in the Alps
(Manatschal, 2004; Beltrando et al., 2012; Mohmlgt2010, and references therein) and in

the Pyrenees (Clerc et al., 2012; Clerc and Lagh#ri2014). Normal faults and detachment
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faults shape this late stage of rift (i.e. “hypdession”) and may obliterate the earlier
structures that are responsible for a large partheflithosphere thinning. It is therefore
difficult to obtain a detailed resolution of thesti stages of “necking” from seismic data (for a
detailed discussion see Reston, 2007). In the dihad, analogue and numerical models
reveal that large ductile shear accommodates anastie decoupling and hence controls the
process of sub-continental mantle exhumation duithgsphere necking (Brun and Beslier,
1996; Gueydan et al., 2008). More generally, mapeats of the relationships between upper
crustal faulting and crust-mantle deformation dgrirecking remain poorly understood. As
an example, fault displacements observed in seidmé&s always remain rather small
compared to the overall crustal thinning (RestodQ7). To reconcile such discrepancies
various solutions have already been considereldrgpe-scale crustal detachments (Lister et
al., 1986; Manatschal et al., 2001; Froitzheiml e2806; Mohn et al., 2012), ii) upper crustal
brittle faulting accommodated by lower crustal flgarun and Beslier, 1996; Ranero and
Perez-Gussinyé, 2010; Gueydan and Précigout, 26¥14) depth-dependent mechanisms of
thinning at different levels in the crust (Davisdalkusznir, 2004; Huismans and Beaumont,

2011).

To unravel the different stages of necking, a lssye is to characterize deformation
of the rifted lithosphere at different levels: sabtnental mantle, deep crust and upper crust.
However, sections reaching the deepest levelsriftiea lithosphere are rarely exposed in the
field. The large bodies of subcontinental mantlpased in the westernmost Alboran region,
in the western Mediterranean, provide a unique dppdy to study the brittle and ductile
deformations that developed during lithosphere imgckn this region, a complete section of
the stretched continental crust is associatedd@tumation of the Ronda Peridotites that is,

with its three main massifs, the world largest capoof subcontinental mantle (Balanya et al.,
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1997; Argles et al., 1999). Major extensional shemares located at the crust-mantle interface
are coeval with the subcontinental mantle exhumagigfiri et al., 2011; Précigout et al.,
2013; Frets et al., 2014; Gueydan et al., 2015¢ Whstern Betics is thus a prime location to
observe and measure the effects of stretchingffaret levels of the continental lithosphere
(Tubia and Cuevas et al., 1986; Balanya et al.7199gles et al., 1999; Précigout et al.,

2013).

In the present paper, we use the outstanding &r&imple of the western Betics to
study the patterns of deformation and kinematies tharacterize the progressive necking of
a continental lithosphere. After a review of thelggical and tectonic setting of the Ronda
peridotites, we describe i) the structural and pemological data collected during this study,
i) the major ductile shear zones located in thddi@ crust and at the crust-mantle transition
and iii) the regional gradient of thinning undergadoy the crustal units. The discussion is
dedicated to the variations of shear sense withthdapd to the processes of lithosphere

necking in the western Betics.

2/ Geological setting

The Betic-Rifbelt is divided into a metamorphic Internal ZoAdébpran Domain) and
a non-metamorphosed External Zone (inset of FigTh¢ Internal-External Zone Boundary
(IEZB) separates the Alboran Domain from an extetheust-and-fold belt (e.g. Crespo-
Blanc and Frizon de Lamotte, 2006; Chalouan eR@D8). Tertiary foreland basins wrap the
belt to the North, West and South (Flinch, 1993nBadez et al., 1998) (shaded in inset of

Fig. 1). The External Zone represents the subdgidberian and Maghrebian margins (pale
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grey in inset of Fig. 1) and the Alboran Domairaiportion of the upper plate of the western
Mediterranean subducting system (dark grey in ing€&ig. 1) (e.g. Garrido et al., 2011; Platt
et al., 2013). A large part of the Alboran Domaiansls below sea level in the Alboran Sea
basin, whose development is mostly coeval with Mia shortening in the arcuate External
Zone (Garcia-Duefias et al., 1992; Watts et al.3;1B@lanya et al., 1997; Comas et al., 1999;

Platt et al., 2013).

The metamorphic tectonic units of the Alboran Damedntain in the westernmost
sector the Ronda Peridotites. Téhumatiormechanism and timing of tieonda Peridotites
have been and are stithatter of controversyAmong the proposed mechanisms of mantle
rock exhumation are: i) mantle core complex (Doldad Oyarzun, 1989), ii) crosscutting
detachment faults during the extensional collagsth@ Betic-Rif chain (Van der Wal and
Vissers, 1993; Platt et al., 2003a), iii) transpr@sal extrusion of a mantle wedge (Tubia et
al., 1997; Mazzoli and Martin-Algarra, 2011; Tubktaal., 2013), and iv) inversion during slab
rollback of a thinned back-arc lithosphere (Garredal., 2011; Hidas et al., 2013; Précigout
et al., 2013). Ages of exhumation also stronglyyvar Paleozoic (Kornprobst, 1976; Ruiz
Cruz and Sanz de Galdeano, 2014), ii) Mesozoic (Miasbergen et al., 2014; Vissers et al.,

1995) and iii) Oligo-Miocene (Hidas et al., 2013¢é€lgout et al., 2013).

2.1/ The Ronda — Beni Bousera subcontinental mantle

The Ronda Peridotitesn southern Spain consist of three main massicafied
Bermeja, Alpujata, Carratraca massives (Fig. 1yef# smallest mantle outcrops connect the
three larger massives suggesting the original oaityi of a single mantle sliver (Navarro-

Vild and Tubia, 1983; see Didon et al., 1973 foakernative view). Furthermore, the Ronda
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Peridotites in the western Betics were probablgionally continuous with the Beni Bousera
massif (Sanchez-Gomez et al., 2002) on the Rifenaf the Gibraltar arc (inset in Fig. 1)
and then dismembered during the Miocene formatibthe Gibraltar arc (Balanya et al.,
1997; Berndt et al., 2015; Chalouan et al., 2008s¢a et al., 2015). The peridotites display a
kilometer-scale petrological zoning with Grt/Spidetites at the top, granular and
porphyroclastic Sp-peridotites in the middle andghbearing peridotites at the base (Obata,
1980). The Ronda Peridotites sliver is separataah the Alboran continental crustal rocks by
two major tectonic contacts) the Ronda Peridotites Thrust at the base gnthe Crust-
Mantle extensional shear zone at the top (respaygtivlack and white colors in map and
cross-section of Fig. 1) (Tubia et al., 1997; Mdizeb al., 2013; Précigout et al., 2013;

Johanesen and Platt, 2015).

TheRonda Peridotites Thrus$ a “hot” thrust (Tubia et al., 1997; Estebanlet2008)
characterized by a metamorphic sole with: 1/ partielting in the footwall metamorphic
rocks with ages ranging between 22 Ma and 19 Maeft@as et al., 2011), and 2/ high-
temperature minerals in the basal Mesozoic sedsndeformed during Lower Miocene
(high-temperature: Mazzoli et al., 2013; deformemlver Miocene Nava Breccia: Mazzoli
and Martin-Algarra, 2011). The Plagioclase tecemitFig. 1) usually mark the deformation

immediately above the Ronda Peridotites Thrust4bliet al., 2013; Précigout et al., 2013).

Conversely, th€rust-Mantle Shear Zonghows structural and petrological evidences
of an extensional nature (Tubia and Cuevas, 198&nga et al., 1997; Argles et al., 1999;
Sanchez-Goémez et al., 1999; Précigout et al., 2@&)net-spinel mylonites mark the Crust-
Mantle Shear Zone with a top-to-SW shearing inBeemeja massif (Précigout et al., 2013),

top-to-E shearing in the Alpujata massif (Tubia &wkvas, 1986), a variable sense of shear



176 in the Carratraca area (Tubia et al., 2004), apedeNW sense of shear in the Beni Bousera
177  massif (Afiri et al., 2011; Frets et al., 2014)mgaitaneously, mantle rocks have recorded a
178  continuous decompression, from the garnet stalfibtg to spinel-peridotite facies (Garrido
179 et al., 2011), related to ductile strain localiaatat the very top of the mantle units (Précigout
180 et al.,, 2007; Afiri et al., 2011; Précigout et @&013). Gabbros and Cr-rich pyroxenites
181 developed during mantle exhumation (Marchesi eRall2; Hidas et al., 2015). Nevertheless,
182  all mantle massives are dominated by spinel Ihgezoin which mafic layers are common
183 (Garrido and Bodinier, 1999). The granular plagselperidotites at the base are separated
184  from the overlying spinel tectonites by a “recrylgtation front” that marks the asthenosphere
185 boundary (Van der Wal and Vissers, 1996; Lenomlgt2001; Soustelle et al., 2009) that is
186 not exposed in the Carratraca massif (Tubia e2@04).

187

188 2.2/ The western Alboran crust

189

190 The western Alboran crustal envelope of the RondadBtites is mainly made of
191 Paleozoic rocks divided in two tectonic units, Apuide and Malaguide, which form an
192  Alpine nappe stack most probably related to suboiadduring the Eocene (e.g. Vergés and
193 Fernandez, 2012; Platt et al., 2013). This Alpiappe stack represents the Alboran crust, on
194 top of the Ronda peridotites, during the Oligo-Mine evolution (Torres-Roldan, 1979;
195 Tubia et al., 1992). The intrusion of Oligocenelaft@ dykes in both nappes indicates that
196  nappe stacking is pre-Oligocene (Esteban et aL3R0he Alpujarrides rocks are sometimes
197 divided in granulites, migmatites, gneisses andsselfe.g. Chalouan et al., 2008). Hereatfter,
198 following partly previous field observations (Baj@net al., 1997; Argles et al., 1999), we
199 divide the entire crust —i.e. the Alpujarrides-Mpalale pair- into three lithological groups,

200 namely lower, middle and upper crust (Log of Fig. 1
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The lower crustis composed by pelitic granulites, characterizgdcim-size garnet
porphyroclasts interlayered with minor marbles aa@ mafic granulites and by migmatites
without garnet that often show disrupted and folteeetosomes. A two-step evolution of the
high-temperature metamorphism during the Hercymiad the Oligocene has been recently
discussed in Gueydan et al. (2015). Trh&ldle crustis, from base to top, made of i)
sillimanite gneisses, with some strongly stretchm@ymatitic leucosomes, ii) fibrolite
gneisses, without leucosome but still with thin dies of sillimanite, and iii) andalusite
gneisses, where andalusite is the only aluminoadéi represented. Quartzites, phyllites and
schists with rare andalusite appear close to #resition with the upper crust. Theper crust
is composed of the Malaguide rocks made of Paleadates, carbonates, clastic rocks and of

scattered Permian terrigenous sediments and Measoadonates.

Most of the lower and middle crust rocks have aingplite facies parageneses and
partial melting is concentrated in the lower crugbote that high-pressure low-temperature
metamorphism reported in the area (Argles et 8P9) is related to the pre-rift history - i.e.
the Tertiary nappe stacking of Malaguide and Alpige units (Balanya et al., 1997) and
probably also the Variscan tectonic history (RurmLand Sanz de Galdeano, 2014). The
lithological boundaries between lower, middle amper crustal units roughly reflect the
original 650° C and 350° C isotherms related to high-temperature metamorphism, as
derived by Raman spectrometry on carbonaceous iadgfgegro et al., 2006) (Log in Fig. 1).
The different units are characterized by a faidptinuous temperature increase from upper
to lower crustal levels (Argles et al., 1999; Negtoal., 2006). The temperature peak is
corroborated also by the evidence of partial mgl&n the very base of the crust (Platt and

Whitehouse, 1999) and by a total reset of low-Tonbmeters in almost the entire crustal
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section, except in the shallowest levels (Monialgt1994; Platt et al., 2003a; Esteban et al.,
2004, 2013). At the onset of rifting, the contiredrgeotherm was rather hot and characterized
with estimates of Moho temperatures of ~700°C (Negral., 2006; Gueydan et al. 2015) and
~800°C (Argles et al., 1999). Estimates of initalstal thickness vary from 50 km (Argles et
al., 1999) to 35-40 km (Gueydan et al. 2015). Havesuch differences do not affect the

results of the present study.

In the Alpujarrides, aegional foliationdefined by medium-pressure/high-temperature
mineral assemblages showing a decrease in pred@alanya et al., 1997; Argles and Platt,
1999; Argles et al., 1999) developed during crustaining becoming parallel to the Crust-
Mantle shear zone (Fig. 1, Précigout et al., 2@3eydan et al., 2015; Balanya et al., 1997,

Sanchez-Gomez et al., 1999).

2.3/ Continental rifting in a supra-subduction s&it

The parallelism of foliations in crust and mantledatheir development during
decompression indicate that the western Alboran ailommesulted from the extensional
exhumation of a continental lithosphere sectiong(@s et al., 1999). However, Hercynian,
Jurassic and Alpine ages (Montel et al., 2000; Bénd&odriguez and Gebauer, 2000;
Sanchez-Navas et al., 2014) suggest that the mpatteof the section likely underwent a
rather complex evolution. The present paper doéginoat discussing this long and complex
geological evolution of the mantle but only at doasing the deformation pattern that
resulted from rifting and related exhumation of fitaospheric mantle. In spite of local
complexities, the constant crosscutting relatiopshieported in the previously published

maps (Tubia et al., 1997; Esteban et al., 2008;z8laand Martin-Algarra, 2011; Précigout



251 et al. 2013; Frasca et al.,, 2015) show that the dreMiocene Ronda Peridotite Thrust
252  postdates the mantle-crust extensional shear zZbomaning of the continental lithosphere
253  thinning therefore occured before the Lower MioceBecause thinning affected the Eocene
254  Malaguide-Alpujarride nappe-stack (Vissers et #095), an Oligocene-early Miocene age,
255  supported by different types of data, can be ardoethe rifting.

256

257 The exhumation and cooling of the mantle is datedhle garnet pyroxenites seated
258 immediately below the extensional shear zone tepamates the mantle from the crust (Sm-
259 Nd age of 21.5 + 1.8 Ma on garnet and clinopyrox&madler et al., 1983) (mean Lu-Hf ages
260 of 25 +1 Ma or 24 £ 3 Ma on garnet; Blichert-Tettal., 1999; Pearson and Nowell, 2004)
261 and by leucosomes stretched within the foliatiopantially molten lower crust (U-Th-Pb age
262 of 21.37 + 0.87 Ma on monazite; Gueydan et al. 52QWU-Pb age of 22.0 + 0.3 Ma on zircon;
263  Platt et al.,, 2003b). Note that mantle was exhufm@ah diamond crystallization conditions
264  (more than 150 km depth; Pearson et al., 1989; d3aet al., 1993) to garnet stability field
265 (70-90 km) in a previous deformation event, mostbpbly during Jurassic Tethyan rifting
266  (Van der Wal and Vissers, 1993; Afiri et al., 20Ggrrido et al., 2011).

267

268 As summarized above, the foliation related to @rest-Mantle Shear Zonevhich
269 affected simultaneously the crust and the uppet parthe mantle, developed during
270  decompression under high-temperature conditions.sBHme sense of shear is recorded in the
271 lower part of the crustal envelope (Balanya et H97; Argles et al., 1999) and in garnet-
272  spinel mylonitic zone at the top of the peridoti{@diri et al., 2011; Balanya et al., 1997;
273  Précigout et al., 2013; Gueydan et al., 2015). iHgadf the lower crust by the exhuming
274  mantle was high enough to induce partial meltinghi@ crustal rocks (Argles et al., 1999;

275 Platt and Whitehouse, 1999). Mantle-related magmattivity also attests for the hot
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conditions of continental lithosphere during riffinThe crustal emplacement of tholeitic
andesites and diorite dyke swarms is likely relatedhantle rising (Garrido et al., 2011), as
indicated by their location, mostly in the west8etics (Esteban et al., 2013), and their major
elements composition (Duggen et al., 2004). Theedythat are abundant in the Malaguide
and its Triassic sedimentary cover (Fernandez-feleret al., 2007) emplaced in the upper
and middle crust during E-W stretching (see disouse Esteban et al., 2013). The ages of
30.2 + 0.9 Ma age*{Ar/*°Ar on whole rock; Turner et al., 1999) and 33.6.6 Ma (laser
“OAr/*°Ar on a plagioclase from a basalt; Duggen et &Q043 were recently confirmed by a
33.1 + 1.5 Ma age (U/Pb SHRIMP on zircons; Estedtaal., 2013). Younger lower Miocene
ages (22-23 Ma: K/Ar age on whole rock; Torres-Ral@t al., 1986; 17.7 + 0.6 M3Ar/>°Ar
age on whole rock; Turner et al., 1999) are likeljated to the thermal cooling of dykes that
is controlled by the country rock temperature —ilee latest part of the regional high-

temperature metamorphic history.

The westward rollback of the Alboran subductingpstanow largely accepted to have
shaped the arcuate Betic-Rif belt (Balanya et28l07; Garrido et al., 2011, Platt et al., 2013;
Précigout et al., 2013; Johanesen et al., 2014) @i Several large-scale lines of evidence
support this interpretation: i) the evolution letvolcanism types (Duggen et al., 2004), ii)
the westward shift in the deposition of the foreldrasin (Iribarren et al., 2009) and iii) recent
tomography imaging of the mantle (Bonnin et al.1£20Palomeras et al., 2014). Various
scenarios have been proposed with significant rdiffees in terms of timing, direction and
amount of displacement (Royden, 1993; Lonergan \&ihite, 1997; Gueguen et al., 1998;
Wortel and Spakman, 2000; Gutscher et al., 2002¢dfana et al., 2004; Rosenbaum and
Lister, 2004; Vergés and Fernandez, 2012). Whatsoehese differences, an overall

westward trench displacement is more likely resfim@gor rifting in the Alboran upper plate



301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

and consequent exhumation of the subcontinentatlené@arrido et al., 2011; Hidas et al.,
2013; Précigout et al., 2013) (Fig. 2a). The gentbal signature of magmatic intrusions in
the Ronda Peridotites indicates that they weretémntcen the subduction upper plate (Marchesi

et al., 2012) (Fig. 2b).

Rifting of the continental lithosphere and subsequeantle exhumation thus occurred
in a supra-subduction setting during Alboran slaltback in Oligocene-Lower Miocene. The
final thrust emplacement of thRonda peridotiteson top of the lberian passive margin
corresponds to a rift inversion that occurred watlihe subduction upper plate in lower

Miocene (Hidas et al. 2013; Précigout et al., 2qQE8). 2c).

2.4/ Positioning of our study

Our study focuses on an area of the Western Albtiraindisplays a complete section
of thinned continental lithosphere. In the follogirthe deformation pattern is described at the
crust-mantle contact and in the lower, middle amgen crust. Thus, the geometry and
kinematics of rift-related structures are defined #he amount of crustal thinning across the
exhumed section of thinned continental lithosphemstimated. Furthermore, we argue that a
relationship exists between the lowermost sedinmgnitasin and the extensional features
described. Finally, the implications of our resutts the mechanics of lithosphere necking

and non-volcanic passive margin formation are dised.

Following the estimates of Hidas et al. (2013) &nélcigout et al. (2013), the amount
of crustal thinning in the western Alboran Doma@mained moderate bringing the mantle

rocks at mid-crustal levels (10-15 km). Conversélygles et al. (1999) and Platt et al.
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(2003a) suggest that crustal detachments broughtlenaocks to very shallow levels in the
Carratraca area, leaving a strongly attenuatedtatrienvelope (only few km thick).
Furthermore, the intrusion of gabbros in the RoRdadotites during the late stage of mantle
thinning confirms that the whole continental litbbsre has been affected by an extreme

stretching (Hidas et al., 2015).

We focused our study on the Carratraca region secaudisplays: i) a complete
lithospheric section (Soto and Gervilla, 1991; &gkt al., 1999; Tubia et al., 2004) and ii) an
excision of the deepest parts of the crust (Cha@wlmos et al., 1972; Cano Medina and Ruiz
Reig, 1990; Del Olmo Sanz, 1990). In addition, streictures related to mantle exhumation
are in this region rather well preserved: iii) freeworking during rift inversion (absence of
plagioclase tectonites related to hot thrusting) am from the effects of Miocene extension

related to the formation of the Alboran Sea ba€ionjas et al., 1992).

3/ Geometry, deformation and ages of lithosphere thinning

3.1/ Structural map of the Carratraca massives

The three main types of geological units of thelgtarea are (Fig. 3a): i) mantle rocks
(green; dark green highlights the grt-sp mylonit@s}jhe crustal envelope (purple, brown and
beige) and iii) the Alozaina basin that is filledthvterrigenous deposits of Lower Miocene
age (Sanz de Galdeano et al., 1993; Lépez-GarnddSanz de Galdeano, 1999; Suades and
Crespo-Blanc, 2013). Foliation trajectories (Fig) @re drawn from 1406 measurements (see

also stereoplots in Fig. S1 of “supplementary mailt@¢r The N-S trending cross-section (Fig.



351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

3b) is perpendicular to the main foliation trendd auts, along 22 km from the El Chenil
region to the El Chorro region, the Carratraca teamiassives, the crustal envelope and the
Alozaina basin. The crust-mantle boundary dipshveatrd, while the Ronda Peridotite thrust
is generally flat-lying. The two main high-anglermal faults of Cerro Tajo and La Robla dip

southward and crosscut the Ronda peridotites arafustal envelope.

In the crustal envelope, foliations dip northwatdrariable angles (Fig. 3). The main
foliation trend is generally parallel to the consed metamorphic isograds, from granulite to
greenschist facies, easing the identification ofdg middle and upper crust. Significant
jumps in P-T conditions occur along the Los Greltaglifault zone (Fig. 3) that likely acted
as an important mid-crustal shear zone (Argles.e1899). Approaching the upper crust, the
intensity of foliation decreases, and lithologitalundaries display more evidence of layer-
parallel brittle shear. Low-angle normal faults ammmon and show breccias and gouges

with subhorizontal striaes.

Foliation trajectories highlight the large-scale §&bmetry of the studied domain with
broad anticlines cored by the peridotites massams synclines defined by upper crustal
levels and the Alozaina basin. The Cerro Tajo aadRobla faults are large-scale normal
faults (Fig. 3) that bound the peridotite massitethe south and south-east, defining the

three studied tilted blocks: Agua, Robla and Alozai

3.2/*°Ar/**Ar on high angle normal faults

The Cerro Tajo and the La Robla faults put in dicemntact at map-scale mantle rocks,

upper crustal rocks and Alozaina basin sedimenty Fa), indicating large normal sense
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offsets (up to 5 km; Fig. 3b). Both faults show @yphased kinematic history (Soto and
Gervilla, 1991; Argles et al., 1999; Esteban et2004). A structural and kinematic analysis
of the two faults has been carried out using atasdirittle shear criteria (e.g. striae, mineral
fibers, Riedel-type shear faults or deflection ofidtions) observable on 10m-scale fault
surfaces. The damage zones of both faults comnsildw meter-scale offsets (Figs. 4d and
4e). Both faults display similar kinematic pattewigh a principal direction of stretching top-

to-S or E, and a principal direction of shorteniog-to-N-NW.

The La Robla fault has been interpreted as a rewamtal fault (Insua-Arevalo et al.,
2012). Instead, the Cerro Tajo fault has been destmvith movements top-to-N (Argles et
al., 1999; Esteban et al., 2004) or top-to-S witbeatral strike-slip component (Soto and
Gervilla, 1991; Crespo-Blanc and Campos, 2001),induBurdigalian to Serravallian.
Considering the large normal offset of these faals their obvious control on the bulk
structure of the area, we collected a sample gfdadthermal tectonic breccia (Fig. 4b) along
the Cerro Tajo fault (Fig. 4a) in order to datepthisement along these high-angle normal
faults. Millimetric white micas are pervasive irethiery fine-grained matrix of the tectonic
breccia (white arrow in Fig. 4c). White micas tlaaé not observed in the protolith of the
breccias define pseudomorphs after garnet (onefian Fig. 4c) clearly indicating a neo-
formation of the micas during shearing in preseoiclluids (see “supplementary material”
and Fig. S3 for further petrographic analysf8pr/*°Ar step heating method on the white
micas extracted from the matrix of the tectoniccbi@ give an age of 2t 0.3 Ma (see age
spectrum in Fig. 4f). Details on the method, agahlmmarizing the data and a complete set

of isotopic results are given in the “supplementaaterial”.
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The age of these neo-formed white micas from tbhtoiéc breccia clearly indicates
that at least part of the fault activity is oldaam what was previously reported. It is rather
difficult to directly attribute this age to the exsional or compressional features observed in
the field, since the micas were separated front fagks. However, the age gives a minimum
boundary for the activity of the major fault zott coincides with th&’Ar/*°Ar age of the
micas composing the regional foliation relatedh® éxtension, as described above (Monié et
al., 1994). On this basis and taking into accouavipusly published data, we consider that a
first extensional stage, most probably at ca. 21dvalder, with a top-to-S sense of shear in
present-day coordinates (see also Soto and Genil®1) was then followed by a
contractional reactivation with a strong componehtdextral strike-slip shear during late

Burdigalian (Esteban et al., 2004; Frasca et @lL52.

3.3/ The Alozaina basin

The Alozaina Basin(here name as such for sake of simplicity) (Figandl 3) is a
terrigenous Aquitanian to Langhian basin that idek three main groups (Serrano et al.,
2007; Suades and Crespo-Blanc, 2013 and refergheesin). At the base, the Ciudad-
Granada group is Aquitanian (22-20 Ma; dark yeliowFig. 3). In the middle, La Vifiuela
group is Burdigalian (20-18 Ma) and at the top‘tdeonumidian” olistostrome-type deposits
are Burdigalian - Langhian (around 18-15 Ma) (Baisg 1978; Martin-Algarra, 1987). A
first important feature of the basin is an upwaesmkning trend associated to a change in
sedimentation-type around 20 Ma when clasts of metphic rocks of the Alboran Domain
and locally peridotites started to be depositethan basin (Aguado et al., 1990). A second

important character of the basin is the importanbant of olistostromic deposits that have



424  been associated to thrusting in previous studigs &ades and Crespo-Blanc, 2013; Frasca
425 etal., 2015).

426

427 Both high-angle normal faults of Cerro Tajo and Rabla (Fig. 3) are likely
428 contemporaneous to sediment deposition in the Atezhasin because, first, they display
429  dip-parallel offsets up to 5 Km and, second, tredridtiution of sediments is strongly linked to
430 the location of faults. The base of the transgvessover of the Alboran Domain (dark yellow
431 in Fig. 3a) crops out completely only near Aloza{@urgois et al., 1972a, 1972b) while
432  several smaller outcrops are scattered along therdiormity with the Alboran metamorphic
433  rocks (Peyre, 1974; Sanz de Galdeano et al., 139&3ano et al., 2007; Alcala et al., 2014).
434  The base of the transgressive units is lower Agiatg similar to the activity of the La Robla
435  fault inferred from “°Ar/*°Ar dating of fault gouges (Fig. 4). These coevakeain of
436  sedimentation in the Alozaina Basin and high-amglamal faulting in La Robla and Cerro
437  Tajo provide an important constraint for the teataralendar of the area.

438

439

440 4/ Strain and kinematicsin crust and mantle

441

442 A regional foliation coeval with medium-pressurghiitemperature metamorphism
443  developed during continental rifting and relatedstal thinning whose mean direction is
444  almost parallel to the condensed metamorphic istsgira both ductile crust and mantle. Two
445  types of shear indicators are observed: ductilmamtle and lower/middle crust and brittle-
446  ductile in middle/upper crust. Figure 5 shows oapcphotographs of the different types of
447  shear criteria used throughout the entire thinnectian of the continental lithosphere. In

448  Figure 6, arrows represent the mean senses ofl@stiear in the lower crust and mantle



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

(violet), and in the middle crust (dark blue). Twpposite senses of ductile shear, top-to-E
and top-to-W, are observed that will be discussedetail below. Brittle/ductile shear (light

blue arrows) that are observed in the upper cmdtt@p middle crust can be related either to
rifting/thinning or to local later reactivation. &tcriteria adopted for data selection are also

discussed below.

4.1/ Kinematics of ductile deformation

a) In the Crust-Mantle shear zorle.the garnet-mylonitic peridotites of the Agualan
Robla blocks, C’-type shear bands often assocmitdstrongly stretched pyroxenite layers
give a sense of shear dominantly top-to-W (Fig.abll Fig. 6). Stretching lineations are
mainly defined by stretched orthopyroxene crystaigoxenites layers that are parallel to the
crust-mantle boundary (Fig. 6) are deflected invilcaity of the Cerro Tajo fault and close to
El Chenil, defining a slight arcuate trend. Thigesponsible for the dispersion of foliation
poles in the stereoplots (Fig. S1). In the lowerstrthe main foliation is defined by biotite
and sillimanite and locally by strongly stretcheddosome lenses. C’-type shear bands with
melt injections are abundant. Sigmoidal melt pressthadows around garnet porphyroclasts
and deflection of leucosomes against C'-type sheamds indicate a sense of shear
dominantly top-to-W (Fig. 5c¢). Stretching lineatsothat are commonly defined by quartz
rods and elongated K-feldspar in granulites andnmaiifes are subhorizontal and trend
mainly E-W, almost parallel to lineations in theggt-mylonitic peridotites. In summary, in
the Agua and Robla blocks, the crust-mantle boundeplays a top-to-W sense of shear at
the base of the crust and at the top of the mdhtte 6). Few top-to-E senses of shear are

observed but only in scattered and discontinuoitddductile low-angle shear zones (Fig. 6).
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b) In the middle crustwo senses of ductile shear are observed: tafi-in-the lower
part of the middle crust and top-to-NE in the uppart of the middle crust. ENE to NE-
trending stretching lineations are defined byrsidlnite needles in the upper part of the middle
crust and by still few E-W trending quartz-sillimi@nrods in the lower part. Sheath folds are
common (Fig. 5f) that could partly explain the senhg in the lineation trend observed. They
indicate high to extremely high values of the pipat direction of stretchingh{ > 7.0; i.e.
stretching >600%) in the middle crust rocks. Ddftat of foliations along C’-type shear
bands, asymmetric boudinage of competent layers sigtha or delta tails around
porphyroclasts indicate a top-to-NE sense of sfiegr 5e) and, less frequently, a top-to-W
or SW sense of shear in the lower part of the meiddlist (Fig. 5d). No superposition of the
top-to-W and top-to-NE senses of shear has beenifiee leading Argles et al. (1999) to
propose that deformation was co-axial. These twgmosipe senses of shear, their respective
location in the lower and upper parts of the middiest and the absence of crosscutting
relationships suggest their coeval development.eldeer, the top-to-W sense of shear in the
lower part of the middle crust is in continuity tvia similar sense of shear in the lower crust
and mantle. In the other hand, the top-to-NE serfisshear in the upper part of the middle

crust is in continuity with the sense of sheamat transition between brittle and ductile crust

(Fig. 6).

4.2/ Kinematics of brittle/ductile deformation abele crustal scale

In the transition between middle and upper crustas criteria combine mixed ductile
and brittle features. Asymmetrimoudinageand C’-type shear bands in andalusite-bearing
quartz veins always show a top-to-E or NE sensbritle/ductile shearing (Fig. 6g). The

same features are observed in both Agua and LaaRbitks and this geographic distribution
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indicate that the observed senses of shear ateddf@a single deformation event and not to
late local reactivations. Moreover, top-to-NE sem$eshear in these ductile-brittle shear
indicators is related to veins that contain metgrhar minerals (Fig. 69g), indicating that the

development of C’-type shear bands and the overadital thinning are related to the regional

high-temperature event responsible for the maiatioh.

In the upper crust, the metamorphic grade beconeeg bow and the absence of
metamorphic mineral renders almost impossible tyegaation of shear sense indicators
related to crustal thinning from those resultingnirlate reactivation. Widespread low-angle
normal faults are interpreted as associated ettherustal thinning during lower Miocene
(Argles et al., 1999) or to middle Miocene extensioreactivation of the Alboran domain

during the formation of the Alboran basin (GarciaeBas et al., 1992).

Top-to-E-NE brittle-ductile shear indicators arscabbserved throughout the entire
crustal section (light blue arrows, Fig. 6) andgesj that a late top-to-E sense of brittle shear
affected the entire thinned continental crust wiglactivation of the previous lithological

boundaries (see also Argles et al., 1999).

4.3/ A gradient of ductile crust thinning: hyperetthing?

Important variations in crustal thickness can Herned from the geological map and
cross-sections (Fig. 3). The Cerro Tajo and La Rdbyh-angle normal faults divide the
thinned continental lithosphere in three tectoacks (Agua, Robla and Alozaina; Fig. 6) in
which crustal thickness strongly differ. Map-sca®sscutting relationships indicate that

variations in crustal thickness, especially in diuetile crust, were acquired before high-angle
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normal faulting, during the Oligocene-Lower Mioceni@éing. These map-scale relationships
also exclude that variations in crustal thicknemsa be attributed to later tectonic events and

in particular to thrusting.

The variations in crustal thickness can be pamrhated to erosion, but only in the
upper crust. A strong thickness decrease is obdenvihe lower crust between La Agua and
La Robla blocks where thickness values are 560 an3@0 m, respectively). In the Alozaina
block the lower crust is entirely absent and thddi@ crust preserved only in scattered lenses
of few tens meters thick and locally found in direantact with the serpentinized mantle. The
middle crust shows a comparable thickness variafrom 1510 m to 950 m in average from
the Agua to La Robla blocks. The total thicknessati@mn of the ductile crust, from 1970 m
to 70 m from Agua to Alozaina blocks, correspondsatlayer-perpendicular finite strain
MW=0.04 (i.e. 96% shortening). In plane strain, thauld imply a layer-parallel finite strain
M=25.0 (i.e. a bulk stretching amount of 2400%)), irdan be called “hyper-stretching”. Such
amount of thinning-stretching is entirely relatedductile strain and cannot be simply related
to high-angle normal faulting. The strong gradiehlayer-perpendicular shortening observed
cannot result only from simple shear and is neci#gsacombination of layer-parallel shear

and layer-perpendicular shortening (i.e. combimatibpure shear and simple shear).

4.4/ Kinematics of brittle/ductile deformation imethyper-stretched continental lithosphere

To NE of El Chenil in the Alozaina block, where tlbeustal section reaches its
minimum thickness, a low-angle normal fault (LAN&)th top to the E-NE sense of shear
(Fig. 6) juxtaposes the upper crustal rocks (Makdgschists at the top) and serpentinized

mantle rocks (Fig. 8a; for detailed map and measentés see Fig. S2). Lower and middle
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crustal rocks are strongly stretched and reducecheter-scale lenses (Fig. 7). In addition,
mylonitic peridotites are not preserved and uppastal rocks are in direct contact with the

spinel-tectonites through the LANF.

The fault zone whose thickness changes along sfrix@ around 10 to 30 m,
maintains a characteristic structural zoning (F&gs.and 8b). The LANF footwall is marked
by a serpentinite zone of 5 to 30 meters thick withariable degree of brecciation and several
outcrops of ophicalcites (Fig. 8c), suggesting ghesence of hydrothermal fluids during the
LANF activity. In the hanging-wall, the overlyingustal rocks (Fig. 8d) are more pervasively
deformed and, in the core, characterized by a geutieclasts of quartz-veins and gneisses
and locally blocks of ophicalcites. In the uppeustrclose to the fault zone, C-type shear
bands indicate a top-to-E-NE sense of shear (Fegar®l steroplots in Fig. S2), as in the

middle and upper crust described in sub-section 4.2

The LANF is cut during the Aquitanian by the highgle normal fault of La Robla
(Figs. 5, 8a and 8b), supporting a rift-relateigior Deposition of breccias and sandstones is
locally controlled by C’-type faults in the LANF hging-wall (Figs. 8a and 8b). The
sedimentary rocks deposited at the base of theaikiazBasin (Ciudad Granada formation,
Aquitanian in age) are breccias made of 1-10 cigelangular clasts, in a sandy yellowish to

brownish matrix (Fig. 8f) grading upward into quarich sandstones.

In summary, stretching reached its maximum valuthéAlozaina block, leading to
the complete omission of the ductile crust. Theangpustal rocks were carried on top of the
serpentinized mantle through a LANF with a top-ttdE sense of shear, like in the upper

crust but opposite to the lower crust/upper mantle.
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5/ Discussion

5.1/ Change in the sense of shear with depth

The ductile deformation that is responsible for thevelopment of foliation and
stretching lineations at regional scale is assedidb a medium-pressure/high-temperature
metamorphism characterized by andalusite and sitlite in the middle crust and reaching
partial melting in the lowermost crust in lower Anian. This extensional deformation i)
lead to extreme ductile crust thinning as a resfilso-called hyper-stretching in an EW
direction and ii) is characterized by a changenangense of shear with depth, top-to-W in the
mantle, lower crust and lower part of the middlestrand top-to-NE in the upper part of the

middle crust and in the upper crust.

Top-to-E-NE brittle-ductile shear affected the emtihinned crustal section. The
superposition of brittle-ductile deformation on tigc fabrics indicates that the originally
ductile crust cooled during thinning and becamé pfthe brittle crust during the extensional
process. Consistently, in the hyper-stretched @ornif the continental lithosphere, where the
ductile crust thickness reaches its lowest valess(than few meters), a concordant top to NE

shearing is observed in both strongly thinned caust serpentinized mantle.

The above conclusions can be summarized graphioalth their rheological
implications. At the onset of extension (Fig. Qg vertical profile of displacement is bell-

shaped defining: i) a top-to-E sense of shear enughper crust and top middle crust and ii) a
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top-to-W sense of shear in the lower crust andsthie-continental mantle. In rheological
terms, this change in shear sense with depth shomuttbntrolled by two strength peaks i) the
brittle-ductile transition in the crust and ii) &h strength layer in the sub-Moho mantle that
are separated by a weak decoupling layer (i.edtintile crust). Upper crust and mantle are
thus mechanically decoupled and their respectivéorohation is accommodated by
horizontal flow in the ductile crust. Two main sheanes, the “midcrustal shear zone” and
the “crust-mantle shear zone” control the horizbdisplacement with opposite sense of shear.
After a significant amount of extension and thimnigFig. 9b) the two shear zones
progressively merge in a single one and the uppest @and mantle becomes mechanically
coupled, as exemplified by the same top to NE shgam both crust and mantle in the hyper-

stretched portion of the lithosphere.

5.2/ Some remarks about late high-angle normattifagl

The Cerro Tajo and La Robla faults (Fig. 3) arenarily normal faults which still
display large dip-parallel offsets, up to 5 Km. [gr thrusting in late Burdigalian, these
faults have undergone minor contractional readbwatvith a component of dextral shear
(Soto and Gervilla, 1991; Frasca et al., 2015) thdtnot significantly affected their large
normal offset. The two faults that cut trough tlmast and mantle controlled block tilting in
the Sierra de Agua and Sierra de la Robla. Wheresas prolongation in the Alozaina basin
cannot be precisely mapped, few outcrops insidebd®n indicate that the sediments are
tilted in their hanging-wall (Fig. S2). The Ciud&tanada group (Serrano et al., 2007) is the
first sedimentary formation deposited in the bgsiddle and late Aquitanian, 22-20 Ma). It
is worth noticing that th&°Ar/*°Ar age that we obtained for the La Robla fault goigyalso

Aquitanian - 21+ 0.3 Ma - i.e. synchronous with the early sedimdeaposition in the
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Alozaina basin. The sediments are distributed @asmwhere the ductile crust is missing and
their deposition is locally controlled by top-to-ENC’-type shear bands at the base of the
upper crust. The above observations and data iredibat the base of the Alozaina basin is a
syn-rift deposit. The Alozaina and Malaga outcragsthe Ciudad Granada group were
deposited at depths of less than 200 m, in a gEmlironment (Serrano et al., 2007). The
shallow environment of the deposition is especigltgresting because syn-rift sediments are

rarely drilled in modern passive margins (Wilsoraket2001; Péron-Pinvidic et al., 2007).

The two faults trend at small angle to the directod the stretching lineations in the
Agua and La Robla blocks. Consequently, these nofiami#ts cannot have developed in the
kinematic continuity of the ductile deformation oeded in the tilted blocks. In fact, available
paleomagnetic data show that the studied area hdsrgone dextral rotations up to 60°
(Feinberg et al., 1996; Villasante-Marcos et al03 in relation with the formation of the
Gibraltar arc during slab rollback (Fig.2). Conseufly, the rift that lead to hyper-stretching
and mantle exhumation has undergone large rotatounéng the late stages of its
development and during later inversion/thrustingpitPet al., 1995; Frasca et al., 2015).
Whereas it is beyond the scope of the present gapsaborate on these large-scale tectonic
aspects, it is especially interesting to note ttheise high-angle normal faults, whose
development is rather late in the rift history, tubugh a brittle mantle layer of more than 5
km thick. This demonstrates that the extreme timgmf the continental crust in the area had

already permitted a fast cooling of the underlymnantle.

5.3/ Process of lithosphere necking in the wesBatics
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The geological observations and the measuremenisataut in the Carratraca massif
of the Ronda peridotites and its crustal envelapegmew light on the process of lithosphere
necking. Whereas the evolution of necking is pregitee, it is summarized for convenience in

three snapshots, called early, advanced and Eges{(Fig. 10).

The early stages of neckifigig. 10a), which are dated between 33 and 25 Mthéy
intrusion of the Malaga tholeiites (Turner et 4B99; Esteban et al., 2013), are characterized
by the existence of a high strength subcontinentaitle. A common sense of shear top-to-W
in lower crust and uppermost mantle is oppositfai¢éosense of shear top-to-E-NE observed in
the middle crust (Fig. 9a). This inversion in tlemse of shear with depth strongly constrains
the mechanical behavior of the rifted lithosphdreshows that the ductile middle and lower
crust played the role of a decoupling layer (décollementbetween the brittle upper crust
and the high strength subcontinental mantle. lldggcal terms, it indicates that the mantle
strength was higher than the strength of the oweglgluctile crust and underlying deeper
lithospheric mantle. In addition, strain weakenprgcesses lead to strain localization both at
the brittle-ductile transition in the crust andle uppermost part of the subcontinental mantle
(Fig 9a; see discussion in Gueydan et al. 2014% foihmation of these two shear zones
provides a simple explanation for the observed rsiva of shear sense at the boundary
between middle and lower crust (Fig 9a and 10aplédgue and numerical models show that
lithosphere necking is accommodated by intensanstoealization in the subcontinental
mantle (Gueydan and Précigout, 2014) and crustimatdcoupling (crustatiécollemenjt
(Brun and Beslier, 1996; Nagel and Buck, 2004; @Gaayet al., 2008). Moreover, modelling
also exemplifies that the necking process corredpoat lithosphere scale, to a pure shear-
type deformation accommodated by conjugate sheaeszavith opposite senses of shear,

respectively at the base of the brittle crust anthe subcontinental mantle (Brun and Beslier,
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1996; Gueydan et al., 2008). The strong mylonikiratand thinning of the high-strength

mantle (Précigout et al., 2007) allows the deepdrvaeaker mantle to come into contact with
the crust, hence implying a strong heating of thveer crustal levels (Gueydan et al., 2015).
This is in agreement with partial melting obserwedhe lower part of the crust (Platt and
Whitehouse, 1999; Whitehouse and Platt, 2003). @utigh geotherm (Negro et al., 2006) is

likely related to the supra-subduction settingiftiing in the western Alboran.

The advanced stages of neck{ftg. 10b), which are dated between 25 and 22 Ma by
crystallization and cooling ages within the highafeerature foliation (Esteban et al. 2013; see
data compilation in section 2), are characterizgdabstrong thinning of the ductile crust
observed from the Agua to Alozaina blocks. The exily large gradient of stretching
(2400%) can be qualified of “hyper-stretching”. Tdhestic decrease of the crustal thickness
triggers cooling of the attenuated crust and uppart of the lithospheric mantle.
Consequently, the initial strength profile with tweaks (Fig. 9a) becomes single peak in the
localized zone of stretching (Fig. 9b). In otherrdsy the crust and mantle becomes
mechanically coupled and the two major shear z@nesmid-crustal and crust-mantle shear
zones) merge into a single, with top to NE shealiatyveen upper crust and serpentinized
mantle. Four-layers analogue models of lithosplextension have consistently shown that
the boudinage of the high strength mantle was t@bi#ings into contact the upper part of the
crust and the ductile lithospheric mantle with tredready acquired opposite senses of shear

(Brun and Beslier, 1996).

The late stages of neckir{§ig. 10c) which is dated between 22 and 20 Ma (our
“OAr/**Ar minimum age on the Cerro Tajo fault and Alozaliasin), are characterized by the

development of steeply dipping normal faults arldtesl block tilting within this domain of
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localized stretching. Cooling thus occurs rapidhythe thinned crust and the underlying
mantle, and induces a downward migration of th#lérductile transition in the lithospheric
mantle. In the western Betics, this event of laiéleé deformation is indeed superposed to
previous ductile fabrics and is characterized by fibrmation of tilted blocks of Agua, La
Robla and Alozaina, whose formation has been ump¢ed by thrusting and rift inversion
around 20 Ma (Frasca et al., 2015). The syn-rifiod&s are coeval with this late stage and

mark the onset of subsidence and cooling of thegctted portion of the lithosphere.

Whereas mantle exhumation in the western Beticsiroed in a backarc setting, the
observed deformation pattern is strongly controbgdhe presence of a high-strength layer at
the top of the lithosphere mantle. This makesrealy comparable to most passive margin
formation that have lead to mantle exhumation dmetefore it provides a useful field

analogue for the seismic interpretation of the albed “hyper-extended margins”.

5.4/ Field evidence versus models

In summary, the western Betics, probably bettemtlany previous field study,
exemplifies the changes in deformation processasatcommodate the progressive necking
of a continental lithosphere up to mantle exhunmatithe conceptual model shown in figure
10 summarizes our field observations and measursmerthree steps that directly result
from the three major thermo-mechanical changesdbetir during necking of a continental
lithosphere: i) the reversal of shear sense withtldés controlled by the initial two-peak
strength profile of the lithosphere, ii) extremelyong stretching in the central zone of the

lithosphere neck results from the intense stramalleation in the subcontinental mantle, and
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iii) the late steep normal faults that crosscuhbaust and mantle result from fast cooling in

the zone of hyper-stretching.

This progressive deformation pattern that charamsrmantle exhumation in the
western Betics (Figs. 11e and f) can be comparéd @nd-member mechanical models in
which the bulk deformation is either i) rather syairnital as a result of an efficient
decoupling between the upper crust and lithospimeaictle along a crustal décollement (Figs.
1la and b, Brun and Beslier, 1996) or ii) startsygnmetrical and becoming strongly
asymmetrical, controlled by one or more lithospksrale detachment(s) (Figs. 11c and d;
Mohn et al., 2012). For convenience, only the fatstges of lithosphere necking and the last
stages of mantle exhumation are represented imd-ifli The two models differ significantly
not only in terms of bulk structural symmetry blgcaconsidering the role played by ductile

deformation.

In the symmetrical necking model (Figs. 11a andBtyn and Beslier, 1996) the
middle ductile crust (décollement) is sheared wphe rift axis. In the lithospheric mantle,
ductile shear is localized below the high strengtmtle layer with a sense of shear top away
from the rift axis. During increasing extensione tthinning and rupture of the sub-Moho
high-strength layer brings into contact the crusd anantle shear zones with their opposite
senses of shear. The exhumed mantle only displeysense of shear top away from rift
center. In this process the same pattern of dushiar affects the two rift margins even if the
continental breakup does not occur at the centéneofift zone. In other words, a difference
in bulk margin shape (i.e. width and thickness gmai)) does not necessarily imply a strong

internal asymmetry in terms of structure and kingrsa
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In the asymmetrical hyperextension model (Figs. ddd d, Mohn et al., 2012), even
if rifting starts rather symmetrical, a strong asyetry characterizes the final structure and
deformation pattern. This model implies an excisjaof the middle crust (Mohn et al., 2012)
or ii) of the high strength lithospheric mantle rdar{\WWhitmarsh et al., 2001) or iii) of both
middle crust and lithospheric mantle (Lavier andnistachal, 2006). From a kinematic point
of view, this model is characterized by a singlesgeof shear top-to-detachment hanging wall
from the upper crust to the ductile mantle (Lavaed Manatschal, 2006; Whitmarsh et al.,
2001). Finally and more importantly, in terms ofdaebprediction, the two conjugate margins
in this model, correspond to the hanging-wall amatwall of a lithosphere-scale detachment,
respectively. Consequently, they must have strikirdifferent lithosphere-scale structures

and deformation patterns.

The pattern of deformation associated to mantleuedtion in the western Betics
(Figs. 11 e and f) has three important outcomest,Ht provides, for the first time, field
evidence of a vertical reversal of shear senseredigbed by the laboratory experiments of
Brun and Beslier (1996) (Fig. 11a). Second, it shdlat crustal layers first underwent a
strong thinning, by simultaneous faulting in thgepcrust and ductile shear in the middle
crust, during which extremely high values of stingig were reached prior to full mantle
exhumation. Third, full mantle exhumation was acomdated by newly formed high-angle
normal faults, cutting through the strongly thinnedddle-lower crust and the underlying
brittle mantle, and block tilting. One can expelatt if extension would not have been
interrupted by rift inversion, the normal faultiagd block tilting would have continued in a
core complex exhumation mode of the underlying iticinantle (Fig. 11f). Mantle

detachment faults are thus more likely very latecstires of the necking process.
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6/ Conclusions

Our study that links field geology and geochrongltgads to the following conclusions:

1/ The western Betics presents an exceptional exposf a hyper-stretched continental
lithosphere section, which includes the world latgeubcontinental mantle massif (Ronda

Peridotites), exhumed during the Oligocene-Loweoddne in a back-arc tectonic setting.

2/ Variations in crustal thickness in the lithosghsection indicate amounts of stretching that

may locally reach values as high as 2400%, definistpge of hyper-stretching.

3/ Ductile deformation associated to lithosphernarting is marked by opposite senses of
shear in the lower crust/subcontinental mantle ianthe upper/middle crust, highlighting a
mechanical decoupling between the upper crust ladbtalizing subcontinental mantle. The
presence of a high strength sub-Moho mantle isoresple for this change in sense of shear
with depth. Whereas mantle exhumation in the wedBatics occurred in a backarc setting,
this deformation pattern, controlled by a high+sgth layer at the top of the lithosphere
mantle, makes it directly comparable to most passnhargin formation that have lead to
mantle exhumation. Therefore, this unique fieldregke has a strong potential for the seismic

interpretation of the so-called “hyper-extended gires”.

4/ In the course of extension, the ductile crushast disappeared in the hyper-stretched
segment (i.e. lithosphere neck) and the upper dreasame mechanically coupled to the

underlying serpentinized mantle.
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5/ On the above bases, three main steps summhezghtosphere necking process:

i/ a mid-crustal shear zone and a crust-mantlarshene that acted synchronously but
with opposite senses of shear, accommodated dumtilst thinning and ascent of the
subcontinental mantle,

ii/ hyper-stretching localized in the lithosphereck lead to an almost disappearance
of the ductile crust and brought the upper crusintact with the subcontinental mantle, each
of them with their already acquired opposite sendéeshear;

iii/ high-angle normal faulting cutting through tidoho and related block tilting

achieved the full exhumation of mantle in the damHilocalized stretching.
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Figure captions

Fig. 1. @) Tectonic map of the Western Betics with foliatitwajectories (modified after Frasca et al.
2015) showing the main geological units: Rondadumies with plagioclase tectonites (dark green
and pale green), lower, middle and upper cruststs@bove the peridotites (violet, dark brown and
pale brown), crustal rocks below the peridotitesddblue), lower Miocene Alozaina basin (beige) and
Tortonian basins (pale yellow). Major tectonic @ms: Ronda Peridotites Thrust (RPT), Internal-
External Zone Boundary (IEZB), crust-mantle extenal shear zone (white line). Top left inset:

Location of the study area in the Betic-Rif belttwihe location of the Ronda-Beni Bousera mantle
bodies. Bottom right inset: synthetic vertical gamttof the lithological and tectonic units of the

Western Beticsb) E-W trending cross-section; see location AA{&.

Fig. 2. (a) Subduction slab rollback setting of the Rondadmites in the Alboran domain, showing
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the present day geometry of the trench and its tingtical position at 30 Mabj Rifting at the front
of the subduction upper plate responsible for neamtkhumation. d) Rift inversion and thrust
emplacement of the Ronda Peridotites on top ofitkéan margin (modified after Précigout et al.,

2013).

Fig. 3. (a) Structural map of the Carratraca peridotitic maess (synthetized after Chamon Cobos et
al., 1972; Cano Medina and Ruiz Reig, 1990; Cruz Bdian, 1990; Del Olmo Sanz et al., 1990; Soto
and Gervilla, 1991; Argles et al., 1999; Tubialet2004 and Frasca et al., 2015). Green startiposi

of the sample (GFD7) collected for tfér/**Ar dating. LGFZ: Los Grenadillos Fault Zond) (NS
cross-section showing the geometry of the threekisloof Sierra Agua, Sierra de la Robla and

Alozaina. See location in (a).

Fig. 4. Kinematics and age of high-angle normal fauliy Qutcrop photograph of the Cerro Tajo fault
that put in contact middle crust gneisses with esatipized mantle rocks} Hand-specimen (GFD7)
of the fault breccia sampled f&tAr/**Ar dating (see location in Fig. 3.3a). White arrasast of the
gneiss protolith containing only biotitec) (Thin-section of sample GFD7 showing the formatain
white mica pseudomorph after garnet. White arngevy small white micas in the matrix (for details
see “supplementary material”, Fig. S3). 4nd €) Stereoplots of fault surfaces (lower hemisphere
projection on a Schmidt net; FSA software by Céler2013: version 35.2) for Cerro Tajo fault and
La Robla fault (e) (see location of the faults iig.F3.3a). Great circles: fault planes. Grey arrows
direction of motion on fault surfacesf) (°Ar/**Ar age spectrum for the mm-sized white micas

extracted from the sample GFD7 (see method angtasaldata in “supplementary material”).

Fig. 5. Types of shear indicators used in crust and maatks @) Landscape view (from point 5a in
Fig. 4) of the thinned lithosphere in the SierraAdia. Left inset: Summary of senses of sheareat th
different lithosphere levels (not to scale; gremantle; violet: lower crust; dark brown: middle stu
light brown: upper crust) with location of photoghas (see location in Fig. 4b) Top-to-W sense of

shear in the mantle: deflection of a pyroxeniteetay the Grt-Sp mylonitic foliation.cf Top-to-W
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sense of shear in the lower crust: melt in veirsiarpressure shadows around a garnet porphyreclast
and C’-type shear-bands, locally enriched in meltnolten granulites.d) Top-to-W sense of shear in
the middle crust: sigmoidal stretched leucosonse.Top-to-E sense of shear in the middle crust:
sigmoidal stretched leucosomd) Eyed-type section of a sheath fold in the middtast in the
sillimanite gneisses.gf Top-to-E sense of shear in the middle/upper cr@stype brittle-ductile

shear bands in the andalusite schists.

Fig. 6. Map of mean senses of shear in the Carratraca @odars of geological units like in Fig. 3.
Ductile shear in the mantle and lower crust (Viaetows) and in the middle crust (Blue arrows).
Brittle/ductile shear, mainly observed in the upperst (Pale blue) (For the whole set of lineatonl

shear criteria see “supplementary material”, FiD. S

Fig. 7. Variations in crustal thicknessa)(Crustal thickness estimates in the Agua, La Ralld
Alozaina blocks (green: mantle; violet: lower crudark brown: middle crust; light brown: upper
crust) (See location in Fig. 3)) Estimates of the average thickness of the uppildle and lower
crust in the three blocks, made from local crosdises that take into account variations in mean

foliation dip.

Fig. 8. Low-angle normal fault (LANF) in the hyper-stregéchportion of the rift (El Chenil area; see
location in Fig. 6).4) Landscape view of the EI Chenil LANFb)(Geological interpretation of the El
Chenil fault zonefor detailed map and measurements see Fig.(§Bhotograph of ophicalcite.
(d) Fault gouge in the fault core zone with clastgjeértz-veins (Q), breccia (B) and gneiss (@). (
C’-type shear bands (shown by blue arrows) in thigeu crustal rocks indicating a top-to-E sense of

shear. ) Sedimentary breccia at the base of the Alozaasinbwith clasts of upper crustal rocks.

Fig. 9. Summary of shear sense variations with depth bheul implications in terms of horizontal
displacement and rheology (strength profila),dt the onset of extension ary) &fter a strong crustal

thinning in the hyper-stretched portion of theditbhere.
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Fig. 10. Three-stage conceptual model of lithosphere necksmmmarizing the progressive
deformation recorded in the crust and mantle wfithe Carratraca areaa)(Early stages controlled

by the mid-crustal shear zone and the crust-masitear zone with opposite senses of shdgr. (
Advanced stages cahracterized by localization wodtcdting at rift center leading to an extreme
thinning of the ductile crust and omission of thavér crust. € Late stages of high-angle faulting

cutting through the strongly attenuated crust &edcboling mantle.

Fig. 11. Comparison of models of lithosphere necking umémtle exhumation, which evolve either
dominantly symmetricala(andb) or asymmetrical andd), with the lithosphere-scale deformation

pattern documented in the western Betiar(df) (as summarized in Figs. 9 and 10).
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[a] 33-25 Ma; Early stages of lithosphere necking
Crust-mantle decoupling, crust heating by exhuming mantle
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@ 25-22 Ma; Advanced stages of lithosphere necking
Crust-mantle coupling, localisation (hyper-stretching), onset of cooling
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22-20 Ma; Late stages of lithosphere necking
Mantle faulting & block tilting, cooling Agua Robla Alozaina
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Highlights

Western Betics (S Spain): exceptiona exposures of thinned continental lithosphere
Progressive lithosphere necking leads to crustal stretching values larger than 2000%
1) mid-crustal and crust-mantle shear zones act with opposite senses of shear;

2) ductile crust disappears, and upper crust touches the subcontinental mantle

3) high-angle normal faults end mantle exhumation where stretching islocalized.



