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From ductile to brittle, late- to post-orogenic evolution of the Betic Cordillera:
Structural insights from the northeastern Internal zones

ROMAIN AUGIER!?3 LAURENT JOLIVET"?3, DAMIEN DO COUTO*> and FRANCOIS NEGRO®

Keywords. — Exhumation, Extension, Palaeostresses, Inversion tectonics, Salinity crises.

Abstract. — Relations between Alpine detachment-bounded metamorphic domes, crustal-scale strike-slip fault zones and
sedimentary basins in the Internal zones of the Betic cordillera are still matter of debate. Current tectonic interpretations
of these basins vary from late-orogenic extensional structures to compressional ones associated with strike-slip motions
along major still active faults. Structural investigations including new field mapping, meso-scale faults recognition,
palaeostress analysis of brittle small-scale faults systems were performed in the sedimentary cover of the Almanzora
corridor and the Huércal-Overa basins, located either in the hanging wall unit of the Filabres extensional shear zone or
at the termination of the Alhama de Murcia sinistral fault zone. In parallel, a detailed study of the ductile and the duc-
tile-brittle deformation was carried out in the footwall unit of the Filabres extensional shear zone, in the Nevado-
Filabride complex. Three main brittle events were recognised in the basin cover including two extensional events that
occurred prior to a weak tectonic inversion of the basin during a third, still active event. The first one, D1, is character-
ized by the development a first stress regime consistent with ~NW-SE extensional tectonics. Besides, the consistency
between the latest ductile and the brittle kinematics for the Filabres extensional shear zone and the activity of
meso-scale fault systems that primarily control the main SW-NE depocentres allow concluding to a top-to-the-NW con-
tinuum of strain during the final exhumation of the Nevado-Fildbride complex. The resulting overall half-graben archi-
tecture of the basins is then related to the combination of the formation of the metamorphic domes that added a local
control superimposed on the regional deformation. Indeed, after a consistent top-to-the-west shearing prevailing during
most of the Nevado-Fildbride exhumation, final exhumation stages were in turn, characterised by important kinematics
changes with a subordinate top-to-the-NW sense of shear (D1,). The onset of sedimentation in the basins occurred
shortly after the crossing of the ductile-brittle transition in the underlying metamorphic domes at ca. 14 Ma into SW-NE
fault-bounded troughs. Tectonic subsidence was then maintained during D2, while extensional kinematics changed to
N-S or even locally to SSW-NNE. Extensional tectonics then lasted most of the Tortonian during the final tectonic denu-
dation increments of the Sierra de los Filabres achieved at ca. 9-8 Ma. Intramontane basins are therefore genuinely
extensional and clearly related to the latest exhumation stages of the Nevado-Fildbride complex in the back-arc domain.
Conversely, at ca. 8 Ma, basins started to record a ~N-S to NNW-SSE compressional stress regime (D3,,) and ceased to
be active depocentres while shortening within the Internal zones then recorded only the Iberia/Africa convergence. The
weak inversion of the basins however resulted either in the reactivation of originally extensional faults such as the
Alhama de Murcia fault or the basin individualisation and a progressive water exchange reduction with the Atlantic
ocean and is thus proposed to be directly responsible for the Late Miocene salinity crises.

Evolution ductile a cassante, tardi- a post-orogénique des Cordilleres bétiques : apports
d’une étude structurale du Nord-Est des zones internes

Mots-clés. — Exhumation, Extension, Paléocontraintes, Tectonique en inversion, Crises de salinité.

Résumé. — Les relations entre les ddmes métamorphiques alpins limités par des détachements, les zones de failles décro-
chantes crustales et les bassins sédimentaires sont toujours débattues dans les zones internes des Cordilleres bétiques.
Les interprétations tectoniques de ces basins varient depuis des structures tardi-orogéniques purement extensives a des
structures compressives associées aux mouvements senestres le long de failles décrochantes majeures encore actives.
Une étude structurale incluant un nouveau travail de cartographie, la reconnaissance des failles d’échelle intermédiaire,
la détermination des paléocontraintes grace a I’inversion de données de microfailles a été entreprise dans la couverture
sédimentaire des bassins de Huércal-Overa et du corridor de 1’ Almanzora, localisés a la fois dans I’unité située au toit
de la zone de cisaillement extensive des Filabres et a la terminaison de la zone de faille senestre d’Alhama de Murcia.
En parallele, une étude détaillée de la déformation ductile et ductile-fragile a été réalisée dans 1’unité située au mur de
la zone de cisaillement des Filabres dans le complexe Nevado-Filabride. Trois principaux événements cassants ont été
reconnus dans la couverture sédimentaire dont deux épisodes extensifs suivis d’une inversion tectonique modérée du
bassin durant un troisieme épisode, toujours actif aujourd’hui. Le premier, D1, est caractérisé par un premier régime de
contrainte compatible avec une extension ~NW-SE. En outre, la cohérence entre les derniers incréments de la déforma-
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tion ductile et la déformation cassante sur la zone de cisaillement des Filabres, la cinématique des failles d’échelle inter-
médiaire qui contrdle les principaux dépocentres orientés SW-NE ont permis de conclure a un continuum de
déformation NW-SE durant 1’exhumation finale du complexe Nevado-Fildbride. La géométrie de premier ordre en
demi-graben est donc le résultat de processus tardi-orogéniques incluant 1’extension ~E-W arriere-arc liée au retrait
vers I’ouest du panneau plongeant et la formation des ddmes métamorphiques ajoutant un controle plus local a la défor-
mation régionale. En effet, aprés un cisaillement vers 1’ouest généralisé durant la majeure partie de 1’exhumation du
complexe Nevado-Fildbride, les stades tardifs de I’exhumation ont été caractérisés par un important changement de ci-
nématique avec des sens de cisaillement locaux vers le NW (D1,). Le début de la sédimentation semble avoir suivi de
peu le passage de la transition ductile-fragile dans le dome métamorphique sous-jacent vers 14 Ma au sein de fossés
orientés SW-NE, limités par des failles normales majeures. La subsidence tectonique a ensuite été maintenue durant
I’événement D2, avec des directions d’extension d’avantage orientées N-S a SSW-NNE. La tectonique en extension a
donc duré une grande partie du Tortonien alors que la dénudation tectonique de la Sierra de los Filabres s’est arrétée
vers 9-8 Ma. Les bassins intramontagneux sont donc véritablement extensifs et clairement reliés aux stades les plus tar-
difs de I’exhumation du complexe Nevado-Filabride. Réciproquement, vers 8§ Ma, les bassins ont commencé a enregis-
trer un régime de contraintes en compression ~N-S a NW-SE (D3y) et ont cessés d’étre des dépocentres actifs alors que
le raccourcissement dans les zones internes n’enregistraient plus que la convergence Ibérie/Afrique. L’inversion tecto-
nique limitée des bassins a pourtant occasionné la réactivation des failles initialement extensives, comme la faille
d’Alhama de Murcia et une individualisation forte des bassins ainsi que la diminution progressive des échanges en eau
avec 1’océan Atlantique et semble donc &tre directement responsable des crises de salinité de la fin du Miocene.

INTRODUCTION

The Betic-Rif orogen forms the westernmost part of the Al-
pine orogenic system and results from the closure of the
Tethys ocean between Africa and the Iberian peninsula.
Subduction and crustal thickening leading to the formation
of high-pressure and low-temperature (HP/LT) metamor-
phic complexes were followed by a late-orogenic extension
stage [Platt et al., 1998; Jolivet and Faccenna, 2000] in an
overall convergent setting. Plate kinematic reconstructions
indeed reveal a continuous convergence between Africa and
Eurasia from Late Cretaceous times currently characterised
by slow convergence rates of ca. 4 mm/year in a NW-SE di-
rection [e.g. Dewey et al., 1989; De Mets et al., 1990;
Rosenbaum et al., 2002; Serpelloni et al., 2007]. These
boundary conditions add and interfere in complex ways
with internal, body forces, stored during crustal thickening
stages and subsequently released during crustal thinning. In
the whole Mediterranean domain, late-orogenic evolution
of large Alpine segments led to the formation of independ-
ent highly-arcuate double-vergent orogenic systems con-
trolled by the behaviour of slabs in the upper mantle [i.e.
Royden et al., 1993; Wortel and Spakman, 2000; Faccena et
al., 2004; Spakman and Wortel, 2004].

At first sight, the Internal zones of the Betic cordillera
are currently characterised by an alternation of ~E-W-
trending large-scale open basement antiforms (i.e. meta-
morphic domes) and associated narrow elongated structural
basins (fig. 1). The internal structure of the metamorphic
domes displays a stack of metamorphic complexes bounded
by regional scale extensional shear zones reactivating initial
major thrusts (fig.1) [i.e. Platt, 1986; Platt and Vissers,
1989; Gonzalez-Casado et al., 1995; Augier et al., 2005b].
Moreover, a major additional feature of the Internal zones is
a prominent set of SW-NE major left-lateral fault, namely
the Palomares, Carboneras and Alhama de Murcia fault
zones regarded as the onland expression of a crustal shear
zone that crosses the whole Alboran domain (fig. 1) [i.e. De
Larouziere et al., 1988]. Such a peculiar geodynamic situa-
tion and the current apparent inconsistency of the large-
scale structures fostered a debate about the respective con-
tributions of extensional and compressional regimes in the
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present-day finite geometry. In particular, the origin of
sedimentary basins, referred to intramontane basins that de-
veloped within the Internal zones during Neogene times is
still disputed. Basins are indeed diversely interpreted as re-
sulting from late-orogenic extensional processes, strike-slip
tectonics (e.g. pull-apart basins) or simply flexural syn-
clines [Bousquet and Montenat, 1974; Bousquet et al.,
1975; Montenat et al., 1977; Bousquet, 1979; Ott d’Estevou
and Montenat, 1990; Mora, 1993; Vissers et al., 1995; Silva
et al., 1997; Montenat and Ott d’Estevou, 1999; Poisson et
al., 1999; Augier, 2004; Meijninger and Vissers, 2006;
Pedrera et al., 2007, 2009, 2010, 2012]. In order to test
these various interpretations, this study explores the tectonic
record of the prominent ~E-W-trending Huércal-Overa and
Almanzora corridor basins, lying either in the hanging wall
of a major extensional shear zone (e.g. FSZ; fig. 1) roofing
the Sierra de los Filabres metamorphic dome and or located
at the termination of the major, still active Alhama de
Murcia strike-slip fault (AMF on fig. 1) as well as their rel-
ative basement. A detailed analysis of brittle deformation
including new field mapping, meso-scale faults recognition,
palaeostress analysis of small-scale fault systems was per-
formed mostly in the sedimentary cover. Structural fabrics
and kinematic indicators as well as their relations with pub-
lished changing metamorphic P-T conditions and geochron-
ological data were also studied in the Nevado-Fildbride
metamorphic complex. This study particularly addresses the
link between crustal-scale, deep-seated processes such as
the exhumation of the Alpine metamorphic rocks and their
coeval sub-surface expression. The two Late Miocene salin-
ity crises are also discussed as a possible consequence
of the Late Miocene tectonic inversion of the extensional
basins.

GEOLOGICAL SETTING

The Betic cordillera has been traditionally divided into an
external fold-and-thrust belt referred to as the External
Zones, and a mostly Alpine metamorphic hinterland called
the Internal zones (fig. 1). Present-day architecture of the
Internal zones can be geometrically described as “open
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domes and basins” type morphology with E-W trending
metamorphic domes flanked by narrow Neogene sedimen-
tary basins [e.g. Martinez-Martinez et al., 2004]. Metamor-
phic domes currently correspond to structural culminations
[Vissers et al., 1995; Martinez-Martinez and Azaiién, 1997]
of three metamorphic complexes, from bottom to top the
Nevado-Fildbride, Alpujarride and Malaguide complexes,
separated from each other by crustal-scale extensional shear
zones [Platt, 1986; Garcia-Dueidas et al., 1992; Lonergan
and Platt, 1995; Platt et al., 2005; Augier et al., 2005c].
While the Malaguide complexe is usually devoid of alpine
metamorphic imprint, the Alpujarride and the Nevado-
Fildbride complexes both contain HP relics related to
subduction and crustal thickening phases [e.g. Goffé et al.,
1989; Gémez-Pugnaire and Ferndndez-Soler, 1987; Azafién
and Crespo-Blanc, 2000; Puga et al., 2002; Augier et al.,
2005a; 2005c]. The Alpujarride metamorphic complex is
indeed characterized by the widespread occurrence of
Fe-Mg-carpholite, kyanite, Mg-rich chloritoid or aragonite
[Goffé et al., 1989; Azanon and Goffé., 1997; Azaidn et
al., 1998] yielding locally peak-conditions of the order of
10-12 kbar for 450-500°C [Azafién and Crespo-Blanc,
2000]. The age of the HP-LT event is not well established
with ages ranging from ca. 48 to 30 Ma and thus still de-
bated [Monié et al., 1991, Platt et al., 2005; Michard et al.,
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2006]. The complex has been divided into five allochtho-
nous units, defined upon differences in metamorphic record
[Azafion et al., 1994] separated by ductile-brittle low-angle
shear zones that acted as large-scale extensional shear
zones during the exhumation of the complex [Garcia-
Dueidas et al., 1992; Crespo-Blanc et al., 1994]. The main
step of the exhumation occurred through a fast ~N-S re-
gional penetrative extensional event between 22 and 18 Ma
mainly accommodated by the Contraviesa low-angle fault
system [Monié et al., 1994; Crespo-Blanc et al., 1994;
Crespo-Blanc, 1995; Platt et al., 2005]. The Nevado-
Fildbride (NF) metamorphic complex [Egeler and Simon,
1969] crops out within two tectonic windows in the core of
the metamorphic domes (fig. 1). No consensus currently ex-
ists on the timing and the kinematics of the peak pressure
event in the NF complex, which ranges from the Early
Eocene (48 Ma [Monié er al., 1991]), Oligocene (30 Ma
[Augier et al., 2005c]) to as late as the Middle Miocene
(17 Ma [Lépez Sanchez-Vizcaino et al., 2001; De Jong,
2003; Platt et al., 2006]). Conversely, late exhumation
stages are better constrained with the recognition of a set of
top-to-the-W or SW major shear zones roofing and locally
cutting down the NF complex (fig. 1), namely the Mecina
shear zone and the Filabres shear zone (FSZ) that were ac-
tive sequentially [Martinez-Martinez et al., 2002]. Timing
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FI1G. 1. — Tectonic maps and location of the studied area.

(a) Tectonic map of the southeastern part of the Internal zones of the Betic cordillera. Located are the main metamorphic domes of the Sierra de los
Filabres/Nevada and the Sierra Alhamilla/Cabrera and the main sedimentary basins [modified after Augier ez al., 2005b]. Also indicated are the main
tectonic contacts such as the Filabres shear zone (FSZ) and the prominent sinistral fault zones pertaining to the Trans-Alboran transcurrent zone
(CF: Carboneras fault, PF: Palomares fault et AMF: Alhama de Murcia fault) (b) Location of the Internal zones of the Betic Cordillera within

the Gibraltar arc (inset).
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of the main exhumation stages under ductile conditions is
constrained either by the clustering of cooling ages [De
Jong and Bakker, 1991; Monié et al., 1991; Platt et al.,
2005] or by in-situ dating on both greenschist facies assem-
blages and synkinematic mineral blastesis in deformed
rocks between ca. 17 and 13 Ma [e.g. Augier et al., 2005c].
Final exhumation stages, constrained by fission-tracks (FT)
and U-Th/He cooling ages took place from 11.9 + 0.9 Ma
(FT on zircons), 8.9+ 2.9Ma (FT on apatites), and
8.7 £ 0.7 Ma for recent U-Th/He analysis on apatites [John-
son et al., 1997; Vazquez et al., 2011]. As FT on apatites
reveal that the Alpujarride complex reached the surface at
ca. 18 Ma [Johnson, 1995; Platt et al., 2005], the NF com-
plex thus only represented a core complex with respect to
the Alpujdrrides between 18 to 9 Ma that thus acted as the
passive, pre-metamorphic FSZ hanging wall. It is also note-
worthy that the last exhumation stages appear synchronous
with the inception of sedimentation in the neighbouring
basins characterised by the coarse grained continental de-
posits carrying the first NF detritus [Sanz de Galdeano and
Vera, 1992; see also Meijninger, 2006 for a review]. How-
ever, extensional shear zones are not the only crustal-scale
structures in the Betic cordillera. Indeed, the still active
Palomares, Carboneras and Alhama de Murcia sinistral
strike-slip fault zones also control and determine, at least a
part of the neotectonic setting in eastern Betic cordillera
(fig. 1 [e.g. Weijermars, 1987; Reicherter and Reiss, 2001;
Booth-Rea et al., 2003]). These fault zones have been inter-
preted as parts of a wide crustal-scale shear zone
(Trans-Alboran transcurrent zone, TATZ; fig. 1 [Leblanc
and Olivier, 1984; De Larouziere et al., 1988]) crossing the
Alboran sea and extending southwestward to Morocco. The
NE-SW trending Alhama de Murcia fault [AMF; fig. 1;
Bousquet and Montenat, 1974] extending over ~100 km,
from Murcia to the north as far as the Huércal-Overa basin
to the south, forms the northern segment of this transcurrent
zone (fig. 1) and shows dominantly sinistral kinematics or
more local reverse kinematics along the WSW-ENE
trending segments [Martinez-Diaz, 2002; Meijninger and
Vissers, 2006]. The most recent fault activity currently as-
sociated with moderate seismicity [Stich er al., 2003] is
mostly inferred from geomorphological studies and
deformation of the Quaternary cover [e.g. Masana et al.,
2005].

The intramontane basins: infilling, structure and
models of formation

Two sedimentary infill pulses are recognised in most of the
basins of the Internal zones [e.g. Ott d’Estevou and
Montenat, 1990; Sanz de Galdeano and Vera, 1992,
Montenat and Ott d’Estevou, 1999] which seems to be re-
lated with major, regional-scale extensional events [Sanz de
Galdeano and Vera, 1992; Crespo-Blanc er al., 1994;
Crespo-Blanc, 1995; Martinez-Martinez et al., 2002] presum-
ably also responsible for the exhumation of the Alpujarride
and the Nevado-Fildbride metamorphic complexes. The first
generation of basins, Burdigalian-Langhian in age is partic-
ularly recognised in the western parts of the Internal zones
[i.e. Serrano et al., 2006, 2007]. To the east, only few out-
crops are preserved [Serrano, 1990]. Lying unconformably
on the Malaguide and the Alpujarride complex, these basins
often appear conspicuously associated with ~E-W trending,
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generally top-to-the-N extensional structures (i.e. the
Contraviesa extensional system [Crespo-Blanc, 1995]).

A second generation of basins then formed from the
late Serravallian onward [Sanz de Galdeano and Vera, 1992;
Vissers et al., 1995] and are generally referred to as
intramontane basins [e.g. Meijninger 2006; Pedrera et al.,
2010]. At the scale of the Betic orogenic system, stratigra-
phy of these intramontane basins is comparable from one
basin to another sharing the same turning-points during
their evolution [e.g. Sanz de Galdeano and Vera, 1992].
However, particular events such as the Mediterranean-wide
Messinian salinity crisis (MSC), is so far only recognized in
the Tabernas, Sorbas, Nijar, Vera or Lorca basins [e.g. Ott
d’Estevou and Montenat, 1990; Bache et al., 2011 and ref-
erences therein]. To a lesser extent than the MSC, the
Tortonian salinity crisis (TSC), also occurred in the north-
eastern part of the Internal zones and is well documented in
the Fortuna basin [Krijgsman et al., 2000; Tent-Manclus et
al., 2008]. While the tectonic cause producing the TSC are
well accepted [Tent-Manclis et al., 2008], processes lead-
ing to the MSC are disputed and the respective roles of
global eustacy, horizontal shortening or regional-scale up-
lift related to deep-seated processes are debated [Adams et
al., 1977; Hodell et al., 1986; Weijermars, 1988; Krijgsman
et al., 1999a; Duggen et al., 2003; Jolivet et al., 2006;
Lujan et al., 2011].

These mostly ~E-W trending elongated sedimentary
basins are encased between the main metamorphic domes
while some other basins are rather aligned along the
Trans-Alboran transcurrent zone and appear linked, at least
geographically, to normal faults, sinistral faults and even
subordinates thrust faults (fig. 1). Initial discovery of the
first-order sinistral shear zone invited earlier workers to in-
terpret the intramontane basins as a mosaic of fault-
bounded basins including wrench furrows, pull-aparts,
compressional and extensional relay basins [Bousquet and
Montenat, 1974; Bousquet et al., 1975; Montenat et al.,
1977; Bousquet, 1979; Ott d’Estevou and Montenat, 1990;
Sanz de Galdeano and Vera, 1992; Silva et al., 1997,
Montenat and Ott d’Estevou, 1999; Poisson et al., 1999;
Soler et al., 2003 and Masana et al., 2004] formed as a di-
rect consequence of the Eurasia/ Africa convergence.

On the other hand, the recognition of low-angle
extensional shear zones able to exhume deep-seated meta-
morphic rocks sometimes equilibrated in eclogitic condi-
tions rather suggests a late-orogenic collapse [Platt and
Vissers, 1989; Garcia-Dueias et al., 1992; Jabaloy et al.,
1993; Vissers et al., 1995; Martinez-Martinez et al., 2002,
2004; Augier et al., 2005b; Agard et al., 2011] active as re-
cently as the Late-Miocene [Monié et al., 1994; Johnson et
al., 1997; Augier et al., 2005c; Platt et al., 2005; Vazquez
et al., 2011]. In parallel, extensional structures, with vari-
able kinematics have also been described in the onshore
basins [e.g. Mora, 1993; Vissers et al., 1995; Martinez-
Martinez and Azafidén, 1997; Amores et al., 2001, 2002;
Augier, 2004; Ruano et al., 2004; Meijninger and Vissers,
2006] or offshore in the Alboran basin [e.g. Comas et al.,
1992, 1999; Mauffret et al., 1992; Watts et al., 1993]. There
is thus a debate opposing two contrasting interpretations of
the basins and these two opposed views still coexist nowa-
days [e.g. Pedrera et al., 2007, 2010].
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The Huércal-Overa and the Almanzora corridor basins

The Huércal-Overa basin is an ENE-WSW-trending rectan-
gular basin in direct structural and stratigraphical connec-
tion with the ~E-W-trending Almanzora corridor basin.
These basins that probably share a common evolution are
thus grouped hereafter into a single basin (figs. 1 and 2).
The Miocene sedimentary infill consistently dips gently to-
ward the south and the whole stratigraphic succession can
be studied along N-S incised valleys [Augier, 2004]. The
structure of the basin is markedly asymmetric with a gentle
onlap of the basin on the Alpujarride basement to the north
contrasting with a fault-bounded southern contact and thus
defining an overall half-graben geometry [e.g. Mora, 1993;
Vissers et al., 1995]. There, younger deposits are usually
faulted against a narrow fringe of Alpujarrides and minor
klippes of Malaguides separated from the NF complex by
the regional-scale extensional FSZ (fig. 2) [Martinez-Martinez
et al., 2002].

Stratigraphic succession of the basin has been thor-
oughly studied [Briend, 1981; Briend er al., 1990; Ott
d’Estevou and Montenat, 1990; Mora, 1993; Poisson et al.,

Basement domains

- Alpujarride complex

- Nevado-Filabride complex
Main structures

1 Intra-Alpujarride SZ

a—=s Intra-Nevado-Filabride SZ

M Filabre Shear Zone (FSZ)

~~) Cataclasites-Breccias

1999; Augier, 2004; Meijninger and Vissers, 2006; Pedrera
et al., 2010; see Meijninger, 2006 for a detailed review].
Despite minor, disrupted and poorly represented sediments
attributed to the Serravallian [e.g. Briend er al., 1990;
Guerra-Merchdn and Serrano, 1993], the basinfill is mainly
dominated by a thick Upper Miocene series reaching locally
~1500 m [i.e. Mora, 1993; Augier, 2004] confirmed by re-
cent gravity surveys (fig. 2b) [Pedrera et al., 2009, 2010].
The Huércal-Overa basin is characterised by two main
SW-NE asymmetric troughs reaching up to 1000-1500 m of
thickness aligned respectively along the Sierra de Almagro
and along a series of basement highs within the basin
(fig. 2b) [Pedrera et al., 2010]. The western prolongation of
this trough turns to a more ~W-E orientation that forms the
Almanzora corridor basin [Pedrera et al., 2007].

Through a major erosional unconformity, the base of
the series is marked by a ca. 800 m-thick red continental
breccia and conglomerate formation attributed to the upper-
most Serravallian-Lower Tortonian boundary [Briend e al.,
1990; Ott d’Estevou and Montenat, 1990]. Preferred flow
directions (fig. 2), consistent with a dominant supply from
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FIG. 2. — Study area synthesis map centered on the Huércal-Overa and Almanzora corridor basins. (a) Compilation of kinematic data and palaeostress re-
sults are from [Meijninger, 2006; Pedrera et al., 2007, 2010]. Compilation of local sense of flow is from Meijninger, [2006] and Pedrera et al. [2007]. Tra-
ces of major shear zones in the basement areas are from Martinez-Martinez et al. [ 2002]; Augier et al. [2005b]; Platzman and Platt [2004]. (b) Results
(residual gravity anomalies) of gravity surveys performed within the Almanzora corridor and the Huércal-Overa basins [Pedrera et al., 2009, 2010]. Mini-
mum values of ca. —12 mGal residual gravity anomalies correspond to a ca. 1000-1500 m-thick sedimentary infill [Pedrera et al., 2010]. (c) Lithostratigra-
phic succession and correlations across the Huércal-Overa and Almanzora corridor basins inspired after [Guerra-Merchdn and Serrano, 1993]. Section S4

is presented in details in Augier [2004].
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the Nevado-Fildbride are generally toward the E despite lo-
cal variations probably related with the internal geometry of
the fans [e.g. Meijninger, 2006; Pedrera et al., 2007]. A
general consensus exists on the lateral equivalence between
this coarse clastic formation and at least the upper part of
the basal red breccia encountered along the faults bounding
the basin margins and fringing basement highs within the
basin [Mora, 1993; Augier, 2004]. These continental depos-
its pass gradually upward and partly laterally into a ca.
300-500 m-thick grey shallow marine formation dated to
the Early Tortonian [Briend, 1981; Guerra-Merchdn and
Serrano, 1993; Guerra-Merchan et al., 2001; Meijninger,
2006]. This formation, including conglomerates and sand-
stones interlayered with siltstones is characterised by a gen-
eral grain-size fining upward and assigned to a near-shore
deltaic environment; a possible distal equivalent for the un-
derlying continental alluvial fan types. Lying in conform-
able contact to the north of the basin, this formation
acquires a clear transgressive character to the south where it
unconformably overlies the Alpujarride basement rocks
(fig. 2a and 2c¢). Through a limited regressive sequence
[Mora, 1993; Augier, 2004; Meijninger, 2006], the Early
Tortonian is overlain by a ~500-800 m-thick transgressive
formation of dominant yellow silty-marls dated from the
Late Tortonian-Early Messinian [Guerra-Merchdn and
Serrano; 1993; Martin-Pérez, 1997; Meijninger, 2006]. In
more details, these open-marine sediments are encountered
in the centre of the basin and they pass laterally to reef
complexes to the north (e.g. Alto de Ventica reefs [Mora,
1993]) or shallow marine conglomerates to the south. It is
also noteworthy that the active depocentre of the basin mi-
grated again to the South where thick series of conglomer-
ates lie unconformably or in faulted contact with the
Alpujarride or even directly the Nevado-Filabride basement
(i.e. Albanchez area; fig. 2a and 2c). Late Messinian only
crops out in the southeastern part of the basin through a lo-
cal yet marked unconformity. There, thick coarse-grained
conglomerates laterally interfinger into dated Late
Messinian marine marls [Briend, 1981; Meijninger, 2006].
The eastern part of the basin is extensively covered by thick
series of Pliocene to Quaternary deposits that makes the
connection with the Pulpi basin through a large, monoto-
nous plain (fig. 2).

Despite numerous studies performed in these basins
having a significant component of structural geology [e.g.
Briend, 1981; Briend et al., 1990; Ott d’Estevou and
Montenat, 1990; Mora, 1993; Barragdn, 1997; Poisson et
al., 1999; Meijninger, 2006], only a few palaeostress analy-
ses were conducted [Meijninger and Vissers, 2006; Pedrera
et al., 2007, 2010]. Results, compiled on figure 2 are inter-
nally consistent and show two preferred orientations of ex-
tension oriented ~SSW-NNE and NW-SE and a ~NW-SE to
N-S-trending compression. Interpretations of these data are
however contrasted and feed the above mentioned models.

METHODOLOGY

A detailed structural analysis of the basinfill and the adja-
cent basement areas has been performed over a ca. 40 x
30 km area centred on the village of Albox (fig. 2). Struc-
tural study of the basin cover, characterised by brittle defor-
mation consisted in palaeotress tensors reconstructions
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complemented by detailed mapping of the meso-scale fault
systems. Thanks to the recognition of numerous strati-
graphic time-markers, the succession of stress regimes is
reasonably well constrained in time. This study is comple-
mented by the analysis of the underlying NF basement that
recorded, in addition to the above-mentioned brittle defor-
mation earlier deformation stages mostly acquired in
ductile conditions.

Structural analysis of the sedimentary cover

A brittle micro-tectonic analysis allowed to reconstruct
changing palaeostress fields that have successively affected
both the Huércal-Overa and the Almanzora corridor basins
and to infer how and when the meso-scale fault systems
were formed and to recognise their successive episode of
activity. Thanks to good outcrop conditions, these major
faults were identified using detailed field survey and high-
resolution mapping on aerial pictures and satellite images.

Description of brittle structures and the data set collection

The whole study area presents a pervasive network of
small-scale to meso-scale fault systems. Running over more
than 250 km, the Filabres shear zone (FSZ) is the only
large-scale structure that was active under both ductile and
subsequent brittle conditions and thus played a major role
during the exhumation of the Nevado-Fildbride complex
[e.g. Martinez-Martinez et al., 2002; Augier et al., 2005b].
The Alhama de Murcia fault [e.g. Meijninger and Vissers,
2006] is also a major brittle structure characterised by a
present-day sinistral kinematics. However, in the study
area, this fault rapidly dies out into the northern part of the
Huércal-Overa basin along the ~E-W Albox reverse fault
[Garcia-Meléndes et al., 2003].

The dataset for this study is made of heterogeneous
small-scale fault populations measured on 52 sites within
the Huércal-Overa and the Almanzora corridor basin sedi-
mentary cover where all the outcropping stratigraphical
units of the basin were visited. As it experienced a complex
polyphased tectono-metamorphic history basement rocks
have not been studied in detail for the brittle analysis, ex-
cept when relations with sedimentary rocks and/or older
(ductile) deformation were unambiguous. Inversion of
fault-slip data was carried out using a representative num-
ber of measured striated fault planes (983 in total), joints
and tension gashes (297) and bedding attitude (for each
site) with a set of 15-25 faults routinely collected at each
site. Sense of slip, inferred from kinematic indicators such
as striae and grooves, Riedel subordinate planes, tensile
cracks and more routinely from slickensides (i.e. calcite
steps; see review in Doblas [1998]) were determined. Dis-
placement on faults ranges typically between few cm and
few meters (micro-scale faults) while displacement over
meso-scale faults generally exceeds several hundreds of
meters.

Dating the successive palaeostress states

Changing stress fields leading to the successive formations
of new fault sets and/or the possible reactivation of inher-
ited faults results in the accumulation of brittle structures
as a heterogeneous fault set. For each site, this set has
been splitted into homogeneous, cogenetic fault populations
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distinguished considering the ‘“Palaeostress-stratigraphy”
concept of Kleinspehn [Kleinspehn ef al. 1989] based either
on stratigraphic considerations or structural observations
[e.g. Vandycke and Bergerat, 2001]). Therefore, fault sets
described in the “results” section are then presented as
separated homogeneous sets of faults.

Syn-sedimentary and stratigraphic (s.l.) age constraints for
the deformation

Syn-sedimentary deformation is a common feature in the
Huércal-Overa basin. Normal faulting that occurred during
sedimentation or the early diagenesis stages within the ba-
sin has already been documented in many previous studies
toward which the reader is referred for more details
[Briend, 1981; Briend et al., 1990; Ott d’Estevou and
Montenat, 1990; Mora, 1993; Augier, 2004; Meijninger and
Vissers, 2006; Pedrera et al., 2007, 2010, 2012]. Only new
descriptions of syn-sedimentary and stratigraphic age con-
straints are now presented in details.

Syn-sedimentary extension has already been described
within the Late Serravallian-Early Tortonian continental
formation [Meijninger, 2006]. The most typical features in-
clude the development of coeval top-to-the-NNW shallow
dipping normal faults and WSW-ENE sedimentary dykes
[Mora, 1993] or the formation of ~E-W extensional roll-over
anticline (e.g. Almajalero area; fig. 2; Meijninger [2006]).

In the Early Tortonian shallow marine formation, geom-
etry of the normal faults seems clearly related to the strong
lithologic (i.e. rheologic) layering of the sequence. While
normal faults generally develop as 50-70°-dipping roughly
planar surfaces in the sandstone or conglomerate layers,
they conversely display a gentle to flat dips in the siltstone
or claystone layers. These two types of faults, both oriented
~W-E to NW-SE interact and often form flat-ramp-flat
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systems or sets of steep normal faults that bend down on a
layer-parallel gently-dipping master normal faults [Mora,
1993; Augier, 2004; Meijninger, 2006; Pedrera et al.,
2012]. Arguments including bed omission and rapid lateral
changes of both the sedimentary facies and the thickness of
the layers in the vicinity of the faults strongly argue for an
extensional deformation that occurred during sedimentation
[see e.g. Briend, 1981 for the first observations]. An em-
blematic example of syn-sedimentary roll over development
in the hanging-wall of a very gently NW-SE trending fault
plane is given along the Santopétar cross-section [Briend,
1981; Briend et al., 1990; Mora, 1993; Meijninger, 2006].
The consistent ~W-E to NW-SE orientation of the fault
trace direction and the associated slickenside lineation car-
ried by fault planes, irrespective of the delta palaeoslope
[Ott d’Estevou and Montenat, 1990; Meijninger, 2006;
Pedrera et al., 2007] clearly discard a pure gravitational ori-
gin as already described in deltaic context [e.g. Maloney et
al., 2010; Pedrera et al., 2012].

The Albanchez area also displays syn-sedimentary nor-
mal faulting deformation in the lower part of the Late
Tortonian-Early Messinian formation (see fig. 2 for loca-
tion). Along a 5 km long ~NNE-SSW section between the
South of Cantoria and Albanchez, the series display a con-
sistent SW-dip. Figure 3 displays a field-landscape interpre-
tation accompanied with bedding measurements for the
southern part of the section, north of Albanchez. There,
bedding attitude displays a large-scale syn-sedimentary
roll-over anticline developed above a ~N 120 trending
meso-scale normal fault (fig. 3a and 3d). Partly eroded and
devoid of clear morphological scarps, this normal fault
however separates the Late Tortonian sediments from the
Alpujarride basement with a probable plurihectometric off-
set (fig. 3). At the scale of the outcrop, massive coarse-

NE

Late Tortonian

26°
TP

SW
Alpujarride
Basement

Syn-sedimentary rollover development scheme

NE Synrift %mer:ts

Intra NF SZ

FiG. 3. — Field examples of syn-sedimentary dating criteria.

(a) Landscape picture of a large-scale syn-sedimentary roll-over developed during the Late-Tortonian. Note the growth-strata displaying a clear thickening
toward the main normal fault. (location: N 37°17°41,05”; W 02°10°51,31”). (b) Late Tortonian conglomerate beds involved in the roll-over horizontal-axis
rotation; small-scale pre-tilting normal faults control the bed thickness distribution. (c) Site 39 diagram showing a wide range of dip for the normal faults.
Pre-tilting low-angle syn-sedimentary fault sets coexist with syn- and post-tilting normal fault sets. (d) Projection of the bedding attitude of the late Torto-
nian growth-strata and the fault planes associated with the Albanchez normal fault. (e) Syn-sedimentary roll-over development scheme.
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grained conglomerates and sandstones bars interbedded
with silty-marls layers are affected by a small-scale yet pen-
etrative multiple generations of normal faults (fig. 3b and
3c). The first generations, showing clear syn-sedimentary
features, present a current gentle to flat dip cutting the bed-
ding with angles of the order of 45-50° and controlling the
bed thickness distribution (fig. 3b). During progressive tilt-
ing, these faults were passively rotated and displaced by
new normal faults. Last normal fault generation shows con-
jugate sets with a dominance of NE-dipping fault planes af-
fecting the steeply SW-dipping bedding, thus indicating
that normal faults were formed continuously prior, during
and partly after tilting (fig. 3c).

The structural development and the sedimentation of
the Huércal-Overa and the Almanzora corridor basins ap-
pear controlled at all-scale by normal faulting from Late
Serravallian-Early Tortonian onward. Orientation of faults
(and the associated kinematics) however evolves from
SW-NE to WSW-ENE in the basal formation to more W-E
to NW-SE for the Early Tortonian shallow marine formation.

The upper bound of the age of extensional structures
can be crudely bracketed to the south of the Huércal-Overa
basin. There, Late Tortonian sediments, affected by intense
normal faulting are unconformably overlain by a thick
series of yellow conglomerates attributed to the Ilate
Messinian (fig. 4). Extensional tectonics is thus sealed by
the Messinian as first proposed by Meijninger [2006]. Con-
versely, the Messinian is often affected by significant tilting
(fig. 4) and the post-Messinian cover appears itself faulted
by either reverse and/or wrench faults. The uppermost
Tortonian-Messinian period therefore appears as the main

R. et al.

turning-point in the evolution of the basin corresponding to
the inception of the tectonic inversion of the basins.

Discrimination of successive tectonic events by structural
criteria

Most of the visited sites display evidence of polyphase
faulting and are then characterised by the inhomogeneous
character of the data sets. In addition to stratigraphic crite-
ria presented and discussed above, relative chronology
based on structural (s.l.) criteria may yield an accurate dis-
crimination of successive tectonic events. Two field exam-
ples illustrate the routine analyse carried out when a
visiting structural site used for palaeostress reconstructions
(see fig. 2 for location).

An example of geometrical relationships between fault-
ing and folding is given on figure 5. There, two sets of
faults affect the uppermost part of the Early Tortonian shal-
low marine formation where the bedding, characterised by
the alternation of sandstones and more silty-layers presents
a SW-directed moderate dip. The dominant set of faults,
made of both normal and reverse faults displays flat to
gently NE- and SW-dipping fault planes sharing a consis-
tent top-to-the-NE kinematics (figs. 5a and 5d). A close-up
view of a representative kinematic indicator is given in
figure 5b. A subordinate set also presents both normal and
reverse kinematics on sub-vertical faults. Besides, it is also
noteworthy that the sandstone layers are conspicuously af-
fected by a single set of layer-orthogonal joints and tension
gashes. In their present geometry, none of the computed
principal stress axes is vertical and the two other principal
stress axes are contained within the bedding in the calcu-
lated palaeostress solution thus suggesting pre-folding

SSE

Sealed normal faults Titled Late Messinian

Site 51
Norma

© ==

NF

Contraints on the end of the extensional event

| faulting and tilting Post-unconformity titling

FiG. 4. — Stratigraphic criteria for a brittle events relative chronology.

(a) Late-Tortonian heavily affected by extensional deformation and tilted below the Late Messinian unconformity (location: N 37°22°53,63”; W
01°56°57,887). It is noteworthy that the unconformity is itself subsequently titled. (b) and (c) Diagrams showing the NW-SE normal fault population sealed
below the Messinian unconformity (site 51) and the current attitude of the Late Messinian bedding. (e) A two-stepped sketch depicting the probable evolu-

tion of the outcrop.
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faults (fig. 5d). These principal stress axes become horizon-
tal after back-tilting about a horizontal axis and the result-
ing back-tilted stress state is then in agreement with the
Andersonian model (fig. 5e [Anderson, 1942]). This as-
sumption is confirmed ~150 m further the SW where the
bedding displays a gentler attitude (i.e. 5-10° toward the
SW, fig. 8c) while joints and tension-gashes are now
subvertical and all the faults appear as a single conjugate
normal fault set thus preserved in their initial geometry. Oc-
currence of ~E-W clastic dykes (i.e. a syn-sedimentary ar-
gument), rotated in the folded area are here subvertical,
orthogonal to the bedding (fig. 5c¢).

Most of the studied sites display evidence of polyphase
faulting and therefore include reactivated fault planes carry-
ing different sets of slickensides; one of the most reliable
criteria of relative chronology between two tectonic events.
A field example is given on figure 6. There, the outcrop is
characterised by a steep faulted contact between the Late
Serravallian-Early Tortonian continental formation and the
Alpujarride basement rocks striking NE-SW (i.e. parallel to
the Huércal-Overa fault [Mora, 1993]; fig. 2). Detailed
analysis of the fault plane revealed at least three slickenside
lineations, associated with tension cracks and accurate kine-
matic indicators (fig. 6b and 6¢). The first two motions are
dominantly vertical and down-dip, in particular for the first

me
Subvertical NF and RF

Present
position

Subhorizontal
<& NFand RF

Tilting
Restored

position _ /4 1,
0 TG RotaFlon
Axis

Conjugate NF

F1G. 5.— Relations between faulting and folding.

(a) Outcrop picture of Early Tortonian shallow marine formation heavily
affected by pre-tilting extensional deformation. Note the penetrative
pre-tilting conjugate normal faults that currently occur as both flat and sub-
vertical sets of both normal and reverses faults and the array of bedding-or-
thogonal tension gashes. Inset (b) is a close-up view of sheared gypsum
fibbers indicating a top-to-the-NNE motion over a gently SSW-dipping re-
verse fault (a pre-tilting normal fault). Inset (c) is an outcrop picture
(150 m north of the main outcrop) showing that deformation occurred shor-
tly after deposition as evidenced by clastic dyke injection. (d) Diagrams
showing site 52 before and after back-tilting rotation. NF referred to nor-
mal faults, RF to reverse faults, SO to bedding and TG to tension gashes; p
is for “pole”. (e) Schemes represent pre-tilting and post-tilting (current)
fault set geometry with respects to the bedding and the tension gashes.
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one (i.e. S1 on fig. 6a). Steeply-dipping Riedel faults and
tension cracks developed at right angle of the slickenside
lineation clearly show that these first two motions are re-
lated to normal faulting. Such kinematics thus complies
with the two extensional directions recognised in the previ-
ous section. The last motion over the fault plane then pres-
ents sub-horizontal slickenside lineations with a clear
left-lateral movement (fig. 6¢ and 6d) attested by a reacti-
vated Riedel plane (fig. 6¢). Similar, yet smaller-scale fault
plane reactivation evidences are shown in figure 6d.

Based on these criteria and fault cross-cutting relations
however rarely observed in the field, the total fault popula-
tion has been grouped into three main sets. Precise orienta-
tion of both fault sets and the resulting inversion of
fault-slip data for stress are presented in chapter Structure
and kinematics of the Nevado-Filabride complex.

Palaeostress analysis

A variety of methods have been proposed to estimate palaeo-
stress states from field measurements of fault striations on
fault planes for natural fault systems [e.g., Carey and
Brunier, 1974; Angelier, 1984, 1990, 1994; Lisle, 1987,
1988; Hardcastle and Hills, 1991; Fry, 1992, 1999; Zalohar
and Vrabec, 2007].

Palaeostress orientation patterns were evaluated by the
computer-aided inversion method for fault-slip data, which
is described in detail by Angelier [1984, 1990 and 1994].
The reduced palaeostress tensor consists in the identifica-
tion of the orientation of the three principal stress axes (o,
0,3, 03, the maximum, intermediate and minimum stress
axes respectively), and the ratio ® = [(0; — 03) / (0] — 03)]
reflecting the relative magnitude of principal stress axes
(axial ratio of stress ellipsoid). Determination of the palaeo-
stress axes have been supplemented and strengthened by the
analysis of other accompanying brittle structures such as
joints, and tension gashes (open or filled by calcite, gypsum
and iron oxy-hydroxydes; see Hancock [1985] or Doblas
[1998]). The study was carried out in weakly strained areas
in order to avoid stress perturbation within and at the direct
vicinity of important fault zones. The fault population used
in this study is composed of microfaults populations em-
bracing structures ranging from centimetres to decametres
faults associated cogenetic micro-faults, which are observ-
able on a single and continuous exposure. Kinematics of
meso-scale faults as well as large-scale faults were also in-
vestigated but were not included in the palaeostress recon-
struction.

Structural analysis of the ductile deformation in the
Nevado-Filabride complex

Basement domains mostly consist of metamorphic rocks
belonging to the two lower metamorphic complexes recog-
nised in the Betic-Rif orogenic system, the Nevado-Fildbride
and the Alpujarride complexes. Related to older tecto-
nometamorphic events, the structural evolution of the
Malaguide and the Alpujarride complexes has not been in-
vestigated.

The rocks of the Nevado-Fildbride complex are often
highly deformed in ductile conditions. Most of the deforma-
tion concentrated along the Filabres shear zone [Garcia-
Duefas et al.,, 1992; Jabaloy et al., 1993; Martinez-
Martinez et al., 2002; Augier, 2004; Augier et al., 2005b;
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——1/ Newly-formed
D2 normal faults
and D3 wrench faults

FiG. 6. — Tectonic reactivation of fault planes.

a) Outcrop picture of Late Seravallian-Early Tortonian continental formation faulted against the Alpujarride basement rocks (location: N 37°22°27,917;
W 01°56°16,54”). This basin-bounding meso-scale fault plane carries three successive slickenside lineations. Insets (b) and (c) are close-up views of parts
of the fault plane where either two lineations or the relative chronologic criteria are preserved (see location over the plane on (a). (¢c) Diagrams showing the
site 41 total fault population. Separation into homogeneous fault sets reveals that part of the initial normal (D1}) faults is reactivated during two subsequent
events (D2, and D3y). NF referred to normal faults, RF to reverse faults, SO to bedding and TG to tension gashes; p is for “pole”.

Agard et al., 2011], leaving large volumes where older
tectonometamorphic events are preserved, at least partly
[Augier ef al., 2005b]. The complete structural evolution of
the Nevado-Fildbride complex is beyond the focus of this
study, the reader unfamiliar with the geology and the evolu-
tion of the complex is referred to pioneer works
[Galindo-Zaldivar et al., 1989; Garcia-Dueiias et al., 1992;
Jabaloy et al., 1993] as well as recent syntheses [Martinez-
Martinez et al., 2002; Augier et al. 2005b]. Conversely, this
study focussed on the most prominent ductile features that
mostly correspond to structures developed during, and
mostly at the end of the exhumation of the Nevado-
Fildbride complex well recorded near the FSZ (D24 D3g;
[Augier et al., 2005b]. For each station, the main stretching
direction(s) and the sense of shear are reported on the map
in figure 7.

STRUCTURE AND KINEMATICS OF THE
NEVADO-FILABRIDE COMPLEX

The Nevado-Fildbride complex is characterised by a strong
and regionally developed planar-linear fabric (i.e. S2/L2
with respects to D2y event [Augier ef al. 2005b]). This foli-
ation that shapes the overall dome-geometry of the NF com-
plex intensifies toward the FSZ from rather low-strain
domains where older fabrics (e.g. D14) are still observable.
In the whole Sierra de los Filabres, the upper part of the NF
complex, the main foliation carries a strong stretching
lineation trending roughly NNE-SSW to ENE-WSW
[Jabaloy ef al., 1993; Augier et al., 2005b]. In the field, this
lineation is associated with lower amphibolite facies retro-
grade mineral assemblages like biotite, chloritoid and lo-
cally staurolite. Deformation appears overwhelmingly
dominated by an intense subvertical flattening associated
with an ~E-W stretching (fig. 7).
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Evidence for clear non-coaxial flow is however con-
spicuously observed into the upper ~500-700 m of the NF
complex below the FSZ. There, the deformation is charac-
terised by an overall, regional-scale top-to-the-W or more
locally top-to-the-SW sense of shear [e.g. Jabaloy et al.,
1993] marked in the field by the pervasive development of a
late extensional crenulation cleavage [Platt, 1979, 1984].
This deformation stage (D34 event [Augier et al. 2005b]),
while in direct continuity and in partial structural accor-
dance should not be mixed with D2,. This cleavage, locally
highly penetrative, is restricted to the vicinity of major
shear zones, in particular along the FSZ and mainly ob-
served in the Permian-Triassic light-schists as well as in the
uppermost part of the Paleozoic black-schists where overly-
ing lithostratigraphic units are tectonically thinned (e.g.,
fig. 1). In the field, a few sites display two stretching
lineations, L2 and L3 (fig. 7). The second one, L3, associ-
ated with the late extensional crenulation cleavage is char-
acterised with the crystallisation of large amounts of
greenschists facies minerals such as elongated chlorite,
phengite and globular, syn-kinematic albite that clearly
postdates the S2/L2 paragenesis. At the scale of the study
area, lineation trajectories draw curved patterns evolving
from WNW-ESE toward the south (i.e. the dome axis) to
NW-SE or even NNW-SSE, to the north, at the vicinity of
the FSZ while, conversely, the L2 lineation remains consis-
tently oriented ~E-W (fig. 7). °Ar/*°Ar time constraints on
the latest mineral recrystallisations along the FSZ yielded
ca. 17-13 Ma ages either in the Sierra de los Filabres or in
the Sierra Alhamilla [Augier et al., 2005c; see also Platt et
al., 2005].

Displacement over the FSZ under brittle conditions is
attested by a sometime thick (5-150 m) zone of cataclasites,
fault rocks, mylonitic gypsum and carbonate matrix breccias
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mainly derived from the underlying greenschists mylonite
zone (i.e., D3, zone) and the Alpujdrrides hanging wall.
Late large-scale corrugations over the FSZ and slickenside-
rich breccias along low-angle normal faults permit to pre-
cise the kinematics of the brittle stage (named D1, event;
fig. 7 [Augier et al. 2005b]). Despite a limited data set, the
last ductile deformation (D34) shows a good consistency
with respect to the subsequent brittle deformation. Timing
of brittle deformation is constrained by the whole spectrum
of near-surface thermochronometers from 12 to 8 Ma
[Johnson, 1993; Johnson et al., 1997; Vazquez et al., 2011].
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Relationships between these final exhumation stages of the
NF complex are discussed in the lights of the palaeostress
analysis of the FSZ hanging wall unit carrying the sedimen-
tary basins.

RESULTS OF THE BASIN COVER PALAEOSTRESS
ANALYSIS

Three main brittle (D1b, D2b, D3b) tectonic events character-
ised in the field have been recognised in the studied sites. The
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and their local kinematics is indicated. Sites that recorded the D1 event are located with a synthetic presentation of the stress regime. (b) Detailed results of
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FIG. 8. — Results of the analysis of the D2 brittle event. Legend is given on figure 7. (b) Detailed results of the palaeostress analysis. (c) Schematic geologi-
cal cross-sections tacking into account field observations, structural measurement and gravity results from Pedrera et al. [2009, 2010].

complete brittle analysis allows establishing the succession of
theses tectonic events as follows. Results are compiled in
table I and are graphically shown in the maps of figures 7, 8
and 9 corresponding to the combination of the existing geo-
logic 1/50,000 sheets [Garcid-Monzén et al., 1975;
Garcia-Monzdén and Kampschuur, 1975; Simén et al., 1978;
Voersmans et al., 1980], previous studies [Briend et al.,
1981; 1990; Mora, 1993; Augier, 2004; Meijninger and
Vissers, 2006; Barragan, 1997; Pedrera et al., 2007, 2010],
new field mapping and lineament analysis of aerial pictures
and satellite images.
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Palaeostress tensor group D1, (NW-SE to NNW-ESE
extension)

The oldest brittle tectonic event, partly syn-sedimentary re-
corded in the sedimentary cover area is mostly recorded by
the Late Serravallian-Early Tortonian continental formation
[Mora, 1993] and throughout the adjacent basement rocks.
Some initial normal faults were often subsequently tilted
and now occur with various dips and are sometimes cur-
rently present as reverse faults. At small-scale, both low-an-
gle and steep SW-NE trending normal faults seem to coexist
depending on the local behaviour of the sediments (fig. 7,
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sites 03, 13, 35, 42) while basement rocks are cut by steep
planar SSW-ENE to SW-NE normal faults (sites 34). The
associated stress tensor corresponds to a subhorizontal
extension (o3) mainly NW-SE directed with a subvertical
maximum compression direction (o). On few sites, WNW-
ESE to NW-SE trending faults seem to predate the NW-SE
to NNW-SSE faults (fig. 7, sites 07, 13, 22, 38, 43, 45).

New field mapping highlighted meso-scale fault sys-
tems that affect exclusively the Late Serravallian-Early
Tortonian continental formation and the Alpujarride base-
ment along which it is generally faulted. Their identifica-
tion in the field is limited, particularly to the south as they
are unconformably overlain by younger formations (fig. 7).
Their cartographic traces are thus partly inferred from
gravimetric data (fig. 2). Associated net motions that appear
large are rarely constrained in the field and can be again
crudely bracketed to several hundred of meters to one kilo-
metre, using gravity data [Pedrera et al., 2009, 2010]. Ma-
jor faults, such as the Huércal-Overa, Cantoria or Olula del
Rio-Albox faults (fig. 7) share a common NW dip with a
relative uplift of basement rocks currently outcropping as
series of basement highs. Subordinate SE-dipping antithetic
faults also occur NW of Albanchez or NW of Taberno and
intrabasinal faults are consequently sealed below a thick
sedimentary cover. Landscape analysis and detailed field
work embracing both Nevado-Fildbride and Alpujarride
basement rocks and the sedimentary cover of the
Almanzora corridor seem to indicate that, at least a part of
the meso-scale fault listrically bends down on the FSZ as
viewed from the local diverging patterns of the bedding. In
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addition, it is noteworthy that palaecostress tensors for this
event are consistent with the latest motions over the FSZ
under brittle conditions. Two extension-parallel geological
cross-sections are given on figure 7. Inspired and based on
both field observations and structural measurements, they
largely benefited from gravity data [Pedrera et al., 2009,
2010].

Palaeostress tensor group D2;, (N-S to NE-SW extension)

The second brittle tectonic event is characterised by a set of
abundant N085-N130°E-trending normal faults (fig 8). This
brittle event is recorded in all formations including most of
the Late Tortonian-Early Messinian formation. A spectacu-
lar extensional syn-sedimentary deformation is observed in
the Early Tortonian shallow marine formation as shown by
bed omission, thickness changes of either side of faults as
well as clastic dykes. The strong sedimentary rheological
layering of this formation leads to flat-ramp-flat fault sys-
tems and sets of steep normal faults that bend down on a
layer-parallel gently-dipping normal faults (fig. 8, sites 3,
16, 19). In the underlying formations and in the basement,
~W-E and SW-NE normal faults are rather steep and planar.
Newly formed D2y, normal faults are often accompanied by
reactivated inherited D1y, faults (fig. 8, sites 13, 15, 16, 41,
42) with an oblique motion (fig. 6). Beside, ~E-W to
ESE-WNW-trending shear surfaces in the Alpujarride base-
ment, which were formed under ductile conditions during
early to middle Miocene times [Platt er al., 2005] are
also sometimes reactivated (fig. 8, sites 2, 15, 29). How-
ever, an unambiguous separation is only possible when a
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FiG. 9. — Results of the analysis of the D3 brittle event. Legend is given on figure 7. (b) Detailed results of the palaeostress analysis.
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sedimentary cover is present. This group of stress tensors is ~ maximum compression direction (o) is subvertical. While
characterised by a subhorizontal extension (03), mainly N-S  this event may have started before, this stress state appears
to NNE-SSW and a subordinate NE-SW direction. The synchronous with the deposition of both the Early

TABLE I. — Detailed results of the palaeostress analysis. Indicated are, after a brief description of the site (stratigraphy, lithology and bedding/foliation atti-
tude), the composition of the data-set and the results of the palaeostress tensor determination. RUP is a quality estimator. E and C indicate extensional,
compressional regimes, respectively; direction is those of ol for C regimes, and o3 for E regimes.

General information Data base Calculated results Tectonic phase
N° Station Stratigraphic age Dominant lithology S0/MF attitude Nt N Joints S1 S2 S3 RUP Phy Timing Tectonic
Dir. Plung. Dir. Plung.  Dir. Plung.  Dir. Plung. (%) regime
1 Cortijo de Fatiguas E. Tor. sandstones/conglomerates 204 15 9 8 263 86 101 4 1 1 21 03 D2 E NNE-SSW
2 Lardea E. Tor. conglomerates/sandstones 160 17 12 12 133 82 292 7 23 3 20 04 D2 E NNE-SSW
3 Loma Alta L. Ser-E. Tor. sandstones/conglomerates 154 21 18 12 4 322 80 61 2 152 10 12 0.3 (early)D1 E NW-SE
3 9 5 86 86 290 4 200 2 21 05 D2 E NNE-SSW
4 Las Zorreras L. Ser-E. Tor. sandstones/marls 198 60 39 17 7 104 87 287 3 204 2 15 05 D2 E NNE-SSW
4 18 6 341 1 252 39 69 54 12 0.2 D3 C NNW-SSE
5 Zurgena L. Mes. marls 156 4 18 12 14 348 2 82 61 256 29 35 01 D3 C NNW-SSE
6 Arboleas L. Mes. sandstones/marls 342 1 15 9 265 84 110 5 19 2 22 05 D2 E NNE-SSW
6 4 D3 C NNW-SSE
7 Alto de Ia Yesera L. Ser-E. Tor. sandstones 12 8 19 16 32 84 243 5 153 3 14 03 D1 E NNW-SSE
7 2 6 D3 C NNW-SSE
8 La Sierrecica L. Ser-E. Tor. marls 154 1 37 29 16 2 83 240 3 150 6 24 04 D1 E NNW-SSE
8 5 347 4 77 5 221 84 11 05 D3 C NNE-SSW
9 Las Minas E. Tor. conglomerates/sandstones 194 7 20 13 3 22 77 280 3 189 13 18 04 D2 E NNE-SSW
10 La Hoya E. Tor. conglomerates/sandstones 182 12 12 10 4 278 87 104 3 14 0 37 04 D2 E NNE-SSW
11 Cotijo del Cosario L. Tor-E. Mes marls 54 9 17 9 S 355 89 264 0 174 1 11 02 D2 E N-S
1" 6 15 7 281 27 17 62 29 01 D3 C NNE-SSW
12 Los Nofres L. Tor-E. Mes sandstones/conglomerates 12 34 1 1" 7 324 87 110 2 200 2 17 04 D2 E NNE-SSW
13 La Cuesta Alta L. Ser-E. Tor. sandstones 4 1 34 6 12 (early) D1 E NW-SE
13 14 D2 E N-S
13 1" 1 16 243 59 99 26 35 01 D3 CN-S
14 Cortijo del Manchego L. Mes. sandstones 6 1 9 8 6 177 4 70 76 268 14 38 02 D3 CN-S
15 Cerro del Prior Alp. basement micaschists 320 5 17 7 (early) D1 E NW-SE
15 10 144 82 282 8 12 6 19 04 D2 EN-S
16 Cortijo Capellana E. Tor. conglomerates/sandstones 12 8 36 32 283 85 116 5 26 15 04 D2 E NNE-SSW
17 Cortijo del Pozo L. Ser-E. Tor. sandstones/conglomerates 3 24 23 5 12 (early) D1 E NW-SE
17 1 343 82 97 3 187 7 21 05 D2 E N-S
17 6 D3 CN-S
18 Cortijo el Porra E. Tor. conglomerates/sandstones 8 18 11 10 267 88 98 2 8 0 15 05 D2 E N-S
19 Alto de jata L. Ser-E. Tor. sandstones/conglomerates 321 6 18 12 239 82 62 9 153 4 12 0.7 (early)D1 E NW-SE
20 NE-Almajalejo L. Tor-E. Mes marls 8 2 16 7 8 9 87 265 3 355 1 14 04 D2 E N-S
20 4 D3 C NNW-SSE
21 Torreon L. Ser-E. Tor. conglomerates/sandstones 120 5 32 23 15 174 87 41 2 31 2 14 04 (early)D1 E NW-SE
21 5 74 80 271 9 181 3 20 05 D2 E N-S
22 Aljambra L. Ser-E. Tor. conglomerates/sandstones 140 26 23 18 146 76 40 4 309 13 29 0.3 (early)D1 E NW-SE
23 Las Entrenas E. Tor. sandstones/conglomerates 196 17 9 8 M 19 79 276 10 6 4 16 04 D2 E N-S
24 Olula del rio E. Tor. sandstones/conglomerates 205 10 27 25 52 78 276 9 184 8 27 03 D2 E N-S
25 Cerro Tallante L. Tor-E. Mes marls/carbonates 157 15 14 6 8 D2 E N-S
25 7 9 344 13 83 36 237 51 20 0.2 D3 C NNW-SSE
26 Los Carasoles L. Tor-E. Mes sandstones/marls 120 3 6 6 D2 E N-S
27 Cerro Sacristia E. Tor. sandstones/conglomerates 185 17 16 12 16 324 85 119 5 209 2 14 04 D2 E NNE-SSW
28 Los marcelinos E. Tor. sandstones 212 15 15 14 325 79 96 7 187 8 18 03 D2 E N-S
29 Los Lozanos Alp. basement micaschists 202 5 18 15 214 86 99 2 8 4 20 04 D2 E N-S
30 La Cueva Alp. basement micaschists 216 14 28 15 7 126 72 239 7 321 16 45 04 D1 E NNW-SSE
30 10 15 8 80 103 1 194 10 17 07 D2 E N-S
31 Santopetar E. Tor. sandstones 213 4 1 1" 4 348 81 101 4 192 8 29 05 D2 E N-S
32 Los Bonillos L. Tor-E. Mes marls/siltstones 256 2 17 16 129 80 266 7 357 7 32 04 D2 EN-S
33 Agua Arriba L. Ser-E. Tor. conglomerates/sandstones 132 10 19 4 D1 E NNW-SSE
33 8 18 D2 E NNE-SSW
33 7 9 9 9 100 4 214 80 32 01 D3 C NNE-SSW
34 Los Bancalicos Alp. basement micaschists 172 35 77 7 (early) D1 E NW-SE
35 Las Pilillas L. Ser-E. Tor. conglomerates 120 9 1 10 156 82 253 1 343 8 20 06 D1 E NNW-SSE
36 El Canico L. Ser-E. Tor. conglomerates 177 7 8 6 308 79 57 4 148 11 18 0.3 (early)D1 E NW-SE
37 Las Mateas L. Ser-E. Tor. conglomerates 144 13 14 5 (early) D1 E NW-SE
37 8 7 175 78 276 2 7 11 20 06 D2 E N-S
38 Los Cabecicos L. Ser-E. Tor. conglomerates 12 4 17 15 304 87 207 0 117 3 32 04 (early)D1 E WNW-ESE
39 San Roque L. Tor-E. Mes marls/carbonates 204 17 19 18 203 79 297 1 27 1 22 03 D2 E NNE-SSW
40 Alto de las Canales L. Ser-E. Tor. conglomerates 34 45 7 7 (early) D1 E NW-SE
41 Cortijo de Rodrigo L. Ser-E. Tor. conglomerates 334 13 32 6 5 (early) D1 E NW-SE
41 15 8 185 76 281 1 30 14 22 04 D2 E N-S
41 7 355 7 221 80 85 7 17 04 D3 CN-S
42 Armuna de Almanzora L. Ser-E. Tor. conglomerates 153 13 53 15 51 86 242 2 335 4 11 03 (early)D1 E NW-SE
42 26 12 87 277 2 188 1 19 03 D2 E N-S
42 5 D3 CN-S
43 W-Purchena L. Ser-E. Tor. conglomerates 85 26 24 16 1 322 87 235 1 149 3 12 06 (early)D1 E NW-SE
43 7 353 9 228 44 87 39 45 02 D3 CN-S
44 SE-Somotin L. Ser-E. Tor. conglomerates 4 10 19 5 D1 E NNW-SSE
44 14 281 87 97 12 194 2 18 03 D2 EN-S
45 E-Purchena L. Ser-E. Tor. conglomerates/sandstones 4 10 38 17 8 66 86 246 3 336 1 11 05 D1 E NNW-SSE
45 15 281 87 104 12 13 7 15 04 D2 E N-S
45 5 5 D3 CN-S
46 Agua Amarga L. Ser-E. Tor. conglomerates/sandstones 200 16 15 2 1 D1 E NNW-SSE
46 12 7 171 4 242 27 69 64 27 04 D3 CN-S
47 Al Merendero E. Tor. conglomerates 175 14 9 4 D2 E NNE-SSW
47 4 4 D1 E NNW-SSE
48 N-Partaloa E. Tor. conglomerates/sandstones 185 13 9 9 D2 E NNE-SSW
49 El Penon Bajo L. Ser-E. Tor. conglomerates 182 10 22 12 3 129 80 235 7 316 4 12 03 D1 E NW-SE
49 9 128 86 304 3 29 2 15 04 D2 E NNE-SSW
50 Llano del Espino L. Ser-E. Tor. conglomerates/sandstones 156 20 29 6 D1 E NW-SE
50 18 5 297 78 124 17 207 9 42 06 D2 E NNE-SSW
50 3 6 D3 CN-s
51 SE Railway E. Tor. sandstones/marls 334 23 15 14 17 85 298 7 32 5 15 04 D2 E NNE-SSW
52 Cortijo de Rodrigo L. Ser-E. Tor. sandstones/conglomerates 183 45 19 17 9 91 89 284 2 192 1 27 04 D2 E NNE-SSW
Total 983 875 297
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Tortonian shallow marine and the Late Tortonian-Early
Messinian formations and it ended in any case prior to the
Late Messinian deposition (fig 4).

Map-scale faults associated with this event together
with two extension-parallel geological cross-sections are
given in figure 8. D2, meso-scale fault systems are less
abundant than the previous D1, ones and are particularly
localised toward the basin margins (fig. 3). The southern
part of the basin, where the depocentre has migrated
through time display the most important faults while to the
North, the basin basal unconformity is only slightly re-
worked (fig. 8). Besides, some faults seem to locally reacti-
vate the FSZ, as in eastern Almanzora corridor where
fault-bounded blocks carry small half-graben shaped basins
(fig. 8). Conversely, in the Albanchez region, the main
faults seem to cross-cut the FSZ as the NF rocks are in-
volved in the hanging wall of the Albanchez normal fault
(fig. 3 and fig. 8). Two extension-parallel cross-sections are
given on figure 8.

Palaeostress tensor group D3; (N-S to NW-SE
shortening)

The last stage of faulting includes dominantly SW-NE
trending sinistral faults, supplemented by scarce NW-SE
dextral strike-slip faults (fig. 9, sites 01, 02, 08, 09, 13), and
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and Vézquez et al. [2011] for U-Th/Pb analyses on apatites. Closure-tem-
peratures are discussed in the text.
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E-W to WSW-ENE conjugate sets of reverse faults (fig. 9,
sites 01, 03, 08, 09, 13, 16,). In most sites, the fault popula-
tion attributed to this palaeostress tensor group contains a
significant amount of reactivated faults planes, in particular,
NW-SE-trending steep planes formed with an initial D1, ki-
nematics (fig. 9, sites 04, 13, 41, 46). This event is partly
characterised by strike-slip palaeostress tensor solutions
with maximum compression direction (o) oriented approx-
imately N-S and minimum compression direction (03)
roughly E-W (fig. 9, sites 05, 13, 41, 46). A few stations
present compressional palaeostress tensors characterised by
a maximum compression direction (o) again oriented ap-
proximately N-S and minimum compression direction (o3)
roughly vertical (fig. 9, sites 08). Other sites present a mix-
ture of this two stress states sharing a common N-S trending
maximum compression yielding non-realistic neither verti-
cal nor horizontal intermediate and minimum compression
direction. However, field analyses, indicating contradictory
cross-cutting relationships argue for an alternation of the
two stress fields probably favoured by close absolute values
of o, and o3. Meso-scale faults associated with this event
are dominantly SW-NE sinistral faults that often reactivate
D1y, meso-scale normal faults (fig. 6). The only newly-
formed meso-scale D3y, compressional structure is located
on the southern termination of the Alhama de Murcia fault

(fig. 9).

DISCUSSION AND CONCLUSIONS

The intramontane basins as a record of the latest
exhumation stages of the NF rocks

First clearly stated by Vissers et al. [1995] a close relation-
ship between the exhumation of Alpine metamorphic rocks
and the formation of normal fault-bounded intramontane
basins has been recently put forward again [Augier, 2004;
Augier et al., 2005b; Meijninger and Vissers, 2006].
Intramontane basins would have developed on top of the
previously thickened, collapsing Betic-Rif orogenic system
affected by pervasive ~E-W back-arc extension driven by
the westward roll-back, tearing and local detachments of
the subducting plate [e.g. Morley, 1993; Lonergan and
White, 1997; Duggen et al., 2003, 2004; Spakman and
Wortel, 2004].

However, to date, relationships between the exhumation
of Alpine metamorphic rocks and the formation of
intramontane basins only rely on the simultaneity of the lat-
est exhumation stages of the NF complex [Johnson, 1993;
Johnson et al., 1997; Vazquez et al., 2011] and the deposi-
tion of Miocene sediments carrying the first Nevado-
Filabride detritus [Ruegg, 1964; Kleverlaan, 1989; Briend
et al., 1990; Mora, 1993; Poisson et al., 1999; Vissers et al.,
1995; Pascual-Molina, 1997; Augier, 2004; Meijninger and
Vissers, 2006]. This interpretation is however questioned by
the kinematics of the deformation recorded along the FSZ
and in the hanging wall unit carrying the basins. Indeed, be-
sides the exhumation related to the intense thinning of the
Alpujarride complex, most of the NF complex final exhu-
mation is achieved by a set of major top-to-the-W shear
zones [Martinez-Martinez et al., 2002, 2004; Augier et al.,
2005b; Agard et al., 2011], while the kinematics of the
extensional deformation deduced from the basin analysis
has a strong N-S component [e.g. Mora, 1993; Orozco et
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al., 1999; Augier et al., 2005b; Meijninger and Vissers,
2006]. The present structural investigations in both the
basement area including a 40 km-long segment of the FSZ
and the Almanzora corridor and the Huércal-Overa basins
allow proposing a new model for the formation of the bas-
ins. Figure 10 provides a compilation of existing kinematics
and time-constraints either for the final exhumation stages
of both the Alpujarride and the NF complexes or
time-markers for the formation and the development of the
intramontane basins.

After a consistent top-to-the-west ductile shearing dur-
ing D2, stage prevailing during most of the decompression
of the NF complex and the formation of the main planar-lin-
ear fabric (figs 7 and 10), final exhumation stages for the
last ca. 10 km were in turn characterised by important kine-
matics changes [Augier et al., 2005b]. Indeed, during D3y,
the formation of the dome was proposed to explain the di-
vergence of both the stretching lineation and the sense of
shear at the scale of the whole Sierra de los Filabres dome
limbs (fig. 10 [Augier et al., 2005b]). In the northern Sierra
de los Filabres, this study clearly shows the obliquity of the
D2, and the D3, stretching lineations (fig. 10). In the upper-
most part of the NF complex, into the FSZ mylonites, latest
ductile strain increments were thus characterised by NW to
NNW stretching lineation associated with a clear top-to-
the-NW/NNW sense of shear (fig. 10). Last greenschist
mineral recrystallisations occurred at ca. 2kbar for (350°C
around 15 Ma, locally even as late as 13 Ma [Platt et al.,
2005; Augier et al., 2005c]. Exhumation of the NF complex
was then completed under brittle conditions by continued
motions on the FSZ accompanied by the formation of thick
tectonic breccia indicating consistent top-to-the-NW/NNW
kinematics. A clear continuum of extensional strain from
latest ductile to brittle regime is then observed within the
FSZ with common top-to-the-NW/NNW kinematics (figs. 10).
Independently, new field mapping on the hanging wall unit
highlighted mostly NW-dipping SW-NE trending meso-
scale normal fault system that controls the Late Serravallian-
Early Tortonian continental formation within large-scale
asymmetric troughs (fig. 7 [Pedrera et al., 2009, 2010]).
Furthermore, inversion of fault-slip data along of SW-NE-
trending normal small-scale faults pertaining to the oldest
brittle tectonic event (D1,) concurrently point to a NW-SE
directed subhorizontal extension. It thus appears that the in-
ception of sedimentation occurred shortly after the crossing
of the ductile-brittle transition at ca. 14-13 Ma [Augier et
al., 2005c] and the onset of cataclastic deformation on the
FSZ under an overall SW-NE extensional stress field
(fig. 10). The coaxiality of the latest ductile and the subse-
quent brittle kinematics of the FSZ as well as the consis-
tency between kinematics for the meso-scale fault systems
that primarily control the main sedimentation depocentres
and the palaeostress tensors deduced from D1, brittle event
allow concluding to a continuum of strain during exhuma-
tion ultimately responsible for the onset of sedimentation in
the basins (fig. 11). The resulting overall architecture of the
hanging wall unit is a series of fault-bounded blocks col-
lecting sedimentation (i.e. half-grabens) separated by
meso-scale normal faults dipping away from the dome and
probably rooting in the FSZ.

Extensional deformation prolonged D2, with different,
rather N-S to SW-NE kinematics and therefore lasted dur-
ing most of the Tortonian times as already described
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(fig. 10) [Mora, 1993, Meijninger and Vissers, 2006]. D2,
deformation stage that partly reactivates D1, faults formed
a new set of meso-scale normal faults dominantly located to
the South of the basin as exemplified in the Albanchez area
where the main fault clearly cut the FSZ and seem to
listrically bend down on an intra-NF, shallow North-dipping
extensional detachment. Development of the basin therefore
appears coeval with the latest exhumation stages of the NF
complex settled at ca. 9-8 Ma and subsequently ceased to be
active depocentres whereas tectonic denudation of the Si-
erra de los Filabres ended (fig. 10) [Johnson ef al., 1997;
Véazquez et al., 2011]. The Huércal-Overa and the
Almanzora corridor basins are thus initially purely
extensional basins as already proposed [Mora, 1993;
Vissers et al. 1995; Augier et al. 2005b; Meijninger and
Vissers, 2006] but this study reveals how the basins devel-
oped during the exhumation of the NF complex and sheds
lights on the evolution of the FSZ thought time. At
larger-scale, an overall half-graben architecture has already
been reported based on seismic profiles analysis for the
Granada [Morales et al., 1990; Ruano et al., 2004], the
Fortuna-Guadalentin basins [Amores et al., 2001; 2002] or
in the Alboran sea [Comas et al., 1992, 1999; Mauffret et
al., 1992; Watts et al., 1993]. It is also noteworthy that ex-
isting compilations of tectonic subsidence of onland basins
(fig. 10) [e.g. Cloething et al., 1992] revealed a general
common subsidence history from the Late-Serravallian on-
ward. One can then propose that most of these basins initi-
ated as extensional basins linked with the coeval exhumation
of the NF complex albeit now sometimes bounded by bound-
ing strike-slip or even reverse faults. This raises the prob-
lem of how far this crustal shear zone and particularly the
Alhama de Murcia faults played a role in intramontane ba-
sin development.

Deciphering the importance of the Trans-Alboran
transcurrent zone in the finite strain geometry of the
Internal zones

Strike-slip activity over the major faults of the Trans-
Alboran transcurrent zone has been recognised at least from
the (uppermost Tortonian?) Early Messinian to the present
[Booth-Rea et al., 2003; Masana et al., 2004] with finite
displacements amounting to several tens of kilometres
[Weijermars, 1987; Galindo-Zaldivar et al., 1989]. How-
ever, the timing of the onset of strike-slip faulting, the na-
ture of the initial movements as well as their importance or
their relationships with the development of the intra-
montane basin are still debated.

New palaeostress analysis showed that extensional brit-
tle deformation developed, at least from the Late
Serravallian onward in direct relation with the final exhu-
mation of the NF complex. Having a strong N-S compo-
nent, kinematics of extensional deformation appear in direct
conflict either with the N-S to NW-SE Eurasia/Africa con-
vergence [e.g. Serpelloni ef al., 2007] or the inferred cur-
rent sinistral kinematics of the trans-Alboran transcurrent
zone. Conversely, detailed field observations on both
small-scale and meso-scale faults showed a polyphased-slip
history, with early rather dip-slip, mainly normal motions
(D1, and D2,) overprinted by younger sinistral strike-slip
motions (D3y). Besides, part of the NE-SW trending faults
may also have initiated and acted during D2, as extension-
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parallel transfer structures. Consequently, these NE-SW
trending faults were formed (or reactivated) in the Early
Messinian during D3, hence real strike-slip activity on
these faults clearly postdate the development of the
intramontane basins. More importantly, the recent interpre-
tation of a NW-SE seismic profile through the Fortuna basin
[Amores et al., 2001; Meijninger and Vissers, 2006] sug-
gests that, at least, the Alhama de Murcia fault acted as a
NW-dipping growth normal fault controlling the sedimenta-
tion of Seravallian-Tortonian series. Conversely, it is there-
fore tempting to propose an initial normal motion for the
NE-SW trending faults such as the Huércal-Overa fault re-
garded as the southwestern prolongation of the Alhama de
Murcia fault [e.g. Montenat et al., 1977; 1999; Pedrera et
al., 2007, 2010].

Possible regional consequences for the late orogenic
resuming of shortening in the Internal zones

At variance with the External zones that have recorded shorten-
ing since the latest Oligocene Early Miocene [Garcia-Duefias et
al., 1992, Comas et al., 1992; Garcia-Castellanos, 2002],
the Internal zones appear subjected to coeval pervasive
extensional tectonics. This evolution is a common feature in
the Mediterranean realm thus characterised by confined
back-arc extensional tectonics in an overall convergent set-
ting. Another fairly widespread feature is the late resuming
of shortening within the collapsed hinterlands in accor-
dance with global plate motions [e.g. Dewey et al., 1989;
De Mets et al., 1990, 1994; Rosenbaum et al., 2002;
Serpelloni et al., 2007].

New structural observations together with palaeostress
analysis demonstrated that the area experienced a ~N-S to
NNW-SSE compressional stress regime at the end of the de-
velopment of the basins. The poor structural record of this
compressional event in the study area pleads for a rather
weak inversion of extensional structures and the architec-
ture of the basins remain basically half-grabens. However,
the Huércal-Overa basin clearly recorded a general uplift
associated with the reappearance of coarse-grained conti-
nental sedimentation after open-marine conditions (fig. 10
[Mora, 1993; Augier, 2004]. While the ultimate tectonic
cause of the Late Miocene crises has not yet been clearly
identified, it appears clearly that the progressive closure of
the western Mediterranean domain is responsible for the
limitation of water exchanges with the Atlantic ocean
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[Jolivet er al., 2006]. This raises the question of the ability
of this resuming of shortening within the Internal Zones in
terms of intensity (i.e. shortening/uplift) or timing to reduce
Atlantic water supplies and ultimately to trigger salinity
crises.

In the southern Huércal-Overa basin, extensional tec-
tonics is sealed by the Late Messinian through a weak angu-
lar unconformity. The accurate timing of inversion tectonics
remains however uncertain. Besides, space reduction and
inception of a major regressive trend in the sedimentation
illustrated by a clear shallowing and coarsening upward se-
quence clearly appear toward the top of the Late Tortonian-
Messinian formation [Pascual-Molina, 1997; Augier, 2004;
see also Meijninger, 2006]. In the Vera and Sorbas basins,
progressive unconformities (i.e. growth-strata) within the
Late Tortonian record were also ascribed to the uplift of the
Sierra Alhamilla-Cabrera [Weijeimars, 1987; Barragan,
1997]. Based on 1D tectonic subsidence analysis, a ca.
8.2 Ma age was thus proposed to reflect the general uplift
inferred to the resuming of shortening (fig. 10) [Augier,
2004]. A similar ca. 8 Ma age was already proposed at the
scale of the Internal zones when a general uplift affected
the basins that consequently ceased to be active depocentres
(fig. 10 [see also Cloething et al., 1992]. At the scale of the
Internal zones, inversion tectonics resulted in large-scale
structures and long-term effects leading to the disconnec-
tion of the now emerged basins from the Alboran sea [Co-
mas et al., 1992] and lifting Messinian and Pliocene marine
marls up to 1000 m [Martinez-Martinez et al., 2002]. Re-
cently settled between 7,8 and 7,6 Ma, the Tortonian salin-
ity crisis occurred shortly after the onset of inversion tectonics
and may illustrate the inception of basin individualisation fa-
vouring local evaporitic events (fig. 10) [Krijgsman et al.,
1999b; Garcés et al., 2001; Kuiper et al., 2006]. The
Messinian salinity crisis, now precisely dated at 5,96 Ma in
the Sorbas basin [i.e. Gautier et al., 1994; Krijgsman ef al.,
1999a] occurred ca. 2 Ma later, the time needed to stop wa-
ter exchanges with the Atlantic ocean.
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