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Abstract The formation of sedimentary basins in the Alboran domain is associated with the exhumation
of metamorphic core complexes over a circa 15 Ma period through a transition from regional late-orogenic
extension to compression. An integrated study coupling field analysis and gravity data acquisition was
performed in the Sorbas basin in the southeastern Betic Cordillera. Detailed field observations revealed for
the first time that extensional tectonics occurred before shortening in this basin. Two extensional events
were recorded with NW-SE to N-S and NE-SW kinematics, respectively; the first of which being likely
responsible for the basin initiation. Tectonic inversion of the basin then occurred around 8 Ma in an overall
approximately N-S shortening context. Two-dimensional gravity sections reveal that the basin acted as an
active depocenter as the basin floor locally exceeding 2 km depth is characterized by a marked asymmetric
architecture. Based on this integrated study, we explore a new evolutionary scenario which can be used as a
basis for interpretations of the Neogene tectonic history of the southeastern Betics.

1. Introduction

During the Neogene, the geodynamics of the Mediterranean region was marked by the development of
back-arc basins, from the Alboran Sea in the west all the way to the Aegean Sea in the east, initiated after a
major change in the subduction regime, during the Oligocene [Rehault et al., 1984; Faccenna et al., 1997;
Jolivet and Faccenna, 2000]. The Pannonian Basin, Aegean Sea, Liguro-Provencal Basin, Tyrrhenian Sea and
Alboran Sea formed above retreating slabs. The present-day complex geometry of the subduction zones
and back-arc basins results from the initial geometry of the African margin [Frizon de Lamotte et al., 2011] and
progressive slab tearing and detachments [Wortel and Spakman, 2000] associated with a complex 3D mantle
convection pattern [Faccenna and Becker, 2010]. At the western end of the Mediterranean region, the Alboran
domain has recorded this regional episode of back-arc extension and slab retreat [Faccenna et al., 2004;
Spakman and wortel, 2004] until ~7-8 Ma before the resumption of a compressional regime due to Africa-Eurasia
convergence [Jolivet et al., 2008]. Offshore and onshore sedimentary basins have recorded this evolution and
the respective contributions of early extension, and late compression. The final architecture of these basins is still
debated, especially in the Huércal-Overa and Sorbas basins [Weijermars et al,, 1985; Ott d'Estevou and Montenat,
1990; Augier et al., 2005a; Meijninger and Vissers, 2006; Pedrera et al., 2010]. This study aims at deciphering
the respective contribution of extension and subsequent compression in the shaping of the Sorbas basin.

The Sorbas basin, located in the internal zones of the Betic Cordillera (southern Spain), is a key peripheral
basin where upper Serravallian to Pliocene sediments have recorded interactions of both tectonic and
eustatic changes of the southwestern Mediterranean region. Several scenarios of the Neogene evolution of
the whole Alboran region were based upon the stratigraphy and structure of this basin. However, different
tectonic settings, from strike slip to pure extension, have been proposed for the initiation of the basin in
the Serravallian to lower Tortonian. Since the upper Tortonian, the Sorbas basin has been subjected to NW-SE
shortening that has shaped most of its current geometry [Weijermars et al., 1985]. The debate on the tectonic
origin of the Sorbas basin is mainly based on contrasting interpretations of the structural relationships
between sedimentary basins and metamorphic domes of the adjacent “sierras” (i.e., Sierra de los Filabres and
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the Sierra Alhamilla) [Martinez-Martinez and Azaidén, 1997; Martinez-Martinez et al., 2002, 2004; Behr and Platt,
2012]. While the Huércal-Overa basin shows rather well-preserved shape and distribution of depocenters
linked to the pre-8 Ma extension [Meijninger and Vissers, 2006; Pedrera et al., 2010], late shortening had a
major influence on the present-day geometry of the Sorbas basin [Weijermars et al., 1985; Ott d'Estevou and
Montenat, 1990]. The effect of the early extension has not yet been discussed, and a better description of the
deep structure of the basin is needed to access its early tectonic history. In order to better constrain the
geometry of the basin during its evolution, a gravity survey has been carried out through the basin together
with new field structural analyses. From these new structural and geometrical constraints, a new tectonic
evolutionary scenario is proposed for the Sorbas basin.

2. Geological Setting
2.1. The Southeastern Betic Cordillera

The Betic Cordillera forms the northern branch of the Betic-Rif orogenic belt that results from the combination
of a continental collision between the Alboran domain and the Iberian-Moroccan passive margins, during
the Miocene [Crespo-Blanc and Frizon de Lamotte, 2006], and a strong westward movement of the Alboran
domain [Lonergan and White, 1997; Faccenna et al., 2004]. The former south Iberian Mesozoic-Cenozoic
passive margin currently forms the External Zones of the Betics and corresponds to a fold-and-thrust belt
[Platt et al., 2003]. To the South, the finite structure of the Internal Zones results from the stacking of
metamorphic units and their subsequent exhumation in the core of metamorphic domes [Martinez-Martinez
et al.,, 2002; Augier et al., 2005a, 2005b]. From bottom to top, the alpine metamorphic basement is composed of
the Nevado-Filabride (NF) and the Alpujarride (Alp) complexes, overlain by a third one, the Malaguide (Mal)
complex [Torres-Rolddn, 1979]. These three complexes are presently separated by crustal-scale extensional
shear zones that played a major role during the exhumation of the deeper complexes [Garcia-Duenas et al.,
1992; Lonergan and Platt, 1995; Crespo-Blanc, 1995; Platt et al., 2005; Augier et al., 2005a]. Exhumation of
the Alpujarride complex occurred during the early Miocene (22 to 18 Ma) in a N-S to NNE-SSW extensional
setting [Monié et al., 1994; Crespo-Blanc et al., 1994; Crespo-Blanc, 1995; Platt et al., 2005]. Timing of peak
metamorphic conditions and the inception of exhumation of the NF complex is still debated [Lopez
Sdnchez-Vizcaino et al., 2001; de Jong, 2003; Augier et al., 2005b; Platt et al., 2006]. Conversely, timing of the
final exhumation stages in the greenschists facies conditions spans over the middle and the late Miocene
(from 15 to 9 Ma) [de Jong, 1991; Monié and Chopin, 1991; Johnson et al., 1997; Augier et al., 2005b; Platt
et al., 2005; Vdzquez et al., 2011] through an ~E-W regional-scale extension [Jabaloy et al., 1992]. Final
exhumation stages in the brittle regime at circa 13-12 Ma were accompanied by the development of
extensional sedimentary basins such as the Huércal-Overa basin [Vissers et al., 1995; Augier, 2004; Meijninger
and Vissers, 2006; Augier et al., 2013].

The Sorbas basin belongs to a mosaic of E-W oriented late Neogene intramontane basins with the Huércal-Overa
basin and the Almanzora Corridor, to the North, the Alpujarran Corridor to the West, and the Vera basin
to the East [Ott d'Estevou and Montenat, 1990; Sanz de Galdeano and Vera, 1992; Iribarren et al., 2009; Pedrera
et al, 2010]. It is bounded to the North by the Sierra de los Filabres and to the South by the Sierra Alhamilla
(Figure 1), two E-W elongated metamorphic domes [Platt and Vissers, 1989; Vissers et al., 1995; Martinez-
Martinez and Azanén, 1997] formed by the exhumation of the NF complex and amplified by later folding
[Weijermars et al., 1985].

2.2, Tectonic and Geodynamic Framework

The extensional regime which affected the Betic Cordillera and, in a more regional extent, the entire Alboran
domain started from the late Oligocene to early Miocene (see Vergés and Fernandez [2012] for a review of
tectonic evolution) and is widely documented both offshore [Watts et al., 1993; Comas et al., 1999] or onshore
[Garcia-Duenas et al., 1992; Galindo-Zaldivar et al., 2003], especially in the Huércal-Overa basin [Briend et al.,
1990; Augier et al., 2005a; Meijninger and Vissers, 2006; Pedrera et al., 2009, 2010, 2012; Augier et al., 2013].
This later displays an overall half-graben geometry accompanied by mesoscale to small-scale synsedimentary
normal faults. Its formation and its development have been associated with the exhumation of the NF
metamorphic complex in the Sierra de Los Filabres metamorphic dome [Augier et al., 2005a; Meijninger and
Vissers, 2006; Augier et al., 2013] (see Figure 1). According to Augier et al. [2013], the half-graben geometry
results from the development of north dipping normal faults that are probably rooted in the detachment
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Figure 1. Simplified structural map of southeastern Spain. 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 et al. [2005b]. Also indicated are the main tectonic contacts such as the Filabres and Alhamilla shear
zones and the prominent sinistral fault zones pertaining to the Trans-Alboran transcurrent zone (CF: Carboneras Fault, PF: Palomares Fault, and AMF: Alhama de
Murcia Fault) and smaller-scale structures.

separating the NF from the Alp complexes, called the Filabres Shear Zone. A similar tectonic contact (called
the Alhamilla detachment [Garcia-Duerias et al., 1992; Martinez-Martinez and Azaidn, 1997]) also crops out
in the Sierra Alhamilla. Last motions on that detachment in ductile conditions occurred at circa 14-13 Ma
[Martinez-Martinez and Azaridn, 1997; Augier et al., 2005b; Platt et al., 2005], while exhumation tectonics under
the brittle regime lasted until circa 8 Ma.

Unlike the Huércal-Overa basin, the Sorbas basin presents evidences for compression tectonics (Figure 2).
The northern boundary of the basin is characterized by an overall gentle onlap of the sediments over
the basement of the Sierra de Los Filabres (Figure 2b). Conversely, in the southern part of the basin,
Tortonian sediments are folded, locally overturned or even overthrusted by basement rocks (Figure 3)
[Weijermars et al., 1985; Ott d'Estevou and Montenat, 1990; Giaconia et al., 2012a, 2013]. The onset of
compression in the region has been ascribed to the upper Tortonian at around 8 Ma [Weijermars et al.,
1985; Comas et al., 1999; Augier, 2004; Jolivet et al., 2006; Meijninger and Vissers, 2006; Augier et al.,
2013]. This compressional regime resulted in the formation of the current E-W oriented open-fold
syncline geometry of the Messinian to Quaternary series [Weijermars et al., 1985; Ott d'Estevou and
Montenat, 1990] (Figure 2b).

Based on field investigations, several hypotheses were proposed to explain the initiation phase of both
the Sorbas [Montenat et al., 1987; Weijermars et al., 1985; Ott d'Estevou et al., 1990; Poisson et al., 1999] and
Tabernas basins [Kleverlaan, 1989]. These mainly differ on the interpretation of the regional-scale tectonic
regime occurring at that time:
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Figure 2. Structure and stratigraphy of the Sorbas basin. (a) Geological map of the Sorbas basin, modified from Ott d'Estevou and Montenat [1990] and Garcia Monzon et al.
[1974]. Projection UTM Zone 30 (WGS84 ellipsoid). (b) Synthetic N-S cross-section X-Y representing the main architecture of the Sorbas basin (location in Figure 2a).
(c) Synthethic stratigraphic log of the Sorbas basin. Modified after Montenat and Ott d'Estevou [1977], Ott d'Estevou and Montenat [1990], Kriigsman et al. [1999],
Krijgsman et al. [2001], and Manzi et al. [2013].

1. Compressional to transpressional models with an overall N-S oriented maximum shortening have been
put forward [Montenat et al., 1987; Weijermars et al., 1985; Ott d'Estevou et al., 1990; Sanz de Galdeano
and Vera, 1992; Poisson et al., 1999]. They all consider the Africa/Europe convergence as the principal
driving force controlling crust deformation [Sanz de Galdeano, 1985; Ott d'Estevou and Montenat, 1990].
In these models, the Sorbas basin is interpreted either (i) as a purely flexural basin developed along a
major EW trending/northward verging thrust [Weijermars et al., 1985] or (ii) a transpressional basin linked
to a wide NE-SW strike-slip shear zone [Sanz de Galdeano, 1985; Weijermars, 1987; Montenat et al., 1987;
Ott d'Estevou and Montenat, 1990; Sanz de Galdeano and Vera, 1992; Stapel et al., 1996].

2. A strike-slip fault network is active since the middle/upper Miocene [Sanz de Galdeano, 1985; Booth-Rea
et al., 2004a; Sanz de Galdeano et al., 2010; Rutter et al., 2012] and corresponds to the onshore extension
of the Trans-Alboran shear zone (Figure 1) [de Larouziére et al., 1988]. In that context, the deposition of
Tortonian sediments would have taken place in a pull-apart trough [Kleverlaan, 1989; Stapel et al., 1996;
Haughton, 2001; Martinez-Martinez et al., 2006; Rutter et al., 2012].

3. Extensional models in which the formation of asymmetric intramontane basins are linked to the late
exhumation stages within the metamorphic domes of the NF metamorphic complex during the collapse
of the Internal Zones [Garcia-Duefias et al., 1992; Vissers et al., 1995; Martinez-Martinez and Azaidn, 1997;
Meijninger and Vissers, 2006; Augier et al., 2013]. Basins would be initially extensional during the upper
Serravallian to lower Tortonian [Meijninger and Vissers, 2006; Augier et al., 2013] before they experience
inversion tectonics from upper Tortonian to Quaternary.

Recent gravity surveys show an irregular and/or asymmetrical distribution of the residual gravity anomalies in the
Almanzora Corridor (Figure 1) [Pedrera et al.,, 2009], in the Sorbas basin [Li et al., 2012] and in the Huércal-Overa
basin [Pedrera et al.,, 2010]. The Huércal-Overa area has been particularly well documented: modeled gravity
profiles evidence that the deepest parts of the sediment/basement interface, reaching 1000 to 1500 m depth, are
confined to the southern part of the basin [Pedrera et al,, 2009, 2010] and more particularly along normal faults
[Augier et al,, 2013]. Besides, tectono-stratigraphic and paleostress analyses from brittle fault show that two main
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depocenters were first controlled by SW-NE trending normal faults probably rooting in the Filabres Shear Zone
[Augier et al., 2013]. This brittle extensional event occurred during the latest Serravallian to lower Tortonian
(~12-11 Ma) and is linked to the exhumation of the NF metamorphic complex [Augier et al., 2013]. Sedimentation
started during the late denudation stages of the NF complex as evidenced by zircon and apatite fission track
ages and U-Th/He analyses on apatites (respectively at 11.9+ 0.9 Ma, 8.9 £ 2.9 Ma, and 8.7 + 0.7 Ma) [Johnson et al.,
1997; Vdzquez et al,, 2011] in both the Sierra de los Filabres and Alhamilla [Augier et al., 2005b; Platt et al., 2005].

3. The Sorbas Basin

3.1. Basement Units Bounding the Basin

While the Malaguide complex is poorly represented within the study area, the Alpujarride and the Nevado-Filabride
complexes are both well exposed within the metamorphic domes forming the sierras [Vissers et al., 1995;
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Martinez-Martinez and Azanén, 1997]. The Alpujarride complex is mostly represented by Permian purple to
reddish phyllites overlain by Triassic metacarbonates [Garcia Monzén et al., 1973b, 1974; Azafién and Crespo-Blanc,
2000]. The Nevado-Filabride complex is made of three main units [Garcia-Duerias et al., 1988; de Jong, 1991]
called, from bottom to top, the Ragua Unit, the Calar-Alto Unit, and the Bédar-Macael Unit with respective
average structural thicknesses of about 4000, 4500, and 600 m [Martinez-Martinez et al., 2002]. The Ragua Unit is
made up of Paleozoic dark micaschists with intercalated quartzites and rare dark marbles [Martinez-Martinez,
1985], while the Calar-Alto and the Bédar-Macael units mainly contain Paleozoic black micaschists, Permo-
Triassic quartzites, metapelites, and Triassic metacarbonates. Dense eclogite and blueschist bodies or their
retrogressed equivalent amphibolite-facies metamorphic rocks are described as metric to kilometric scattered
lenses into both Calar-Alto and Bédar-Macael units [Garcia Monzén and Kampschuur, 1972; Garcia Monzén
et al., 1973a; Martinez-Martinez and Azaridn, 1997].

3.2. Stratigraphy

The oldest sedimentary record of the Sorbas basin surroundings is represented by scarce Burdigalian-Langhian
marly limestones badly preserved north to the Sierra Cabrera and Serravallian shallowing upward turbidites
exposed along the Sierra Alhamilla and Sierra Cabrera (Figure 1) [Ott d'Estevou and Montenat, 1990; Sanz de
Galdeano and Vera, 1992]. The rest of the series is quite similar to nearby basins [Sanz de Galdeano and Vera,
1992] and starts with two different units [Ott d'Estevou and Montenat, 19901: (i) a ~100 m thick upper Serravallian
to lower Tortonian continental coarse-grained deposits evolving basinward to yellowish marls and turbidites
(Figure 2c), which outcrop in the western (i.e,, Tabernas area) and eastern (i.e,, Gafarillos area) parts of the basin
(Figure 3a) and (ii) a rather thick (up to 2000 m according to Ott d'Estevou and Montenat [1990]) upper Tortonian
marine unit, composed of grayish to yellowish sandstones and turbidites (Figure 2¢). It is worth mentioning
that deposition of the upper Serravallian to lower Tortonian sediments appear coeval with the latest exhumation
of the NF complex in the surrounding sierras [Ott d'Estevou and Montenat, 1990; Johnson et al.,, 1997; Vdzquez
et al, 2011]. Latest Miocene sediments unconformably overly Tortonian sediments and are composed of six units
including from bottom to top (Figure 2¢): (a) a shallow-marine fossiliferous calcarenite (Azagador member)
dated from the Tortonian/Messinian boundary [Ott d'Estevou and Montenat, 1990; Sierro et al., 1993; Kriigsman
et al.,, 2001]; its thickness ranges from 10 to 80-90 m depending on its paleogeographical context [Ott d'Estevou
and Montenat, 1990; Puga-Bernabéu et al., 2007]; (b) an early Messinian marly unit known as the Abad marls
composed of ~120 m of marls alternating with diatomites. The upper part passes laterally to plurimetric fringing
reefal carbonates (Cantera member; Figure 2) outcropping both in the northern and in the southern part
of the basin (e.g., Cariatiz and Morrén de la Cantona localities; Figure 2a), bounding the basin during the early
Messinian [Martin et al., 1999]; (c) a 120 m thick evaporitic unit (Yesares member) consisting in gypsum
alternating with clayey to marly laminites [Dronkert, 1976] deposited during the Messinian Salinity Crisis
[Clauzon et al., 1996; CIESM, 2008] whose onset is calibrated at 5.971 Ma [Manzi et al., 2013]; (d) a latest Messinian
to early Pliocene lagoonal calcarenite (Sorbas member) [Roep et al., 1998] passing to a Gilbert-type fan delta
(dated from 5.46 to 5.00 Ma); the thickness of this marine unit reaches 75 m in the center of the basin at
Sorbas locality; and (e) finally, a mostly continental sedimentary unit made of reddish conglomerates called
the Zorreras member and reaching 60 m in the basin [Montenat et al., 1980; Martin-Sudrez et al., 2000].

4. Aims and Approach

Most of the studies on the Sorbas basin, having poor structural claims, focused on the Messinian history
[Rouchy and Saint-Martin, 1992; Clauzon et al., 1996; Roep et al., 1998; Riding et al., 1998, 2000; Martin et al.,
1999; Krijgsman et al., 2001; Braga et al., 2006; Bourillot et al., 2009; Roveri et al., 2009]. Besides, while the overall
structure of the post-Tortonian deposits is documented as the consequence of a~N-S compressional context
(see above), the tectonic control during the onset of subsidence and early development of the basin remains
debated and in fact mostly unexplored. This study aims at constraining the kinematics of the Sorbas basin while
the basin underwent its first subsidence phase and sedimentary deposition during the upper Serravallian to
lower Tortonian. This paper thus focuses not only on the structure of the early deposits/basement contact
which outcrops along the southern margin of the basin but also on the 3-D geometry of this contact, to
depth. It also deals with the kinematics and stress conditions that prevailed during the upper Serravallian to
lower Tortonian period. Geological and geophysical data have been used and integrated in this work including
structural geology, mapping, paleostress computations, and gravimetric survey and modeling.
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At first, a synthesis on the structure of the southern margin of the basin (i.e., the northern edge of the
metamorphic Sierras) is made with a particular focus on the contact between Serravallian-Tortonian
sedimentary units and the basement. It is based on a compilation of existing data and own field observations.
Then, structural and kinematical constraints are given from structural field observations made in the older
deposits of the basin, in specific areas. As shown before, earliest deposits of the upper Serravallian to lower
Tortonian are poorly exposed in the study area because of the extension of post-Tortonian sedimentary
series (Figures 2c and 3a) and the ongoing deformation. However, systematic and accurate structural
measurements have been realized along the southern basin margin where outcropping conditions allow
observing various kinematic constraints. To first describe the initial development of the Sorbas basin and
to insure an accurate determination of the deformation kinematics, paleostress orientation patterns were
evaluated by the computer-aided inversion method of fault-slip data [Angelier, 1984, 1990]. Thanks to the
recognition of numerous stratigraphic time markers including major unconformities [Ott d'Estevou and
Montenat, 1990; Sanz de Galdeano and Vera, 1992], the succession of stress regimes is reasonably well
constrained in time. As detailed in the following (see Structural Analysis), the study focused on (i) the structure
of the basement/sedimentary rocks interface, (i) structural analyses and inversion of fault-slip data to obtain
paleostress tensors carried out in the Serravallian-Tortonian series, and (iii) of their internal structures.

Gravity data modeling has already proven its efficiency for imaging deep geological structures at crustal
scale, especially for “basement” rock-type imaging in plutonic and metamorphic geological environments
[Rousset et al., 1993; Lefort and Agarwal, 1999; Martelet, 1999; Martelet et al., 2004; Talbot et al., 2004; Joly et al.,
2009; Turrillot et al., 2011]. While gravity modeling is more rarely applied to sedimentary geological
environments [Szafidn and Horvdth, 2006; Pedrera et al., 2009, 2010; Li et al., 2012; Salcher et al., 2012], this
method is used here, in particular, to constrain the geometry of the interface between the rather dense
basement rocks of the metamorphic complexes and the lighter sediments of the basin. Deep structures
of the basin are thus constrained along a series of 2-D gravity profiles overlapping the basin and the
surrounding basement units. Gravity models and field observations, including bedding orientation
measurement, were finally used to interpolate the 3-D basin floor geometry. These results allow improving
our knowledge on the tectonic evolution during the development of the Sorbas basin and precising the
structural control on deposits geometry.

5. Structural Analysis

5.1. Evidence of Compressive Tectonics

The Sierra Alhamilla, Sierra Polopos, and Sierra Cabrera represent three E-W elongated en echelon antiforms
(Figure 3). The Alhamilla and Polopos ranges form two north verging asymmetric folds with a north steep-
dipping forelimb and a gentle south dipping backlimb [Platt et al., 1983]. They are together separated from
the Sierra Cabrera by the dextral North Gafarillos strike-slip fault (NGF, Figure 3). The northern front of the
Sierra Alhamilla, Polopos, and Cabrera antiformal structures are composed of three major faults called, from
East to West, the North Cabrera reverse fault (NCRF), the North Gafarillos fault (NGF) and the North Alhamilla
reverse fault (NARF) [Giaconia et al., 2012a, 2012b, 2013] (Figure 3).

The North Cabrera reverse fault affects the entire sedimentary filling and shows inverted or strongly dipping
Serravallian and Tortonian sediments with a N to NW transport striking [Booth-Rea et al., 2004b] (cross-section
I-I', Figure 3). According to Booth-Rea et al. [2004b], the activity of the NCRF initiated before the upper
Tortonian as upper Tortonian conglomerates unconformably overlies Langhian-Serravallian deposits. The fault
activity is related to the initiation of major sinistral Palomares and Carboneras strike-slip faults [Booth-Rea et al.,
2004b; Gracia et al., 2006; Giaconia et al., 2012a]. The North Gafarillos and South Gafarillos faults (NGF and
SGF, Figure 3) represent two transpressive dextral faults accommodating the deformation and the relative
displacement of the Sierra Alhamilla with the Sierra Cabrera [Giaconia et al., 2012a]. The E-W segment of the
NGF, bounding the Sorbas basin to the south, affects the Tortonian series (cross-section II-II" in Figure 3), and
most of the deformation occurred during the Tortonian as Messinian reefal carbonates seal the contact
toward the West (Cantera Member, Figures 2b and 3) [Ott d'Estevou and Montenat, 1990; Stapel et al., 1996;
Jonk and Biermann, 2002]. The E-W North Alhamilla reverse fault zone, which is linked to the South Gafarillos
dextral strike-slip fault, can be followed over ~20 km along the southern border of the Sorbas-Tabernas basin.
This thrust fault zone cuts the northern limb of the asymmetric Alhamilla antiform where Serravallian-Tortonian
deposits display overturned bedding just below (Figure 2; cross-section llI-lll" in Figure 3). Its activity lasted from
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Figure 4. Evidences of upper Tortonian compressive tectonic. Panoramic view of the southern folded boundary of the
Sorbas basin East of Lucainena de las Torres (see location in Figure 2). Here the metamorphic basement describes a
north verging asymmetric fold with an overturned steep-dipping forelimb. Tortonian series, separated from the basement
by an unconformity, display a rather continuous growth-strata structure forming a recumbent syncline. Fault-slip data
inversion indicates a N-S maximum compression direction [o1].

the upper Tortonian to the late Pleistocene with an overall top-to-the-NNW movement and controls the front of
the Sierra Alhamilla range by a drastic topographic gradient [Jonk and Biermann, 2002; Giaconia et al., 2012a].
Several studies pointed out the syncompression filling of upper Tortonian series [Weijermars et al., 1985; Ott
d'Estevou and Montenat, 1990; Haughton, 2001], reporting a southward progressive gradient of deformation.
Toward the west of the Sierra Alhamilla, the NARF disappears, and the nature of the contact separating
Serravallian-Tortonian deposits from the Alpujarrides metamorphic series appears unconformable
(cross-section IV-IV' in Figure 3). There, the El Alfaro hill which is made of plurimetric conglomeratic and sandy
interval belongs to the upper Tortonian turbiditic series [Hodgson and Haughton, 2004]. According to Haughton
[2000] and Hodgson and Haughton [2004], the timing of deformation in the Alfaro area is also estimated as
Tortonian and Messinian in age from the sedimentary record (thick slump deposits and internal unconformities).

The overthrust of the Sierra Alhamilla basement range over the southern border of the basin marks the strong
asymmetry of both the basin and the basement range [Ott d’Estevou et al., 1990; Martinez-Martinez and Azarién,
1997]. The NARF disappears toward the East of Lucainena de las Torres (Figure 3), Figure 4 displays a
landscape interpretation accompanied with bedding measurements made across the basement/sediments
contact (see Figure 2 for location). The bedding attitude of the Tortonian series shows a progressive steepening
over more than 2 km and is even overturned in the vicinity of the Sierra Alhamilla (Figure 4), fold asymmetry
being illustrated by the more pronounced clustering of bedding poles in stereonet projection (Figure 4).
Structurally below, to the south, metasediments of the basement units show parallel overturned bedding
orientation to the basal layers of the basin marking an overturned forelimb of the Sierra Alhamilla. There,
upper Tortonian sediments are separated from the basement by an unconformity or a stratigraphic break as
the upper Serravallian to lower Tortonian continental series are missing. East of the NARF, the geometry of
the basement/sediment interface argues in favor of a north verging asymmetric fold in the Sierra Alhamilla
with an overturned steep-dipping forelimb, highlighting the recumbent syncline of Tortonian deposits.
Such folded structure could be interpreted as a fault-propagation fold.
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Progressive unconformities (e.g., growth-strata) in upper Tortonian sediments (8-7.24 Ma) mark the growth
of the Sierra Alhamilla basement range and determine a good age control on that deformation episode.
This compressional episode mostly shaped the current geologic and topographic features of the southeastern
parts of the Internal Zones of the Betic Cordillera and predates the Messinian to the present evolution of the
basin. Indeed, the overlying Messinian carbonates seal most of the folding linked with the growth of the
Sierra Alhamilla range (Figures 2 and 3) [Weijermars et al., 1985; Ott d'Estevou and Montenat, 1990] but are
in turn involved in the present-day large-scale open fold of the Sorbas basin. Internal deformation of the
upper Tortonian series is characterized by small-scale wrench faulting with only rare reverse faults as shown
along the road-cut near Lucainena de las Torres (Figure 4). Analysis of fault-slip data yielded a strike-slip
paleostress tensor solution with a N-S maximum compression direction [0;] and a W-E minimum compression
direction [o03] in that case, consistent with the large-scale folding of the northern front of the Sierra Alhamilla
(Figures 2b and 4).

5.2. Evidence of Extensional Deformation

Upper Serravallian to lower Tortonian deposits, which are particularly abundant in the Huércal-Overa basin,
are in contrast very limited within the Tabernas-Sorbas basins. They are encountered along the northern
limb of Sierra Alhamilla (Figure 3). These deposits are of prime importance with respect to the deep
structure of the basin and consequently with the buried history of the Sorbas basin. Hereafter, two
groups of outcrops are described as representative of that discussion, the Tabernas and the Gafarillos areas
(see location in Figure 2).

In the Gafarillos area, upper Serravallian to lower Tortonian formations crop-out well along roads that cross
the hills, particularly the approximately NO20E striking road linking Gafarillos to Gacia-Bajo. There, the
sedimentation, characterized by conglomerates and coarse-grained sandstones, presents general subhorizontal
bedding and is affected by a pervasive network of small-scale normal faults (Figure 5a) locally showing
synsedimentary character (Figure 5b). The entire normal faults population, generally developed as 50-70°
dipping roughly planar surfaces, presents two distinctive orientations: a dominant approximately N140E
and a subordinate approximately NO30E conjugate sets of normal faults. Associated stress tensors correspond
to subhorizontal extension presenting respectively NO60E and N140E minimum compression direction [05]
and a common subvertical maximum compression direction [04] (Figure 5a). Analysis of younger rocks
belonging to the basal upper Tortonian in the same area (Figure 5¢, inset), revealed that only the approximately
N140E set of normal faults was present, suggesting that the former N30E system was restricted to the upper
Serravallian to lower Tortonian formations.

The Tabernas area provides an example of geometrical relationships between faulting and folding (see location
on Figure 2). There, upper Serravallian to upper Tortonian formations experienced a large-scale folding episode
(i.e., the so-called Tabernas fold) [Ott d'Estevou and Montenat, 1990] particularly well exposed along the incised
Rambla de la Sierra. A landscape picture is given on Figure 6. In details, the whole area presents a pervasive
network of small-scale faults systems including mostly normal and wrench faults whose relative chronology
and relationships with folding remained so far unexplored. Close-up views of two parts of the northern limb
of the fold are given as insets in Figure 6; inset B documents faulting in the upper Serravallian to lower Tortonian
formations and inset C, the upper Tortonian. Moreover, Figure 6d provides a decomposition of the total
heterogeneous fault population into homogeneous, cogenetic fault populations. Normal faulting appears
clearly related to prefolding extension as suggested by the coexistence of both subvertical and subhorizontal
normal and reverse faults (in the present attitude of bedding) passively rotated with respect to bedding
(Figures 6b and 6c). In addition, it is to be noted that some of them reveal a synsedimentary character.
Computed principal stress regimes, in agreement with an Andersonian model after back tilting [Anderson, 1942],
yielded a succession of two subhorizontal extensional regimes with N50E and N140E minimum compression
direction [o3] for an almost vertical common maximum compression direction [04]. Wrench faults that often
reactivate former normal fault planes present N20-80E sinistral faults accompanied by N120-170E dextral faults.
Analysis of fault-slip data yielded a strike-slip paleostress tensor solution characterized by a N-S maximum
compression direction [0;] and a W-E minimum compression direction [o3]. This result is consistent with the
large-scale W-E folding that affect passively the Sierras [Weijermars et al., 1985; Ott d'Estevou and Montenat,
1990] and the basins (Figures 2 and 3) with an approximately 10-20° dispersion as exemplified by the WSW-ENE
Tabernas anticline (Figure 6d).
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Figure 5. Field evidences of extensional deformation affecting upper Serravallian to upper Tortonian sediments, (location
in Figure 2). (a) Uninterpreted and interpreted panorama of lower Tortonian reddish conglomerates affected by two sets of
small-scale normal faults: a dominant approximately N140E and a subordinate approximately N30E conjugate sets of
normal faults. (b) A close-up view of synsedimentary normal faults affecting sandy to microconglomerate intervals and
interrupted by a coarse-grained conglomerate. (c) Upper Tortonian marine sediments affected by a N140E oriented set of
small-scale normal faults.

The structural development and the sedimentation of the Tabernas-Sorbas basin thus appear controlled by
normal faulting from upper Serravallian to lower Tortonian onward and at least during a part of the upper
Tortonian. These traces of extension whose origin appear coeval and may be related with the regional-scale
exhumation of the Nevado-Filabride metamorphic complex [Martinez-Martinez and Azaridén, 1997; Augier et al.,
20053, 2013] are now mostly hidden by thick younger deposits in the Sorbas basin area.

6. Two-Dimensional Gravity Survey

6.1. Acquisition and Treatment

A gravity survey was conducted throughout the Sorbas basin and surrounding basement areas. Ground
measurements were performed using a SCINTREX CG5-M microgravimeter in 195 gravity stations emplaced
along 6 ~ north-south trending sections, orthogonal to regional-scale structures, and one additional longitudinal
(i.e, ~east-west) section for crosschecking (Figure 7). Measurement stations were spaced approximately 1 km
apart along the two longer sections aiming at imaging regional-scale structures (see N-S trending SCS1
“Sorbas Cross-Section 1” and SCS2 E-W trending section; Figure 7). Along other profiles, stations were spaced
approximately 500 m apart within the Sorbas basin and approximately 250 m apart along the segments in
the vicinity of the basement/sediment contact. To better control the raw data quality, measurements were
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Figure 6. Geometrical relationships existing between the upper Serravallian-Tortonian extensional deformation and
the upper Tortonian inversion. (a) Uninterpreted and interpreted panoramic view of the northern flank of the so-called
Taberns fold [Ott d'Estevou and Montenat, 1990] showing (b) the presence of tilted normal faults affecting the lower
Tortonian deposits and also (c) the upper Tortonian marine sediments. (d) The decomposition of the total heterogeneous
fault population into homogeneous, cogenetic fault populations shows the presence of two subhorizontal extensional
regimes with N50E and N140E minimum compression direction (o3) that predate inversion tectonics visible at all scales
form microfaults to large-scale folding.

repeated 3 times at each gravity station. Geographic coordinates and altitude were measured using a
MAGELLAN Promark3 post-D-GPS system. For each station, location was recorded and averaged during more
than 1 min, and values were adjusted through a posttreatment correction process by using a secondary
antenna that was fixed for the entire survey period. Such acquisition method ensures approximately 10 cm
and 20 cm of precision for horizontal and vertical coordinate values, respectively. To ensure consistency
between the different gravity profiles measured and to control the temporal instrumental drift, a unique
gravity reference station was used during the overall field survey; it was systematically measured twice a day,
before and after daily surveys (Figure 7b, Los Martinez locality). To calculate the Bouguer anomaly, standard
free air, plateau, and terrain corrections were successively performed; a 2.67 g cm™> Bouguer reduction

DO COUTO ETAL.

©2014. American Geophysical Union. All Rights Reserved. 11



@AG U Tectonics 10.1002/2013TC003458

37°20'N

2°W

sigtraldell'os Filabres]

N W 7z Gravity
v / S P, anomaly
7 s Huercal-Overa~,  ,” (mGal)
el — <> n ) N - +25
- »
° "

[ | )
X

000

SECSH

o 00

&

[ Sedimentary basins
I Miocene volcanic rocks [ Nevado-Filabrides nappe Tortonian [ Nevado-Filabrides nappe

Measurement station:
® (1) reference station

[ Alpujarride nappe Messinian and Pliocene [ Alpujarride nappe ©  Gravimetric station

scs Name of the cross-section

— (2) basin scale cross-section

—(3) 500m spaced station

Figure 7. (a) Simplified geological map showing gravimetric cross sections realized across the basin. Red circle represents the reference station. (b) Location of
the gravimetric stations and gravity anomaly plotted over the geological map of the Sorbas Basin. All measurement stations are represented by small circles
colored in function of their relative Bouguer anomaly (see the color bar in the upper right corner). The dashed border rectangle represents the extension of the
modeling box used to model in 3-D the sediments/basement interface at depth.

density was chosen as an average density value for crustal rocks. Inner terrain corrections (for 50 m of distance
away from station) were routinely performed using Hammer charts [1939]. Following Martelet et al. [2002],
far field terrain corrections (up to 167 km away from the station) were computed numerically using the
Shuttle Radar Topography Mission digital elevation model. Finally, the Bouguer anomaly values were calibrated
(with a constant shift) to the available regional-scale gravity data [Torne et al., 2000] in order to refer to a
common and absolute gravity reference with other existing data sets (see Figure 8a).

Two dimensional (2-D) direct gravity modeling was performed using the Geosoft-GM-SYS software. Gravity
Bouguer anomalies depend on both the geometry and the density contrasts between geological units. In
order to avoid multisolution models from the gravity analysis, densities of the geological units were measured
at the laboratory using the hydrostatic weighing method. Densities used for each lithology considered in
the model are listed in Table 1 and detailed below. These were also systematically compared to published density
range values usually considered for classical lithologies [Robinson and Coruh, 1988; Telford et al., 1990; Jacoby
and Smilde, 2009]. While density values were fixed, the modeling process then consisted to adjust geometries
of the geological units along the sections. The Moho depth variation generally induces large-wavelength
variations in gravity anomaly profiles, and, for this study, the geometry of this particular interface is fixed from
the available reference data set of Fullea et al. [2006] or Ziegler and Dézes [2006]. The geometry of each
geological unit was drawn in accordance to the geological maps [Garcia Monzdn et al., 1973b, 1974] (Figure 2).

6.2. Rock Densities

Rock densities were directly measured from several rock samples for each geological unit. Indeed, the
determination of average standard densities for a geological formation highly depends on the definition of
the lithological assemblage [Jacoby and Smilde, 2009]. Gravity modeling based on measured densities ensures
a much better control. Both the Alpujarride and the Nevado-Filabride complexes metamorphic basement
were sampled (Figure 2). The purple micaschists of the Alpujarride complex were sampled near Lucainena de
Las Torres at the southern edge of the basin. The corresponding measured density (2.69 g cm™>; see Table 1) is
consistent with the general bulk densities usually considered for micaschists and phyllites (i.e., from 2.64 to
2.74 g cm ™) Jacoby and Smilde, 2009]. Due to the occurrence of dolomitic layers at all scales, the density of
the Triassic metacarbonate rocks from the upper part of the Alpujarride complex was fixed from the literature
le.g., Jacoby and Smilde, 2009] with a bulk density of 2.7+ 0.2 g cm™>. An average density of 2.69g cm™>
was thus attributed to the overall Alpujarride complex for modeling. Micaschists samples of all three units
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Figure 8. Two-dimensional gravity profile treatment. (a) Comparison between the measured total Bouguer anomaly
(yellow diamond shape) and the regional gravity deviation exposed in Torne et al. [2000] of the N-S regional cross-section
(SCS1). White diamond-shaped points represent the calculated residual gravity anomaly profile (see text for details).
(b) Superposition of the 2-D gravity model anomaly (green curve), calculated from the density summarized in Table 1,
with the measured total Bouguer anomaly (black dots). The red curves correspond to the difference between the
modeled gravity anomaly and the measured one. (c) Deconvolution of the measured gravity signal (black dashed line)
showing the combined effects of the deep structures of the crust and more particularly the Moho geometry (red curve);
the upper crust structure of the outcropping metamorphic units (blue curve) and the shape and thickness of the sedimentary
basins (green curve). (d) Shallow field based cross section and interpretation of the modeled 2-D gravity anomaly across
the Sorbas basin. Note the strong asymmetry of the sedimentary depocenter.

composing the Nevado-Filabride complex (i.e., the Ragua Unit, the Calar-Alto Unit, and the Bédar-Macael Unit)
yielded densities of 2.65, 2.67, and 2.69 g cm > respectively (Table 1). These densities are in good agreement
with both average densities published in the literature [Jacoby and Smilde, 2009] and the fact that the
metamorphic grade of these complexes increases in this same order. Indeed, despite a relatively common
lithological succession, one main distinction between those units is ascribed to the presence of metabasite
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Table 1. Sampling and Density Measurements

Density

Sedimentary units Lithologies N° Sample Measured Reference Literature
Latest Messinian Fluvial conglomerates 2.36
Early Pliocene Coarse-grained conglomerate 1 24 2.36 Limestone: 2.49+0.12
Gilbert delta Marls and clays 2 2.32 Marl: 2.40 +£0.10; clay marl: 2.06 £0.3
Messinian evaporites Gypsum 3 2.31 2.31 Gypsum: 2.35 £ 1.5,2.5
Messinian reef Reef 4 1.82 24 Marl: 2.40+0.10

and marls Whitish diatomite and laminite 5 1.47
Lowermost Messinian Rich fossiliferous calcarenite 6 2.46 2.46 Conglomeratic limestone: 2.48
Tortonian turbiditic Sandstone 7 2.54 2.54
Alpujarride nappe Purple schists 8 2.69 2.69 Schist: 2.64 £0.26
Bedar-Macael unit Nevado-Filabride Lubrin granite, marble 9 2.67 29 Amphibolite: 2.96 + 0.8; eclogite: 3.37 +0.17
Calar-Alto unit Graphitic and black schists 10 267 2.67 Gneiss, schist: 2.65 + 0.25, 0.35
Ragua unit Black schists 2.65 2.65 Phyllite: 2.74 + 0.60

bodies in both Bédar-Macael and Calar-Alto units (which include eclogite and amphibolite rocks) that were
not directly measured [Garcia Monzén et al., 1973a; Martinez-Martinez and Azaidn, 1997]. Average densities of
such basic rocks are respectively about 3.3 and 2.9 g cm™> acoby and Smilde, 2009]. Hence, the adjacent
Bedar-Macael and Calar-Alto units have been considered as a single unit for gravity modeling, hereafter
called the Upper NF unit, with a slightly increased average density of 2.7 g cm™2 (Table 1). The lowermost
metamorphic unit has been defined as the Lower NF unit (corresponding to the above mentioned Ragua Unit)
with a measured average density value of 2.65g cm~3. On the regional-scale cross-section SCS1 (Figure 7a),
the use of dense bodies was not necessary to adjust the modeled residual Bouguer anomaly with the measured
one. At that scale, far-field effects of these scarce and dense bodies can be neglected. On the contrary,
adjustment of the modeled residual Bouguer anomaly on small-scale cross-sections required the use of such
bodies, in accordance with their exposures [Garcia Monzén et al., 1973b, 1974].

Sampling of the sedimentary cover has been performed throughout the entire basin (Figure 2). Apart
conglomeratic layers (from the upper Serravallian to lower Tortonian), whose density cannot be obtained
by laboratory measurement, densities of all the sedimentary units have been measured (see Table 1). Two
groups have been distinguished for modeling: one including Serravallian and Tortonian deposits and another
one from lowermost Messinian to uppermost Pliocene layers. The average density obtained for Tortonian
deep marine deposits (2.54 g cm~>; Table 1) has directly been used in the 2-D modeling process. Densities
measured for the lowermost calcarenite, Messinian marls-reefs-evaporites, and the overlying latest Messinian
to early Pliocene deltaic deposits are summarized in Table 1. The density measured for the Messinian marls,
yielding a density of 1.6 presents much lower values than the density usually considered for such rock type
(2.4g.cm™3) Uacoby and Smilde, 2009]. Consequently, and in order not to unbalance the gravity modeling,
an average density of 2.4 g cm ™ has been considered for his unit. Finally, a mean 2.37 g cm™> density has been
calculated for the entire lowermost Messinian to uppermost Pliocene group. Note that the density of the
topmost Pliocene conglomeratic layers has not been measured because of their sample-scale lithological
heterogeneity and their noncohesive structure. It has been considered equal to the Pliocene marine deposits,

which yielded averaged density of 2.36g cm™3,

6.3. Gravity Profiles Modeling

A 55 km long profile, crossing the Sierra Alhamilla to the South and the Sierra de Los Filabres to the North, was
acquired to image the effect of the overall crustal structure on the gravity signal (Figure 8). Indeed, wavelength
of the gravity anomaly primarily depends on the depth (for given density contrasts) of the “source” geological
bodies and structures; rather long profiles are thus required to image the deepest crustal geometries. Here,
the long N-S Bouguer anomaly profile, hereafter named the “regional-scale” profile, shows a large northward
decrease from +15.15 mGal to —42.10 mGal (Figure 8a); this long-wavelength anomaly corresponds to the
regional gravity anomaly and, at first order, this can be related to a north dipping Moho (Figure 8b). This
feature is in good agreement with the Moho depth model/compilation published by Ziegler and Dézes [2006]
or Diaz and Gallart [2009] showing a progressive northward deepening, from 22 km to 32 km, beneath the
Sierra de Los Filabres.
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The residual Bouguer anomaly values corresponding to this regional profile (Figure 8) were calculated by
substracting the measured Bouguer anomaly and the regional Bouguer anomaly as given by Torne et al.
[2000] or Fullea et al. [2010]. The obtained profile then appeared very similar to the one recently published
by Li et al. [2012]—who surveyed approximately the same regional-scale section—with similar amplitudes
and shapes of the two residual Bouguer anomaly curves (compare Figure 8a and Li et al. [2012, Figure 3]). As
the two surveys and studies have been strictly conducted independently, such features highlight a good
reproducibility of the measurements and treatments and the quality of the gravity data used for this study.
Here all the 2-D gravity models were computed from the “total” Bouguer anomaly values (instead than
from the residual Bouguer anomaly) by taking into account the geometry of the Moho, as mentioned above
[Torne et al., 2000; Fullea et al., 2006; Ziegler and Deézes, 2006]. It is noteworthy that, below the lowermost
NF metamorphic unit, standard densities have been used for the crust with 2.7 and 2.8 g cm™3 for respectively
the “mean” and lower crust levels.

On the other hand, short wavelengths of the measured gravity profiles highly depend on the shallow crustal
structure. In this study, this part of the modeling was constrained by the geometry of the outcropping
post-Tortonian deposits within the Sorbas basin (see Figure 2) and of the metamorphic unit, into the domes,
as deduced from field structural measurements. The midwavelength anomaly (Figure 8a) constituted the
only remnant part of the measured signal to be fitted. If considering the density contrast in between units
(see Table 1), the latter depends not only on the depth and shape of the base of the basin but also on the
geometry of internal boundaries within the underlying metamorphic complexes (Figure 8b). The residual
midwavelength anomaly was then modeled by adjusting the geometry of the contact between metamorphic
basement and sediments (Figure 8b), as is the case to the northern boundary of the basin (Figure 8c). As a
whole, the modeled Bouguer anomaly can be separated in three components along this regional-scale
profile (see Figure 8c), displaying the combined effects of (i) the deep crustal structures (red curve), (i) the
upper crust structure into the outcropping metamorphic units (blue curve), and (iii) the shape and thickness
of sedimentary basins (green curve in Figure 8c). Note that, even though a large part of the total Bouguer
anomaly range value is directly linked to the Moho depth (see red curve in Figure 8c), a significant part of
its variations is also due to the structure of the upper crust of both the metamorphic and sedimentary units,
with similar proportions (see similar amplitudes of the blue and green curves in Figure 8c). Finally, on the
regional-scale SCS1 profile, the midwavelength Bouguer anomaly decreases from 5 to 25 km, which corresponds
to an asymmetric shape of the basin floor as shown in the model (Figure 8d).

Profiles SCS3, SCS4, SCS5, SCS6, and SCS7 (Figure 7), located in the center of the Sorbas basin, are described
from West to East (Figure 9). In comparison to the above described ~55 km long regional-scale profile, the latter
shorter profiles stand for more local-scale variations in the structure of the basin. For the sake of clarity,
modeled geometries of the units are only displayed down to 4 km on the sections but, as for the processing
of SCS1 profile, the whole crust is taken into account for gravity anomaly computation, down to the mantle,
in order to include depth variations of the Moho. Profile SCS6 extends to the North from Uleila del Campo to the
west of Sorbas city (Figure 7). The short wavelengths of the Bouguer anomaly are well fitted by taking into
account the extension of the northern boundary of the Tortonian trough beneath the Messinian and Pliocene
sediments (see Figure 2). On the other hand, the gravity high displayed in the Bouguer profile (between 2
and 4 km) and forming a midwavelength anomaly cannot be simply reproduced by the presence of standard
metamorphic rock units below the post-Tortonian deposits. Such wavelength can neither be explained by
variations in the Moho depth nor in the lower crust. Gravity modeling shows here that the occurrence of
rather dense material (of 2.9 g cm™3) in the upper crust is mandatory, at that local-scale, to properly model
the Bouguer gravity anomaly. Slices of such dense rocks are displayed in black in Figure 9. Note that such
small bodies are only necessary to adjust short wavelength of the anomaly in “local” gravity profiles and
are not mandatory for modeling the regional-scale profile as described above. SCS4 profile, which extends
3 km south of Sorbas, is the southern extension of the SCS6 profile. The first-order trend of the modeled
Bouguer anomaly was adjusted with the geometry of the metamorphic basement units at depth. Shortest
wavelengths have been then modeled with the depth of the interfaces of shallow geological units exposed at
the surface. SCS3 profile is almost parallel to SCS6 and extends from Sorbas to the north of El Pilar (Figure 7).
The same modeling protocol as described above was used here to adjust the computed Bouguer anomaly
curve to the measured anomaly values. Here again, this section displays the extension of the northern
boundary of the Tortonian trough below the younger sedimentary series. The N-S oriented SCS7 profile extends
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from Los Feos (northern part of the Nijar basin) to Los Perales (Figure 7). This profile crosses a metamorphic
basement high connecting the Sierra Alhamilla in the west to the Sierra Cabrera in the east and where
metamorphic rocks have been sampled to constrain density values (Figure 2). The northward decrease of
the Bouguer anomaly values, from +21 to +8 mGal (Figure 9), was ascribed to the anticline shape of the
metamorphic units as known laterally in both Sierra Alhamilla and Sierra Cabrera. At 2.8 km distance along
the profile, a trend break is visible in the anomaly curve, and this feature most probably coincides with
the basement/sediments contact outcropping there (Figure 9). This argues for a rather steep downward
extension of the contact. Besides, the sedimentary cover is here entirely composed of Tortonian sediments,
and this structure may correspond to the termination of the Tortonian extensional trough to the SE. The
westernmost gravity section extends from La Herreria to north of El Chive (SCS5 profile; Figure 7). Three main
segments can be distinguished along the Bouguer anomaly profile: (a) the first one, between kilometer 0 and 2,
is characterized by a northwestward strong decrease; the best fit of the model was obtained by an
important deepening of the sedimentary infill of the basin; (b) the second segment, between 2 and 7 km,
is marked by a rather constant low anomaly which corresponds, after adjusting the model, to the thickest
sediment filling along the cross section; and (c) the third segment, beyond 7 km, highlights a rather weak
increase of the anomaly before a new stabilization around +3 mGal. This “step” in the trend of the Bouguer
anomaly profile may correspond to the extent of the Upper NF units from the Sierra de Los Filabres
southward below the post-Tortonian series (Figures 2 and 7). Except for the extreme northern boundary of
the SCS6 profile, the measured and modeled Bouguer anomalies show a good consistency, and the resulting
misfit error is negligible for all profiles.

7. Three-Dimensional Geometry and Depth Constraints

Two-dimensional gravity sections were integrated into the 3-D GeoModeller software [Calcagno et al., 2008;
Guillen et al., 2008] in order to interpolate the 3-D geometry of the basin floor. The computation principles of
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Figure 10. Basin floor 3-D geometry. (a) Isodepth curves of the base of the Tortonian deposits are plotted over the geological map of the modeled area. The depth is
indicated in meters below sea floor. (b) Three-dimensional oblique view of the base of the Sorbas basin. Vertical exaggeration =3.

this software are based on a joint inversion of both the places, within the 3-D volume considered, where
geological contacts have been observed or deduced, and measured orientations of corresponding geological
surfaces. Here modeled 2-D gravity sections were thus used to constrain both the depth of the basin floor
and its geometry. The modeling box (dashed border rectangle in Figure 7b) extends over 20 x 15 km from
37°10'12.33"N-2°15'03.00"W (top left corner) to 37°01'48.44"N-2°02'12.75"W (bottom right corner) and
from 5 km below sea level to 3 km in altitude.

The geometry of the basin floor is illustrated in Figure 10 by both an isodepth curve map (Figure 10a) and
an oblique 3-D view of the model in which the sediment infill have been removed (Figure 10b). Isodepth
curves of the basin floor, as interpolated during the 3-D modeling process, show a strong marked asymmetry
of the basin geometry (Figure 10a) characterized by a steep North dipping boundary in the southern part

of the basin, passing to a gently South dipping contact to the North. This first-order geometry of the model
is well constrained by both (i) the gravity 2-D modeling along the profiles and (i) the very steep dip of the
first Tortonian layers even characterized by locally overturned bedding close to the basement contact. The
deepest part of the basin, a 2000-2800 m trough, is located in the South, facing the North Alhamilla front
zone separating the basin from the metamorphic basement of the Sierra Alhamilla.

While the asymmetrical shape of the basin evidenced by our computed 3-D model is compatible with the
2-D image proposed by Li et al. [2012], discrepancies arise when considering the modeled depth of the
basement/sediment basement below the basin. Indeed, previous work estimates a ~1500 m maximum depth
of the Sorbas basin in its southern part, whereas our 3-D computations result in a 2000-2800 m depth
localized along the southern part of the basin. When considering the SCS1 regional-scale gravity section of this
study, comparison of the residual Bouguer anomaly values with the one obtained by Li et al. [2012] clearly
shows that such discrepancy could not be attributed to measurement deviations. Thus, differences in depth
computations must be assigned to the choice of the density values used for gravity modeling. On the one
hand, previous gravity studies conducted in the Sorbas basin and surrounding areas gathered geological
units in, basically, two groups (i) sedimentary rocks with a constant density fixed at 2.35g cm™> and

(ii) basement rocks with a constant density fixed at 2.67 g cm ™ [Pedrera et al., 2009, 2010; Li et al,, 2012]. We
have tested this same approach on the N-S regional cross section to model the basal contact separating the
sediments from the metamorphic basement (dashed line on Figure 8d). The overall asymmetric shape of the
basin fill can be reproduced; however, the main difference between these approaches is the resulting
depth of the basin floor estimated between 1.6 to 2.8 km (Figure 8d). However, the Bouguer anomaly primarily
depends on density contrasts [Martelet, 1999; Martelet et al., 2004; Jacoby and Smilde, 2009; Joly et al., 2009].
Accurate determination of the density is thus essential to model a more reliable geometry to depth. The Sorbas
basin, as well as its basement, is composed of a large spectrum of rocks and average densities assigned to each
geological layer sufficiently contrasts with both adjacent units to be considered as a representative density
interval (Table 1). Our study strives to consider more specific density values for geological units or groups as
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recognized in the area as well as measuring densities from field samples rather than using standard average
density values. When comparing densities of rock units measured in this study to standard ones, we
suggest that the distinction of as many geological units as possible to separate “geophysical” units is a
more accurate approach to estimate both the geometries and depths of the geological boundaries.

8. Discussion

Contrasted tectonic settings have previously been proposed to explain the initiation and the development
of sedimentation within the Sorbas basin: (i) N-S compression to transpression [Montenat et al., 1987;
Weijermars et al., 1985; Ott d'Estevou et al., 1990; Sanz de Galdeano and Vera, 1992; Poisson et al., 1999],
including strike-slip tectonics [Kleverlaan, 1989; Haughton, 2001], or (ii) extension [Garcia-Duenas et al., 1992;
Vissers et al., 1995; Martinez-Martinez and Azarién, 1997; Augier et al., 2005a, 2013]. Based on field structural
investigations and the gravity survey, the 3-D geometrical model shows a marked asymmetric shape with
the deepest parts localized to the South, along the contact with the Sierra Alhamilla. The southern basin/
basement rocks contact is steeply dipping, so as the bedding within the Tortonian basal deposits. The
southern deepest parts of the basin correspond to the Tortonian trough, as previously defined. The strong
asymmetry of the basin might result from the compressive event, when the Sierra Alhamilla “thrusted” over
the southern edge of the Sorbas basin. Indeed, the North Alhamilla Reverse Fault has been described as a
prominent structure, and its development could have been accompanied by a significant subsidence in its
footwall. However, structural analysis highlighted that while north verging thrusting can be evidenced
along this margin, some segments of the north Alhamilla front display a preserved structure of unconformable
stratigraphic contact of the Tortonian series on the basement rock units. Such interface was subsequently
tilted or even overturned in front of the Sierra Alhamilla but no trace of thrusting can be evidenced then.
In these areas (as presented in Figure 4) the deformation marks the growth of a fault-propagated fold at the
tip of a blind thrust, and such quick change in tectonic style along the north Alhamilla front argues for a
rather limited dip slip movements along the NARF. On the other hand, while previous works estimate
~1500 m of maximum depth for the Sorbas basin, our new gravimetric models and 3-D computations result
in a 2000--2800 m maximum depth localized along the southern part of the basin. This result reinforced
the asymmetric character of this basin. It also highlights a much larger cumulated subsidence in this area
compared to the Huércal-Overa basin for instance.

Moreover, several synsedimentary normal faults have been locally described from the upper Serravallian

to the upper Tortonian series, in close surroundings to the Sorbas basin (Figures 5 and 6). Two extensional
paleostresses, whose minimum compression direction [03] are N140E and N50-60E oriented, controlled
the deposition of upper Serravallian to upper Tortonian sediments (Figures 5 and 6). The analysis of upper
Tortonian series, in particular in the Gafarillos area, suggests that the N140E oriented system was mainly
restricted to the upper Serravallian to early Tortonian. In the Tabernas area, both normal faults sets appear
clearly as prefolding extensional faulting as suggested by tilted conjugate sets of normal faults (Figures 6b
and 6¢). The asymmetry of the basin floor most probably results from the successive extensional and
compressive deformations evidenced in the Sorbas basin. Indeed, the limited dip-slip movements along
the northern “thrust” front of the Sierra Alhamilla could hardly explain the ~2500 m of subsidence in the
south Sorbas trough. In addition, the amount of shortening due to the folding of the Alhamilla range
remains hardly assessable because of the dextral movements of the Polopos and North Alhamilla Fault Zone
[Jonk and Biermann, 2002; Giaconia et al.,, 2012a] and the involvement of the strike-slip Cantona Fault Zone

in the deformation [Haughton, 2001]. Therefore, we assume that a significant imprint of the early extensional
event contributed on the finite global architecture and structure of the Sorbas basin.

8.1. The Initial Extension History of the Sorbas Basin and Surroundings

The onset of sedimentation roughly occurred at the same time in all intramontane basins of SE Betics, during
upper Serravallian to lower Tortonian [Cloetingh et al., 1992; Sanz de Galdeano and Vera, 1992; Iribarren et al.,
2009]. The Huércal-Overa and Sorbas basins underwent a common subsidence history during their early
development stage (Figure 11): this first phase is characterized, in both basins, by the deposition of a thick
coarse-grained breccia containing Nevado-Filabride clasts [Sanz de Galdeano and Vera, 1992]. Both basins
display a synchronous onset and a similar evolution of sedimentation [Sanz de Galdeano and Vera, 1992],
while their basement were exhumed by normal faulting. Evidences of extensional tectonics during the lower
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curve of the Sorbas basin is drawn from the average estimated paleobathymetries compiled in Table 2. Absolute eustatic curves are from Hagq et al. [1987] and
Miller et al. [2005]. Exhumation and cooling path of the Nevado-Filabrides complex are estimated from ZFT, AFT, and U-Th/He methodologies [Johnson et al., 1997;
Augier et al., 2005b; Platt et al., 2005; Vdzquez et al., 2011].Grey rectangles noted A to E refer to steps of the evolutive cross section of the Sorbas basin in Figure 13.

Tortonian have also been extensively described into the Huércal-Overa basin, to the north (Figure 12a)
[Briend et al., 1990; Augier et al., 2005b; Meijninger and Vissers, 2006; Pedrera et al., 2010; Augier et al., 2013].
In that area, the latest exhumation stages of the metamorphic Nevado-Filabride complex (green arrows in
Figure 12a) [Johnson et al., 1997; Augier et al., 2005b] coincide with the kinematics of normal faults which
controlled the sedimentation into the basin [Augier et al., 2013]. Both basins may have experienced common
extensional tectonics during the initiation of sedimentation (Figure 12a). The effect of extension is obviously
hardly detectable on the southern edge of the Sorbas basin. However, similar extensional regime-boarding
metamorphic core complexes in other surrounding areas led to the formation of half-graben basin such as
the Granada basin [Ruano et al., 2004], Fortuna-Guadalentin basins [Amores et al., 2001, 2002], and in the
Alboran Sea [Mauffret et al., 1992; Watts et al., 1993; Comas et al., 1999]. We assume that the Sorbas basin
which initiated under similar tectonic conditions (Figure 12) may have formed an asymmetric half graben
tilted toward the south. The fact that extensional paleostresses calculated in this study, and especially the
N140E oriented system, is consistent with the latest ductile deformation highlighted in the Sierra Alhamilla
(green arrows in Figure 12a) reinforces the comparison with the Huércal-Overa basin and the interpretation
of half-graben initiation. In the Sorbas basin, gravity modeling evidences that the rather dense rocks of
the Alpujarride complex with respect to the sedimentary cover, cannot be prolonged northward, below the
basin (Figures 9 and 13e), without inducing a large misfit on the measured Bouguer anomaly. Hence, the
southern fault which probably controlled the sediments deposition during the initiation of the subsidence
may crosscut and postdate the Alhamilla detachment zone itself (Figure 13e). This is fairly consistent with
the tectonic history of the Huércal-Overa basin and the circa 12-11 Ma ages for the initiation of sedimentation
during latest exhumation stages of the sierras under brittle conditions [Platt et al.,, 2005].

Table 2. Paleobathymetry and Age of the Sedimentary Formations of the Sorbas Basin

Formation Age Paleobathymetry (m) References

Zorreras coquina =~ 5.2Ma 20m Montenat et Ott d'Estevou [1977]

Sorbas calcarenite 5.67-5.60 Ma 20-40m Montenat et al. [1980]

Gypsum 5.97-5.67 Ma 0-40m Dronkert [1976]; Goubert et al. [2001]

Messinian reef 6.04-5.89 Ma 0-80m Braga et al. [2003]; Sanchez-Almazo et al. [2007]

Abad marls 7.24-5.96 Ma 200-600 m Dronkert [1976]; Troelstra et al. [1980]; Ott d'Estevou and Montenat [1990];
Poisson et al. [1999]; Krijgsman et al. [2001]

Tort/Mess calcarenites =~ 7.24 Ma 20-40m Ott d'Estevou and Montenat [1990].

Upper Tortonian > 7.24Ma 350-600 m Ott d'Estevou et al. [1981]
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Figure 12. Simplified tectonic map showing average upper Serravallian-lower Tortonian extension directions and average
upper Tortonian compressive directions of the southeastern part of the Internal Zones of the Betic Cordillera. Stretching
direction and associated sense of shear for the Nevado-Filabride complex are synthetized from [Galindo-Zaldivar et al.,
1989; Jabaloy et al., 1992; Augier et al., 2005a, 2005b]. Extension and compression directions shown in the Huércal-Overa
basin are derived from Meijninger [2006] and Augier et al. [2013].

8.2. Evolutive Scenario of the Sorbas Basin

A N-S evolutive cross section of the Sorbas basin is given in Figure 13. Situations are restored for key main
steps from the upper Serravallian to lower Tortonian stage to the present view by deconvoluting the tectonic
history of the Sorbas basin. As discussed before, we argue here for an onset of sedimentation occurring in an
extensional regime in the Sorbas basin. The strong asymmetry of the basin is compatible with a half-graben
geometry controlled by a supposed north dipping fault zone, located along the southern margin during
Serravallian and part of the Tortonian (Figures 5 and 6). Geometry and major bounding faults of this initial
basin can obviously not be retrieved accurately as most of this basin is now hidden by younger deposits; a
significant part of the early basin even being eroded in particular during Messinian evolution. Extensional
kinematics, as studied within the preserved and outcropping parts of the basins, is compatible with a
NW-SE (~N140E) and NE-SW (~N50-60E) directed subhorizontal extension accompanied by a subvertical
maximum compression direction (Figure 6). This event may have favored an initial subsidence pulse and
the deposition of coarse-grained sediments grading to marine deposits. Such pulse thus seems recorded
over most the SE Betic basins [Sanz de Galdeano and Vera, 1992; Meijninger and Vissers, 2006; Augier et al.,
2013]. Inception of the main sedimentation occurred shortly after the crossing of the ductile-brittle transition
at circa 14-13 Ma during the final exhumation and the denudation of the Nevado-Filabride-cored domes
[Johnson et al., 1997; Augier et al., 2005b; Vdzquez et al., 2011]. In the Huércal-Overa basin, where the
corresponding oldest deposits are exposed and even very well preserved, this time interval corresponds to
sedimentation of about 1 km thick series along the normal-faulted southern boundary [Pedrera et al., 2009,
2010; Augier et al., 2013]. As the two basins show a similar tectonic subsidence evolution during upper
Serravallian to lower Tortonian, one can assume that, in the Sorbas basin, the subsidence pulse led reasonably
to the deposition of the same amount sediments.
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Figure 13. Interpretative N-S cross sections of the Sorbas basin representing its evolution from (a) the present to the deposition of (b) Messinian evaporites,
(c) the late Tortonian syntectonic sedimentation of turbidites, and (d) the period of tectonic inversion postdating the extensive deformation during (e) the upper

Serravallian to lower Tortonian.

Later, during the upper Tortonian, the Sorbas basin experienced a drastic inversion tectonics stage (Figures 4
and 6). This formation shows a progressive steepening over more than 2km and is even overturned in the
vicinity of the Sierra Alhamilla in the footwall of the North Alhamilla reverse fault zone (Figure 4). Besides, the
development of upper Tortonian growth strata highlights that deformation occurred during sedimentation
(Figure 4). Second order folding (e.g., the Tabernas fold) and small-scale faults are all consistent with a N-S to NW-SE
shortening (Figures 4 and 6). Progressive steepening on the southern margin of the basin (i.e,, the mobile border)
and the significant uplift of the Sierra Alhamilla [Braga et al., 2003] probably resulted in a continuous tectonic
subsidence within the basin and the persistence of marine deposits [Weijermars et al., 1985; Kleverlaan, 1989].
Flexural type subsidence then superimposed on the former extensional depocenter and migrated northward
(Figure 13d). This marked inversion of the basin appears mechanically in agreement with the development of
dextral strike-slip faults recognized at the western and eastern edges of the basin [Giaconia et al., 2013].

Many studies pointed out an important strike-slip component of the northern and southern Alhamilla-Cabrera-
faulted boundaries during the Tortonian [Martinez-Martinez et al., 2006; Rutter et al., 2012] leading to drainage
captures [Mather, 2000; Giaconia et al., 2012b, 2013]. In addition, several authors suggested that strike-slip
tectonics parallel to the E-W depocenter have been important in the evolution of the Sorbas basin in particular
during the Tortonian turbiditic filling [Ott d'Estevou and Montenat, 1990; Haughton, 2001]. This assumption is
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mainly based on the occurrence of contained turbidites and a reversal location of its ponding depocenter in the
late Tortonian [Haughton, 2001]. However, the initial sinistral strike-slip movement advanced by the authors
cannot be observed in the basin due to its intense late deformation. The associated primary east flowing
sedimentation could result from the first-step extension highlighted in this study. Moreover, the tilted-block
geometry inferred by Haughton [2001] seems unrealistic with respect to the 2-D gravity inversion.

Compared to the Huércal-Overa basin, inversion tectonics appears much stronger in the Sorbas basin [Weijermars
et al,, 1985; Augier et al., 2013]. Onset of regional inversion has been proposed to approximately occur before
the Tortonian/Messinian boundary (e.g., ~7.7 Ma) [Weijermars et al., 1985]. Besides, inversion tectonics affecting the
northern flank of the Sierra de Los Filabres occurred roughly at the same time, around 8.2 Ma [Augier, 2004].
This period coincides in a broad sense with a period of geodynamic reorganizations of the southeastern Betics
(Figure 12b) as described throughout the Alboran region, around 8 Ma [Comas et al., 1999; Jolivet et al., 2006].

At the Tortonian-Messinian transition, the basin experienced an overall uplift and erosion as attested by the
deposition of the Azagador shallow marine calcarenite over the upper Tortonian (Figures 4 and 13c). The large
open-fold syncline of the lowermost Messinian calcarenite shows the relatively limited shortening deformation
affecting the basin after its deposition (Figure 13b). From that period, and despite a global sea level fall of 35 m [Hag
et al, 1987], deep marine marls were deposited into the Sorbas basin between 7.3 and 6.5 Ma (Figure 13b). The
subsequent deposition of Messinian clays and diatomites, known as the Upper Abad Member, and of the coeval
fringing reef, in a restricted marine environment, is once more coeval with a global sea level fall estimated at 60 to
70 m (Figure 10) [Haq et al., 1987; Miller et al,, 2005]. These features highly suggest that the global eustatic variations
have locally weaker effects on sedimentation than the tectonic control during the Sorbas basin tectonic inversion.

9. Conclusions

While most of the previous studies on Sorbas basin focused on the Messinian salinity crisis event or on compressive
tectonics acting from middle-Tortonian to upper Tortonian times, this work aims at constraining the early
tectonic context during the initiation phase of the basin. Two principal targets were identified as key points to
address this problem: the geometry/structure of the early deposits with the basement units and the internal
deformation/stress fields taking place during the onset and first stages of sedimentation into the basin. At first,
structural analysis and compilation point out that the well-known northward thrusting movement observed
along the northern edge of the Sierra Alhamilla may be limited; deformation being characterized by pervasive
shearing and folding in some places. Besides, structural analysis of the earlier deposits along the southern margin
of the basin, including computation of paleostress tensors from fault kinematics analysis, highlights the prime
effect of an initial extensional event during the onset of basin development. This phase of deformation observed
in sedimentary series is coeval with the late exhumation stages of the Nevado-Filabride complex, further south,
into the Sierra Alhamilla, which is characterized by a top-to-the NW normal sense of shear [Augier et al,, 2005a].
This extensional context must probably controlled the inception of sedimentation in the continental basin.

On the other hand, gravity modeling revealed the deep and asymmetric structure of the Sorbas basin. This
asymmetry is highlighted both by a gently south dipping basal unconformity in the north and a steep south
dipping southern contact. Gravimetric survey and modeling results in the determination of a maximum ~2500 m
of sediments accumulated and preserved along the southern margin of the basin. The Sorbas basin thus
displays as a particularly thick basin in comparison to the other neighboring continental basins of the area, and its
well-marked asymmetry could hardly be explained by the limited thrust movements as observed along the
northern Sierra Alhamilla. All these results thus argue for a two stages evolution of the Sorbas basin development
with (i) extension driving at first the initiation and first stages of subsidence and (ii) inversion of the basin
and flexural control of the sedimentation during a subsequent compression.

Our integrated study allows estimating the evolution through time of the basin behavior. We propose that
during the early extensional stage, a normal to normal-strike-slip fault system initiated the subsidence along the
northern edge of the metamorphic range, south of the basin, during the last stages of exhumation of the
metamorphic units. Later on, the asymmetry of the basin was reinforced during the basin inversion by the N-S
compressional event occurring from circa 8 Ma. Since the deposition of the Azagador Member, the Sorbas basin
evolved as a flexural basin, resulting from the ongoing overall N-S shortening (acting since circa ~8 Ma). This
tectonic setting is marked by the strengthening of the subsidence and leads to the deposition of deep marine
sediments (Abad marls). Then, Messinian and post-Messinian deposits are only slightly folded (Figure 13).
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