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Abstract The relief of the Betic Cordillera was formed
since the late Serravallian inducing the development of
intramontane basins. The Alhabia basin, situated in the
central part of the Internal Zones, is located at the intersec-
tion of the Alpujarran Corridor, the Tabernas basin, both
trending E-W, and the NW-SE oriented Gador—Almeria
basin. The geometry of the basin has been constrained by
new gravity data. The basin is limited to the North by the
Sierra de Filabres and Sierra Nevada antiforms that started
to develop in Serravallian times under N-S shortening
and to the south by Sierra Alhamilla and Sierra de Gador
antiforms. Plate convergence in the region rotated coun-
ter-clockwise in Tortonian times favouring the formation
of E-W dextral faults. In this setting, NE-SW extension,
orthogonal to the shortening direction, was accommodated
by normal faults on the SW edge of Sierra Alhamilla. The
Alhabia basin shows a cross-shaped depocentre in the zone
of synform and fault intersection. This field example serves
to constrain recent counter-clockwise stress rotation during
the latest stages of Neogene—Quaternary basin evolution
in the Betic Cordillera Internal Zones and underlines the
importance of studying the basins’ deep structure and its
relation with the tectonic structures interactions.
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Introduction

Orogenic intramontane basins record regional tectonic evo-
lution and deformation patterns over time. They are filled
by sediments either in synformal structures perpendicu-
lar to compression (Burg and Podladchikov 1999; Guest
et al. 2007), in grabens orthogonal to extension (Carmig-
nani et al. 2004) or in pull-apart basins related to wrench
regimes (Jacobs and Thomas 2004). Due to the interaction
and overlapping of such tectonic features, intramontane
basins may cross-cut one another, leading to superimposed
basins. Such basin interaction has been described in col-
lisional orogens such as the Anatolian Fault Zone (Gurer
et al. 2001; Yilmaz and Gelisli 2003; Tari et al. 2013) or
the Balkan Peninsula (Zagorcev 1992). Superimposed
basins in collisional contexts are usually a consequence
of an advanced orogenic stage and/or a complex deforma-
tional history.

In the Betic Cordillera of southern Spain (Fig. 1), intra-
montane basins developed due to relief uplift since the
late Tortonian (Braga et al. 2003; Sanz de Galdeano and
Alfaro 2004; Pedrera et al. 2007). Elongated basins are
often close to the highest reliefs of the Internal Zones. The
interaction between faults and folds in the Betic Cordillera
gave rise to the formation of superimposed intramontane
basins (Galindo-Zaldivar et al. 2003). In the Central-East-
ern Betic Cordillera, three intramontane elongated basins
intersect: the Alpujarran Corridor, the Tabernas basin and
the Gador—Almeria basin. In this study, we denominate the
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Fig. 1 Geological setting of the central and eastern Betic Cordillera. a Geological sketch of the Betic Cordillera. b Geological map with main
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intersection of these intramontane basins as the Alhabia
basin (Fig. 2).

The Alpujarran Corridor is a mainly dextral-faulted syn-
formal structure that separates the Sierra Nevada and the
Sierra de Gador antiforms (Sanz de Galdeano et al. 1985;
Galindo-Zaldivar 1986; Sanz de Galdeano 1996; Rod-
riguez-Fernandez et al. 1990; Martinez-Diaz 2000; Garcia
et al. 2003; Martinez-Diaz and Hernandez-Enrile 2004;
Martinez-Martinez 2006; Martinez-Martinez et al. 2006).
The Tabernas basin is likewise a synformal structure, in this
case separating the Sierra de Filabres and Sierra Alhamilla
antiforms, yet it is south-bounded by a southward-dipping
dextral reverse fault zone (Sanz de Galdeano 1989; Giaco-
nia et al. 2012). This basin has also been widely studied to
better understand the cordillera evolution and the exhuma-
tion of metamorphic bedrock in the area (Weijermars et al.
2007; Do Couto et al. 2014). The Gador—Almeria basin, in
turn, separates the Sierra de Gador and Sierra Alhamilla
antiforms and is formed by NW-SE normal faults (Marin-
Lechado et al. 2005; Pedrera et al. 2006). GPS research
provides evidence that the region is affected by a west-
ward displacement with regard to the stable Iberian Mas-
sif (Fig. 2) (Echeverria et al. 2013; Galindo-Zaldivar et al.
2015).

Although these basins have been previously studied
from tectonic and stratigraphic points of view, applications
of geophysical prospection to determine their structure are
scarce. Gravity research has been undertaken in the central
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Alpujarran Corridor (Ruiz Constan et al. 2013), in the east-
ern Tabernas basin (Li et al. 2012; Do Couto et al. 2014)
and in the Gador—Almeria basin (Pedrera et al. 2006), but
to date it does not cover the intersection of these three elon-
gated basins.

The aim of this paper was to establish the geometry of
the Alhabia basin and discuss its tectonic evolution. To
constrain the variation in thickness of the sedimentary
infill, we carried out gravity measurements along several
profiles and performed 2D forward models. These new geo-
physical data enable us to evaluate the influence of recent
and active faults and folds on the latest tectonic evolution
of the Betic Cordillera. This field example illustrates the
importance of elongated intramontane basins to elucidate
the cordilleras regional evolution.

Geological setting

The Betic Cordillera is located in the westernmost part of
the Mediterranean Alpine Orogen (Fig. 1). Its origin lies
in the Africa—Eurasia plate convergence, thereby constitut-
ing an example of continental collision (Ruiz-Constén et al.
2012). Two main controversial models have been proposed
to explain this orogen formation: models based on subduc-
tion with associated roll-back detachment of the subduct-
ing slab (Ruiz-Constan et al. 2011; Gonzalez-Castillo et al.
2015) and models based on lithospheric delamination of
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from Galindo-Zaldivar et al. (2015) and Echeverria et al. (2013)

subcontinental lithosphere beneath the Alboran Sea (Cal-
vert et al. 2000; Mancilla et al. 2013). The Betic Cordillera
is divided into the Internal and External Zones and the Fly-
sch Units. The Internal Zone comprises three main meta-
morphic complexes of Palacozoic and Mesozoic rocks—
from bottom to top, the Nevado-Fildbride, Alpujarride and
Malaguide complexes—in addition to the Pre-dorsal and
Dorsal complexes (Azaiidn et al. 2002).

During lower Serravallian, in a first stage of relief devel-
opment along the South Iberian Margin, the Mediterranean
Sea and the Atlantic Ocean were connected by the North-
Betic Strait—located at the former Guadalquivir basin
(Sanz de Galdeano and Vera 1991, 1992)—and the North-
Betic basin (Soria 1998). From the late Miocene to the
Quaternary, most of the intramontane basins became iso-
lated by the continuous deformation related to Africa—Eur-
asia convergence (Vera 2000).

The large relief of Sierra Nevada, Sierra de Filabres,
Sierra de Gador and Sierra Alhamilla were uplifted by
E-W to NE-SW antiforms during the Miocene, and E-W

dextral faults developed (Sanz de Galdeano 1996), cre-
ating synformal depressed areas such as the Alpujarran
Corridor and the Tabernas basin (Weijermars et al. 2007;
Sanz de Galdeano and Alfaro 2004; Pedrera et al. 2012).
In addition, E—W normal faults with a dextral component
affected Neogene—Quaternary sediments along the eastern
Alpujarran Corridor (Sanz de Galdeano et al. 2010). More-
over, E-W reverse-dextral faults deform the southern bor-
der of the Tabernas basin (Sanz de Galdeano 1989; Giac-
onia et al. 2012). NW-SE normal faults in the study area
are located between Sierra de Gador and Sierra Alhamilla,
contributing to the formation of the Gador—Almeria basin
and merging it with the Alpujarran Corridor and the Taber-
nas basin (Pedrera et al. 2006; Marin-Lechado et al. 2005).

Unconformable sediments fill the intramontane basins
developed in between these sierras (Fig. 2). In the Alhabia
basin, the lowest sediments correspond to Burdigalian to
Serravallian patches (Kleverlaan 1987, 1989). Atop these
sediments, late Tortonian calcareous sandstones and marly
calcarenites were unconformably deposited (Ruegg 1964),
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followed by Messinian reefs in the southwesternmost part.
The upper Messinian deposits include evaporites, cov-
ered by Pliocene continental conglomerates, sands and
silts (Martin and Braga 1994). During the latest Pliocene
and the early Pleistocene, the study area has emerged and
deposits developed only in rivers and ravines.

Methods

Gravity prospecting was carried out to estimate the Alhabia
basin geometry. The measurement site positions were
determined by means of differential GPS. In addition,
direct field observations (Fig. 3) helped to link the outcrop-
ping tectonic structures to the deep basin geometry.

Gravity prospecting makes it possible to determine
the geometry of bodies with contrast of density. Sedi-
mentary infill of the Alhabia basin has lower density
than the metamorphic basement. A total of 475 new

Fig. 3 Field examples of
tectonic structures. a S-C and b
dextral off-set seen in plain view
on Miocene sediments. ¢ Exam-
ple of present-day travertines
related to a NW-SE trending
fracture in the northeast part of
the Alhabia Basin
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gravity measurements were obtained, mainly along N-S
and NE-SW profiles, roughly orthogonal to the main tec-
tonic features and basin boundaries and along the most
accessible paths. Some additional stations between the pro-
files were considered to improve the gravity anomaly maps
(Fig. 4). The gravimeter used was a Scintex Autograv CG-5,
which has 1 pGal of accuracy. The obtained measurements
were referred to the absolute gravity station of Granada
(National Geographical Service of Spain, IGN, http:/
www.ign.es). Free Air, Bouguer and Terrain corrections
were calculated for each gravity site using a standard ter-
rain density of 2.67 g/lcm® (Martinez-Moreno et al. 2016).
The Terrain correction was derived combining the methods
developed by Kane (1962) and Nagy (1966) up to 160 km
around each gravity site, using the 5-m accuracy DEM pro-
vided by the IGN (http://www.ign.es). After applying cor-
rections, the Bouguer anomaly map of the study area was
obtained (Fig. 4a). The regional anomaly map (Fig. 4b) was
obtained by kriging the gravity data located in the bedrock
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(Martinez-Moreno et al. 2015). The residual anomaly map
was derived from the difference between the Bouguer and
the regional anomaly maps (Fig. 4c).

2D forward models were obtained using GravMag v.1.7
software (Pedley et al. 1993). The densities used to model
were 2.25 g/cm? for the sedimentary infill and 2.67 g/cm?
for the bedrock, in view of previous studies in the area
(Marin-Lechado et al. 2007; Pedrera et al. 2009; Li et al.
2012; Ruiz-Constan et al. 2013; Do Couto et al. 2014) and
according to standard values (Telford et al. 1990). In addi-
tion, we present alternative gravity models to assess the
uncertainty in the sedimentary infill thickness determina-
tion, considering the maximum and minimum possible
density values (from 2.00 to 2.40 g/cm?). In any case, an
average 2.25 g/cm® density for the sedimentary infill has
been estimated to provide the most suitable results. The
standard deviation (SD) and RMS error have been calcu-
lated for each gravity model with the proposed sedimentary
infill density at 2.25 g/cm? (Fig. 5).

Structure of the Alhabia basin
Field observations on main faults

E-W and NW-SE faults are superposed in the Alhabia
basin, although they have different ages (Sanz de Galdeano
et al. 2010). E-W faults are common in the northern part
of the study area, affecting the Alpujarran Corridor and
Tabernas basin sediments. These faults present mainly dex-
tral and locally normal slip, evidenced by striae together
with S-C fabric and stretch marks affecting the Miocene
and Pliocene sediments (Fig. 3a, b). Quaternary sediments
are clearly affected by recent faults in the Alpujarran Cor-
ridor’s central part (Garcia-Tortosa and Sanz de Galdeano
2007). The NW-SE normal faults, however, present mainly
dip slip. They are located in western part of the Taber-
nas basin and in the Gador—Almeria basin, deforming the
sediments between Sierra de Gador and Sierra Alhamilla
(Marin-Lechado et al. 2005). These faults activity probably
started during Tortonian time, affecting up to Quaternary
sediments and allowing the development of travertines up
to present times (Fig. 3c).

Basin infill geometry from gravity research

The values of the Alhabia basin Bouguer anomaly map
(Fig. 4a) are between —51 and —2 mGal in agreement
with regional Bouguer maps (e.g. IGN 1976; Ayala et al.
2016). Still, this map does not provide much information
about the sedimentary infill because of the masking effect
of the intense regional anomaly (Fig. 4b) related to south-
eastward crustal thinning from the Betic Cordillera towards
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the Alboran Sea (Torné and Banda 1992). The residual
anomaly (Fig. 4¢) values are between —10.6 and 2.3 mGal,
and the 0 mGal line roughly coincides with the basin lim-
its. It presents a cross-shaped minimum within the Alhabia
basin, where the elongated basins merge together. Each
branch of this cross-shaped minimum points to relative
elongated minima, related to the Tabernas basin (eastward),
the Gador—Almeria basin (southward), and the Alpujarran
Corridor (westward). The northern branch, however, points
to Sierra de Filabres and is poorly developed. The anomaly
westward Tabernas basin and between Sierra Nevada and
Sierra de Filabres is very minor, supporting a thinner sedi-
mentary cover.

Three residual gravity anomaly profiles were modelled
to highlight the structure of the gravity minima related to
the western and southern depocentre branches (Fig. 5).
The N-S profiles (P1 and P2 in Fig. 5a) transect the Alpu-
jarran Corridor’s westernmost part, from Sierra Nevada
to Sierra de Gador, whereas the NE-SW profile (P3 in
Fig. 5a) cross-cuts the Gddor—Almeria basin from Sierra de
Gador to Sierra Alhamilla. Profile 1 is asymmetric, with a
gradual residual anomaly decreasing southward from Sierra
Nevada, reaching a minimum value of —7 mGal, yet show-
ing an abrupt increase towards the Sierra de Gador. Profile
2 is located the eastern Alhabia basin and presents a pro-
nounced minimum of —10.6 mGal displaced southwards. A
noteworthy characteristic of this profile is the presence of a
local maximum of 2 mGal in the southern part of the sedi-
mentary infill. Profile 3 is also asymmetric, presenting its
minimum value displaced towards the NE. There is a grad-
ual decrease in value of —7.5 mGal from Sierra de Gador
eastwards, with an abrupt increase at the Sierra Alhamilla
boundary.

Gravity models for profiles 1, 2 and 3 (Fig. 5) reveal
the sedimentary infill geometry (2.25 g/cm®) on top of the
metamorphic basement (2.67 g/cm?). The positive residual
anomaly maximum at ~11 km length in profile 2 suggests
the presence of a high-density body (2.9 g/cm?®) in the
southern part of the metamorphic basement.

Discussion

The Alhabia basin illustrates the interaction and evolu-
tion of tectonic structures in complex collisional orogens,
with the development of cross-cutting elongated basins.
Intramontane basins are the shallow expression of crustal
deformation in collisional contexts. The Betic Cordillera
Internal Zones was deformed by several tectonic struc-
tures favouring the development of elongated basins. In
the Alhabia basin, the E-W Alpujarran Corridor—in con-
tinuity to Tabernas basin—is connected to the NW-SE
Gador—Almeria basin (Fig. 2). The Alpujarran Corridor
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formed as a faulted synformal structure between Sierra
Nevada and Sierra de Gador antiforms due to the N-S to
NW--SE Africa—Eurasia convergence (Sanz de Galdeano
et al. 1985; Galindo-Zaldivar 1986; Sanz de Galdeano

1996; Martinez-Diaz and Hernandez-Enrile 2004; Mar-
tinez-Martinez 2006). Faults developed afterwards,
with normal and dextral components, due to extension
orthogonal to the NW-SE compression that was probably
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related to the relief uplift (Garcia-Tortosa and Sanz de
Galdeano 2007).

The Tabernas basin appears to have a similar ini-
tial evolution, in connection with the Alpujarran Corri-
dor (Do Couto et al. 2014; Li et al. 2012). However, it
features the remarkable presence of a dextral-reverse
fault zone at its southern boundary and the absence of
active N-S extension recorded in the Alpujarran Corri-
dor. The Gador—Almeria basin, situated between Sierra
de Géador and Sierra Alhamilla, is bounded by highly
active NW-SE normal faults with related seismicity;
they propagate northwestward and cross-cut the former
E-W Alpujarran Corridor and the Tabernas basin (Sanz
de Galdeano et al. 2010). Main fractures facilitate deep
circulation and the presence of travertine deposits in the
Alhabia basin (Sanz de Galdeano et al. 2008) (Fig. 3c).

The new gravity data reveal the deep Alhabia basin
infill geometry. It is noteworthy the cross-shape struc-
ture of the depocentre that extends towards the Alpujar-
ran Corridor and the Gador—Almeria basin. Two branches
have scarce sedimentary infill: the eastern Tabernas basin
and the northern branch towards Sierra de Los Filabres.
Three geological models based on gravity data highlight
these basins main characteristics. The model in profile
1 (Fig. 5) reveals the sedimentary infill accumulated in
a synformal structure with a southward-displaced hinge
zone, reaching a maximum sedimentary thickness of
450 m. In addition, an E-W normal highly dipping fault
is located at the southern boundary of the basin. The
model for profile 2 also reveals the thickest sedimen-
tary infill of a synformal structure, reaching 800 m. The
high-density body (2.9 g/cm?) in the metamorphic bed-
rock related to the positive residual anomaly maximum
at 11 km length may be related to mineralisations. This
model also supports the presence of faults cross-cutting
the southern part of the basin and causing the bedrock to
crop out abruptly. Model 3 shows sedimentary infill grad-
ually increasing in thickness towards the NE until reach-
ing 500 m at 7 km from the beginning. Then, around
Sierra Alhamilla a high-angle normal fault separates
the sedimentary infill from the metamorphic basement
(Fig. 2).

The gravity models reveal the asymmetry of the syn-
form in the Alpujarran Corridor, with a depocentre
located close to the south boundary. This asymmetry
is consistent with the northward vergence observed in
Sierra Nevada and Sierra Alhamilla folds (Jabaloy et al.
1993; Marin-Lechado et al. 2007; Pedrera et al. 2009).
The presence of high-angle faults is also remarkable
both in the southern part of the Alpujarran Corridor,
with E-W orientations, and in the Gador—Almeria basin,
NW-SE oriented. Together with the asymmetric synfor-
mal structures, these faults interacted and contributed
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to superimposed basin formation and to the uplift of the
surrounding reliefs.

Active surface deformation is revealed by continuous
GPS (Galindo-Zaldivar et al. 2015) and non-permanent
GPS networks (Echeverria et al. 2013) (Fig. 2). They sug-
gest differential displacements of the metamorphic blocks
that surround the intramontane basins. Sierra de Fila-
bres remains steady with respect to the Iberian Massif.
Western Sierra Nevada moves westwards, with no major
recent structures separating it from Sierra de Filabres. This
motion has been interpreted as a widespread E-W stretch-
ing of the metamorphic basement due to the presence of
N-S to NW-SE extensional joints (Galindo-Zaldivar et al.
2015), although it may also be favoured by the activity of
the northwestward-propagating faults of the Gador—Alm-
eria basin. Sierra de Gador moves west-southwestward,
according to the Alpujarran Corridor faults dextral and
extensional character, evidencing the end of the synform
development. Sierra Alhamilla moves towards the north-
west, accommodating this displacement with reverse and
dextral faults at its northern boundary, perhaps in conjunc-
tion with the latest stages of folding. Normal faults at the
western edge determine the opening of the Giddor—Almeria
basin (Fig. 6).

Although basin superposition is a common phenom-
enon in collision orogens, most studied examples corre-
spond to superimposed grabens as in the Balkan Peninsula
(Zagorcev 1992) or the Anatolian Fault Zone (Gurer et al.
2001; Yilmaz and Gelisli 2003; Tari et al. 2013). However,
in the Betic collision orogen, the elongated basin develop-
ment is a consequence of the interaction between synform
and faults. Metamorphic rocks crop out along antiforms
that are separated by faulted synformal structures which,
due to the relatively thinner crust, represent the weakest
and most easily deformable areas to be faulted.

Conclusions

The Alhabia basin is a remarkable example of interact-
ing elongated intramontane basins in a collisional oro-
gen formed along main crustal weakness zones. Accord-
ing to new gravity data, field tectonic observations, and
GPS motions, the recent deformations related to the E-W
Alpujarran Corridor and the Tabernas basin intersection,
together with the NW-SE oriented Giddor—Almeria basin,
produced a cross-shaped depocentre. In the context of
Africa—Eurasia convergence, N—S compression formed
large asymmetric folds verging northwards during late
Serravallian-early Tortonian (Martin-Algarra et al. 2009).
Counter-clockwise rotation of stresses to NW-SE com-
pression, also including orthogonal extension, determines
the propagation of new folds (Sierra de Gador and Sierra
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Fig. 6 Tectonic evolution in
the Alhabia basin related to the
Africa—Eurasia convergence
changes over time. a Geody-
namic setting in the Alhabia
Basin in late Serravallian, b
late Tortonian and ¢ present
day stages. The gravity residual
anomaly map is superposed in
the present day sketch

STAGE 1 - late Serravallian

-
i

] Neogene and Quaternary rocks

[ Alpujarride

I Nevado-Filabride

STAGE 3 - Present-day

Alhamilla), as well as the development of dextral strike-
slip faults and NW-SE trending normal faults since late
Miocene times. Faulted synform developed E-W elon-
gated sedimentary basins whose depocentres are located
in the central or southern part. This setting favoured the
E-W dextral and reverse fault formation in the weak
crustal zone. At this stage, Sierra Alhamilla and Sierra de
Gador antiforms were separated by a synformal faulted
structure. In this framework, Sierra de Filabres would
be attached to the stable Iberian Massif, whereas Sierra
Nevada moves westward, Sierra de Gador southwestward,

and Sierra Alhamilla northwestward. These displace-
ments agree with recent fault activity affecting the elon-
gated basins that intersect in the Alhabia basin, the activ-
ity of the Gador—Almeria basin normal faults being most
remarkable. The Alhabia intramontane basin illustrates
the tectonic structure interaction during late orogenic
processes in a collisional mountain belt.
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