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Abstract

Pliocene and Quaternary tectonic structures mainly consisting of segmented northwest–southeast normal faults, and associated
seismicity in the central Betics do not agree with the transpressive tectonic nature of the Africa–Eurasia plate boundary in the
Ibero-Maghrebian region. Active extensional deformation here is heterogeneous, individual segmented normal faults being linked
by relay ramps and transfer faults, including oblique-slip and both dextral and sinistral strike-slip faults. Normal faults extend the
hanging wall of an extensional detachment that is the active segment of a complex system of successive WSW-directed extensional
detachments which have thinned the Betic upper crust since middle Miocene. Two areas, which are connected by an active 40-km
long dextral strike-slip transfer fault zone, concentrate present-day extension. Both the seismicity distribution and focal
mechanisms agree with the position and regime of the observed faults. The activity of the transfer zone during middle Miocene to
present implies a mode of extension which must have remained substantially the same over the entire period. Thus, the mechanisms
driving extension should still be operating. Both the westward migration of the extensional loci and the high asymmetry of the
extensional systems can be related to edge delamination below the south Iberian margin coupled with roll-back under the Alborán
Sea; involving the asymmetric westward inflow of asthenospheric material under the margins.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The Betics in southern Spain form part of the Ibero-
Maghrebian region, which is characterized by active
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deformation and diffuse seismicity, associated with NW–
SE Africa–Europe convergence (e.g. Argus et al., 1989;
Kiratzi and Papazachos, 1995, Stich et al., 2003;
Fernandes et al., 2004; Nocquet and Calais, 2004).
Seismicity is distributed over a widespread area from the
southern Iberian Peninsula to the High Atlas in Morocco,
as would be expected in a continent–continent collision
(Fig. 1). The diffuse pattern of regional seismicity does
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Fig. 1. Tectonic sketch of the Ibero-Maghrebian region including the seismicity distribution for the period 1973–2005 (USGS/NEIC data file). Focal
mechanism solutions are collected from Grimison and Chen (1986), Medina and Cherkaoui (1992), Buforn et al. (2004) and Stich et al. (2003). Study
area in square.
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not allow delineating the present-day European–African
plate boundary in this sector. Several seismotectonic
studies carried out in order to characterize the dynamic
behaviour of this area of continental deformation
have revealed a complex seismotectonic pattern (e.g.
Grimison and Chen, 1986; Buforn et al., 1995;Morel and
Meghraoui, 1996; Stich et al., 2003; Buforn et al., 2004).
Taking into account both active structures and focal
mechanism solutions for earthquakes of small and mod-
erate magnitude, the Ibero-Maghrebian region can be
subdivided into five main active zones (Fig. 1): (1) the
Tell–Atlas zone mainly showing NE–SW striking
reverse faults with thrust fault focal mechanism solutions;
(2) the eastern Betics–Alborán with predominant strike-
slip fault mechanisms and both dextral NW–SE and
sinistral N–S striking faults (e.g. Weijermars, 1987;
Montenat and Ott d'Estevou, 1990; Booth-Rea et al.,
2004b); (3) the Rif region with a complex seismotectonic
pattern including focalmechanism solutionswithWSW–
ENE extension, NE–SW fault planes with dextral strike-
slip mechanisms, and sinistral strike-slip mechanisms
with E–W fault planes, among others (Morel and
Meghraoui, 1996; Stich et al., 2003); (4) the central
Betics also showing a complex seismotectonic pattern
with predominant extensional deformation and a great
variability of focal mechanisms (e.g. Galindo-Zaldívar
et al., 1999;Muñoz et al., 2002; Stich et al., 2003); and (5)
the Atlantic zone showing E–Wstriking fault planes with
dextral strike-slip mechanisms and NE–SW thrusts (e.g.
Morel and Meghraoui, 1996; Ribeiro et al., 1996).
A great part of this active deformation can be attri-
buted to NW–SE convergence, even though active
deformation in both Rif and central Betics does not fit
in with this geodynamic scenario. Morel and Meghraoui
(1996) suggested that the Gorringe–Alborán–Tell zone
may be a 50–100-km wide transpression zone where
active thrust faults would be controlled by deep-seated
dextral transcurrent faults. This model avoids addressing
the active deformation in the Betics and Alborán Sea.
Models based on thin-shell finite elements emphasize
also the transpressive nature of the Africa–Eurasia
plate boundary (Negredo et al., 2002; Jiménez-Munt
and Negredo, 2003). Negredo et al. (2002) predict an
increase in the westward component of the velocity field
from east to west, suggesting that the Alborán domain is
presently escaping in aWNWdirection with a velocity of
3 mm yr−1 relative to stable Europe. These authors
predict local active extension in regions of the Alborán
Sea and in the central Betics in agreement with geological
and seismological observations (e.g. Galindo-Zaldívar et
al., 1999; Azañón et al., 2004; Buforn et al., 2004).
However, extensional slip rates calculated by the thin-
shell finite element models (average 0.04 mm yr−1 and
maximum 0.1 mm yr−1) are practically an order of mag-
nitude lower than those measured in the field (0.4 mm
yr−1 (Sanz de Galdeano et al., 2003); 0.35 mm yr−1

(Reicherter et al., 2003); 0.4–0.8 mm yr−1 (Ruiz et al.,
2003); 0.1–0.48 mm yr−1 (Martínez-Díaz and Hernán-
dez-Enrile, 2004). Active extension occurs also in the
western Alborán basin and Gibraltar Straits as deduced
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from subsidence analysis at Sites ODP 976 (Rodríguez
Fernández et al., 1999) and DSDP 121 (Hanne et al.,
2003), and focal mechanisms (Stich et al., 2003; Buforn
et al., 2004).

Solely transpressive models can explain part of the
westward migration of the arc, and local extension in the
Alborán Sea and central Betics, under slower displace-
ment rates than measured in the field, but they fail to
explain other geophysical and geological observations
in the Ibero-Maghrebian region. First, tomographic
images of the Gibraltar arc region show a clear eastward
dipping slab interpreted as either subducted oceanic
lithosphere or delaminated sub-continental lithospheric
mantle (Seber et al., 1996; Calvert et al., 2000; Gutscher
et al., 2002; Faccenna et al., 2004). Second, the inter-
mediate and deep seismicity in the region defines the
slab beneath the western Alborán Sea at intermediate
depths (40–150 km) and beneath the central Betics at
deep depths (600 km) (e.g. Seber et al., 1996; Buforn
et al., 2004). Third, the Neogene to Quaternary evo-
lution of volcanism in the region shows both subduc-
tion- and intraplate-related magmatism that has been
related with retreating oceanic lithosphere beneath the
Alborán Sea coupled with edge delamination in the
Betic–Rif margins (Duggen et al., 2004, 2005). Re-
placement of cold lithosphere by asthenospheric mantle
can explain part of the upper Miocene to Quaternary
uplift of the Betic–Rif margins and the associated
Messinian salinity crisis in the Mediterranean (Duggen
et al., 2003).

This paper discusses the significance of active ex-
tension in the Betics–Rif–Alborán realm with the aim to
understand the lithospheric processes that occur in the
region. For this we show the kinematics and segmen-
tation mode of the main Quaternary faults in the central
Betics, with particular attention to the presence and
meaning of active transfer faults. These data, combined
with the study of new focal mechanism solutions for
small magnitude shallow earthquakes, will enable us to
understand the significance of active extension in the
Betics and Alborán Sea, setting these processes in the
regional context. We argue that the complex pattern of
deformation can be explained in a scenario of hetero-
geneous active extension driven by edge-delamination
of sub-continental lithospheric mantle under the Betics
and Rif coupled with westerly-offset slab roll-back
under the Alborán Sea.

2. Tectonic setting

The Betics in the westernmost Mediterranean region
form the northern branch of an arched orogen (Gibraltar
arc) resulting from Miocene collision between the
Alborán domain and the south-Iberian and Maghrebian
paleomargins in the context of N–S to NW–SE Africa–
Iberia convergence (Fig. 1). Continental collision
occurred after subduction of the “Flysch Trough”
basement formed by oceanic or very thin continental
crust that was the locus of deep-water sedimentation
during the Mesozoic and part of the Cenozoic (Durand-
Delga et al., 2000). The trough was likely between the
above-mentioned paleomargins, along the length of the
Iberia–Africa transform boundary, and spanned a larger
area than the present Alborán Sea. Miocene collision
produced tectonic inversion of both continental margins,
causing development of a fold-and-thrust belt with
westwards vergence (Platt et al., 1995; Crespo-Blanc and
Campos, 2001; Platt et al., 2003a) while the hinterland
was simultaneously extended (e.g. García-Dueñas and
Martínez-Martínez, 1988, Platt and Vissers, 1989;
Galindo-Zaldívar et al., 1989). Extension occurred
initially along NNW-directed low-angle normal faults
followed by more substantial extension along WSW-
directed extensional detachments (García-Dueñas et al.,
1992; Crespo-Blanc, 1995; Martínez-Martínez and
Azañón, 1997; Booth-Rea et al., 2004a, 2005). Exten-
sion was heterogeneous thus resulting in different
extensional styles from upper crustal extension charac-
terized by core complex structures in the Betics to exten-
sion affecting the whole crust that resulted in extreme
crustal thinning and strong subsidence in the Alborán
Sea (Comas et al., 1999).

The mechanisms driving extension in a contractional
tectonics setting are still being debated. In this respect,
the different hypotheses can be grouped in two main
types: one proposing slab roll-back of an east-dipping
subducting oceanic lithosphere (Royden, 1993; Lone-
rgan and White, 1997; Gutscher et al., 2002; Faccenna
et al., 2004); the other proposing detachment of sub-
continental lithosphere, either by delamination (García-
Dueñas et al., 1992, Seber et al., 1996; Calvert et al.,
2000), or convective removal of the lithospheric mantle
(Platt and Vissers, 1989; Platt et al., 2003b). These two
hypotheses could be reconciled in a geodynamic model
recently proposed in which westward slab roll-back of
subducted oceanic lithosphere beneath the Alborán Sea
is coupled with delamination of subcontinental litho-
spheric mantle beneath the southern Iberian and north-
western African continental margins (Duggen et al.,
2005). The issue of whether or not extension has ceased
in the system is also controversial, especially when
determining if the internal forces driving extension con-
tinue to operate. Some authors suggest active extension
ceased in the Betics and the Alborán basin during the
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upper Miocene (Tortonian) although thermal subsidence
continued subsequently in the Alborán basin (Comas
et al., 1992; Watts et al., 1993; Chalouan et al., 1997;
Comas et al., 1999). Both the distribution of seismicity
and the focal mechanism solutions in the central Betics,
however, reveal active extension in the upper crust
(Morales et al., 1997; Galindo-Zaldívar et al., 1999;
Muñoz et al., 2002; Stich et al., 2003; Buforn et al.,
2004). N–S contraction was active since the upper
Miocene, generating large-scale upright E–W folds and
conjugate strike-slip faults (e.g. Platt et al., 1983;
Weijermars et al., 1985; Weijermars, 1987; Montenat
and Ott d'Estevou, 1990; Booth-Rea et al., 2004b). A
geometric and kinematic model has been recently pro-
posed (Martínez-Martínez et al., 2002) to explain the
close relationship between extension and shortening,
as well as the kinematics and timing of low-angle
extensional faulting and upright folding. Folding
accompanied tectonic denudation, developing elongated
domes with fold hinges both parallel (N–S contraction)
and perpendicular (active extensional rolling hinge) to
the direction of extension.

3. Active faults in central Betics

Compressional upper Miocene to present-day struc-
tures, including large-scale open folds and both reverse
and transcurrent faults are predominant in the eastern
Betics (e.g. Montenat and Ott d'Estevou, 1990; Stapel
et al., 1996; Huibregtse et al., 1998; Booth-Rea et al.,
2004b) and in a great part of the Alborán Sea (Morel and
Meghraoui, 1996; Comas et al., 1999; Gràcia et al.,
2006), in agreement with the current tectonic setting of
NW–SE plate convergence. However, Quaternary
normal faults and a relatively high concentration of
earthquake epicentres characterize two main, but
physically separated, areas of active extension in central
Betics (Fig. 2). In the first one, namely the Granada
basin, high-angle, NW–SE striking normal faults are
predominant, but E–Wand NE–SW normal faults occur
locally (Galindo-Zaldívar et al., 1999; Muñoz et al.,
2002). Evidence for the activity of both E–Wand NW–
SE normal faults is well documented from seismicity and
offset of Holocene sediments (e.g. Alfaro et al., 2001;
Reicherter et al., 2003; Azañón et al., 2004). The NW–
SE faults form a segmented system, the en-echelon faults
being linked by relay ramps or transfer faults, including
oblique-slip and both sinistral (e.g. locality A, Fig. 2) and
dextral strike-slip faults (Fig. 2). All of these normal
faults extend the hanging wall of an active extensional
detachment defined by a planar distribution of seismic
foci at 15 km beneath the Granada basin (Morales et al.,
1997). This detachment is the active segment of a com-
plex system of successive WSW-directed extensional
detachments that have thinned the Betic upper crust since
the middle Miocene. Inactive segments of the detach-
ment system were subsequently folded and they are
exhumed in the core of the Sierra Nevada elongated
dome (Martínez-Martínez et al., 2002).

The second area of active extension is found
southwest of the Sierra de Gádor range (Fig. 2) where
N–S to NW–SE, high-angle, normal faults delimit two
large-scale eastward-tilted blocks. Pliocene delta sedi-
ments and Pleistocene glacis and alluvial fans are tilted
by some of these faults, which control Holocene fluvial
sedimentation (Martínez-Díaz and Hernández-Enrile,
2004; Marín-Lechado et al., 2005). Within a general
diffuse pattern, the seismicity is relatively concentrated
in this region, occurring in a NW–SE trending zone that
extends offshore (Stich and Morales, 2001). Several
other seismicity clusters occur south of the transfer fault
zone, in the Sierra de la Contraviesa, probably related to
other active faults of the extensional system (Fig. 2).

Footwall rocks in the Sierra Nevada and Sierra de
Gádor lie at elevations that are 2000 to 2500 m higher
than hanging wall rocks, which is consistent with the
proposed extensional model. The Sierra de Gádor relief
is due to domino-like rotation of large upper crustal
blocks that produces the eastwards tilting of the topo-
graphic surface raising the western side of the block to
2200 m while the eastern one stands at a lesser elevation
(<500 m) (Martínez-Díaz and Hernández-Enrile, 2004;
Martínez-Martínez et al., 2004). The Sierra Nevada relief
has been associated with the formation of the Sierra
Nevada elongated dome. Doming was caused by the
interference of two orthogonal sets ofMiocene–Pliocene,
large-scale open folds (trending roughly E–Wand N–S)
that warp both WSW-directed extensional detachments
and the footwall regional foliation. N–S folds were
generated by a rolling hingemechanismwhile E–Wfolds
formed due to shortening perpendicular to the direction of
extension (Martínez-Martínez et al., 2004).

The above-described two active extensional areas are
physically separated 40 km in an E–W direction but they
are kinematically coupled through a WSW–ENE sub-
vertical dextral strike-slip fault zone. Kinematic indica-
tors in the associated fault rocks, including sub-horizontal
striations, brittle S–C structures, asymmetric porphyr-
oclasts in the fault gouge and the attitude of the cataclastic
foliation, clearly point to a dextral sense of shear (Sanz de
Galdeano et al., 1985; Martínez-Martínez, 2006). The
strike-slip fault zone exhibits most of the characteristics
of transfer faults as defined by Gibbs (1984): (1) the fault
zone parallels the extension direction, (2) there is an



Fig. 2. Neotectonic and seismotectonic map of central Betics. Small black dots represent earthquake epicentres. Focal mechanism solution size is
related to seismic magnitude (2<mb<3.8). P and T axes are represented in black and white dots, respectively. Colours correspond to different types
of focal mechanism solutions: Yellow, showing NW–SE striking fault planes with dextral strike-slip mechanisms and P axes trending around N–S.
Orange, corresponding to reverse fault mechanisms with P axes trending N–S to NW–SE. Blue and dark blue corresponding to extensional fault
mechanisms with NE–SW to E–W and N–S to NNW–SSE extension, respectively. Red, corresponding to reverse fault mechanisms with P axes
trending NE–SW to E–W. Violet, corresponding to strike-slip fault mechanisms with P axes trending ENE–WSWand sinistral E–W to ESE–WNW
fault planes. And green, corresponding to strike-slip fault mechanisms with P axes trending E–W to ESE–WNWand dextral NE–SW to E–W fault
planes.
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apparent lack of strike-slip offset along the fault or the
offset is contrary to the slip, (3) detailed structural
analysis of the strike-slip fault terminations demonstrates
that the lower faults of the two active extensional areas
coalesce with the strike-slip fault zone (Figs. 3 and 4).
Both normal faults with NNE–SSW to N–S extension
direction and reverse faults with WNW–ESE to W–E
shortening direction occur near the strike-slip fault zone,
compatible with the local strain field produced by an ENE
orientated dextral shear couple. This fault zone is the
southern boundary of a strike-slip related sedimentary
basin with a middle Miocene to Quaternary infilling
(Sanz de Galdeano et al., 1985; Martínez-Martínez,
2006). Deformation of Pliocene to Quaternary sediments
along the fault zone provides evidence for recent fault
activity (Figs. 5 and 6). Moreover, some fault segments
laterally displace Quaternary alluvial fans and Holocene
alluvial deposits (Figs. 3 and 4).

4. Focal mechanisms

Despite the diffuse nature of the seismicity, there are
relative concentrations of epicentres showing NW–SE
alignments in both areas of active extension (Fig. 2).
Moreover, in the Granada basin epicentre alignments
along E–W trending faults are also observed. Fault-
plane solutions using P-wave first motion polarities
have been determined for 68 earthquakes. We have
selected the best 55 of them (see Plates 1, 2 and 3),
which have been registered by at least 6 seismic stations;
27 in the Granada basin and surrounding areas and 28 in
the tilted-block domain west of Sierra de Gádor (Fig. 2).



Fig. 3. Structural map of the Orgiva area showing the coalescence of both normal and strike-slip faults at the western end of the transfer fault zone.
The main mapped faults and their striations are presented as focal mechanism solutions but the fault plane is known without ambiguity. Legend:
Metamorphic basement in purple; Miocene sediments in yellow; Pliocene–Quaternary sediments in pale yellow; and Holocene sediments in white.
Structure symbols as in Fig. 2. Location in Fig. 2.
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Seismic magnitude is in general low (2<mb<3.8) and
the foci are confined to crustal depth of 3–19 km.

The focal mechanisms were calculated from earth-
quake data recorded between 1986 and 2002 (Table 1) by
the Red Sísmica de Andalucía (RSA) of the Instituto
Andaluz de Geofísica y Prevención de Desastres
Sísmicos (IAGPDS) (Alguacil et al., 1990). The program
Focmec (Snoke et al., 1984) included in SEISAN
(Havskov and Ottemöller, 2001) was used to determine
fault plane solutions using first motion polarities, consi-
Fig. 4. Structural map of the Alcolea area showing the coalescence of both n
The main mapped faults and their striations are presented as focal mecha
westernmost fault plane solution corresponds to a small-scale, not mapped
Fig. 2.
dering all events were locatable in order to calculate
angles of incidence. The solutions were constrained
using only P-phase first motion polarities. The program
makes a grid-search and finds how many polarities fit
each possible solution. All solutions with less than a
given number of wrong polarities are then written out
and can be plotted. Calculations were performed
considering a null maximum number of polarity errors,
except for a few cases were 1 error was inevitable. The
solutions were searched with a standard 5° increment,
ormal and strike-slip faults at the eastern end of the transfer fault zone.
nism solutions but the fault plane is known without ambiguity. The
fault. Legend as in Fig. 3. Structure symbols as in Fig. 2. Location in



Fig. 5. Active structures in the western termination of the Alpujarras transfer fault zone. (A) Active frontal extensional ramp in the Orgiva basin. (B)
Active dextral fault segment in the Orgiva basin.

165J.M. Martínez-Martínez et al. / Tectonophysics 422 (2006) 159–173
however, in some cases extended to 10° when too many
solutions were possible or reduced to 2° when only a few
solutions were found possible.

All the earthquakes were located using the program
HYP of SEISAN (Havskov and Ottemöller, 2001). The
quality of the epicentre locations of the studied earth-
quakes is excellent or good, whilst the focal depth
location quality is good or fair, depending on the seismic
data available and the location of the seismic stations
relative to the earthquake hypocentre. In the majority of
the studied earthquakes the mean least squares error in
the coordinates is between 0.1 and 0.4. Standard errors
in latitude and longitude are between 1 and 7 km. The
standard error in focal depth is normally below 4 km,
although it is 9 km in two of the studied earthquakes.

Most focal mechanism solutions are incompatible with
the regional stress field induced by NW–SE Africa–Iberia
convergence. Only focal mechanism solutions 1–7
(Fig. 2), showing NW–SE striking fault planes with
dextral strike-slip mechanisms, and focal mechanism
solutions 8–12, showing roughly E–W reverse fault
planes are compatible with the regional stress field. The
remainder focal mechanism solutions show a great varia-
bility, suggesting a heterogeneous strain field for both
areas of active extension. Within the shallow-depth range
studied no correlation is observed between the different
types of focal mechanisms and their hypocentral depth.
Focalmechanism solutions 13 to 27 showextensional fault
mechanisms with NE–SW to E–W (13–19) and N–S
extension (29–27). Reverse fault mechanisms with P axis
trending NW–SE to E–W are represented by focal
mechanism solutions 28 to 36. The strike-slip mechanisms
37 to 55 exhibit P-axes varying around E–W directions.
Focal mechanism solutions 37 to 47 with sinistral WNW–
ESE fault planes mainly occur in the Granada basin, while
focal mechanism solutions with dextral NE–SW to E–W
fault planes (48 to 55) only appear in the Contraviesa
region to the west of Sierra de Gádor (Fig. 2).

5. Discussion and conclusions

Focal mechanisms obtained in central Betics agree
with others previously obtained both in the Granada
basin (Muñoz et al., 2002) and in the western Sierra de
Gádor area (Martínez-Díaz and Hernández-Enrile,
2004). The variability of focal mechanisms can be



Fig. 6. Active fault segments in the eastern termination of the Alpujarras transfer fault zone. (A) Region where the transfer fault zone links with the
Gádor frontal extensional ramp. (B) Rotated sandstone inclusion within marl fault gouge indicating vertical dextral shear in one of the transfer fault
segments. The exposure is horizontal. The top right corner of the picture points to ENE. (C) Dextral transfer fault cutting a Pleistocene fluvial terrace.
(D) Detail of striae associated with a sinistral fault cutting Pleistocene soils.
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satisfactorily explained in the context of active, hetero-
geneous, WSW–ENE extension; where both dextral and
sinistral WSW–ENE to E–W strike-slip faults occur
(Figs. 2 and 7). The simultaneous activity of these strike-
slip faults in the same region is incompatible with the
transpressive regime of NW–SE Africa–Iberia conver-
gence; however they fit well as transfer faults associated
with the extensional system. Dextral transfer faults,
generally striking parallel to the extension direction,
induce local strain fields with axis of maximum short-
ening trending around NW–SE to E–W. In this local
strain field both reverse fault mechanisms with P axis
trending NW–SE to E–W and extensional fault
mechanisms with N–S extension can occur. Moreover,
the main mapped faults and their striations plotted as
focal mechanisms reproduce most of the resolved focal
mechanism solutions (Figs. 3 and 4).

Active extension has been documented in two
separated areas of the central Betics, namely the
Granada basin and the western Sierra de Gádor area,
but no active relationship between the two extension
loci has been suggested. Extension in the Granada basin
has been attributed to collapse of the mountain front in a
mainly compressive regime (Galindo-Zaldívar et al.,
1999). However, Muñoz et al. (2002) interpret the
Granada basin as a pull-apart basin bounded by two
dextral WSW–ENE strike-slip faults compatible with
the Africa–Iberia convergence. In contrast, Martínez-
Martínez et al. (2002) suggest that active extension in
this region is located in the upper plate of a detachment
system whose active segment has migrated westward
since the middle Miocene through a rolling hinge
mechanism. Moreover, Martínez-Díaz and Hernández-
Enrile (2004) consider extensional structures in the
western Sierra de Gádor as related to local extension
coupled with the present-day NNW–SSE compressional
tectonics.

The linking of these two active extension zones by
means of an extension related strike-slip fault (transfer
fault) enhances the significance of active extension in
the Betics and offers a new tectonic scenario for
understanding the mechanisms driving extension in a
continent–continent collisional tectonic setting. Trans-
fer faults are an integral part of the extensional systems
as seen in the oceanic transform faults; they form a
useful reference frame parallel to the lineal velocity



Plate I. Focal mechanisms of earthquakes studied in this paper obtained from polarities of P-waves. Event number, date and time are shown at the top.
Crosses correspond to compressions and black dots to dilatations.
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Plate II. Continuation of focal mechanisms of earthquakes studied in this paper obtained from polarities of P-waves. Event number, date and time are
shown at the top. Crosses correspond to compressions and black dots to dilatations.
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Plate III. Continuation of focal mechanisms of earthquakes studied in this paper obtained from polarities of P-waves. Event number, date and time are
shown at the top. Crosses correspond to compressions and black dots to dilatations.
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vectors. We have shown that some fault segments of the
transfer zone are still active, at the same position since
middle Miocene, thus involving a mode of extension
that must have remained substantially the same over the
entire period. From an actualistic point of view, the
active extension represents a small increment in the
extensional deformation history of the Betic hinterland.
Areas showing active extension appear restricted in
relation to the greater size of the extended domain,
which implies important westward migration of the
extension centres relative to the footwall as evidenced
by apatite and zircon fission-track footwall ages
(Johnson et al., 1997). Compressional structures east
of the active extension centres suggest that the unloaded
footwall was progressively shortened in N–S to NW–
SE direction, when extension became inactive and,
consequently, when forces related to the convergence
were effective (Fig. 7). Lateral variations in the amount



Table 1
Source parameters of earthquakes analysed in this study

Event
number

Event date Origin time Lat, deg Long, deg Number of
stations

Z, km Best fitting double couple
(strike/dip/rake)

Magnitude
mb

01 861220 14:46:12.0 36.84 −3.64 7 9 122/84/−029, 028/61/−174 2.6
02 910810 09:34:51.4 36.95 −3.61 7 11 315/80/049, 055/42/165 2.8
03 870515 15:55:45.0 36.82 −3.61 8 8 307/81/−149, 212/59/−10 3.0
04 861220 14:28:28.6 36.83 −3.60 8 8 106/84/−29, 020/61/−173 2.6
05 931229 00:06:14.4 36.85 −3.03 6 9 045/87/−035, 136/54/−176 2.1
06 940108 16:15:44.7 36.82 −3.02 11 10 137/61/−009, 043/83/−151 2.1
07 000219 20.05:08.9 36.85 −2.98 14 5 117/75/−134, 012/45/−21 3.3
08 860118 06:47:48.5 37.05 −3.70 11 3 138/13/061, 289/79 /097 3.3
09 860703 06:24:32.3 37.01 −3.60 10 11 279/57/66, 059/40/123 2.6
10 870720 12:01:37.1 36.90 −3.54 9 7 060/81/060, 169/31/163 2.7
11 940202 23:20:43.2 36.89 −2.93 10 4 101/67/76, 251/27/116 2.1
12 940312 07:31:31.3 36.88 −2.97 11 7 195/32/129, 062/67/66 2.9
13 890719 04:30:49.4 37.02 −3.69 11 12 120/60/−090, 300/30/−090 3.6
14 970927 10:09:51.6 36.99 −3.70 8 16 253/27/−118, 103/67/−77 2.7
15 990607 10:03:12.8 37.22 −3.73 9 6 147/57/−118, 013/42/−053 3.8
16 980604 19:28:51.3 37.19 −3.60 8 10 158/70/−079, 309/22/−117 2.5
17 920207 16:29:13.5 37.16 −3.59 19 6 165/75/−090, 345/15/−090 3.0
18 901109 15:51:18.8 36.99 −3.68 8 13 187/81/−070, 073/22/−154 2.2
19 931227 20:01:58.6 36.81 −3.03 9 10 262/56/−053, 136/48/−132 2.8
20 980604 17:38:16.5 37.18 −3.60 8 10 070/25/−090, 253/65/−085 3.1
21 940417 11:40:40.2 37.03 −3.62 8 14 91/41/−041, 214/64/−123 2.5
22 940405 03:15:15.0 36.89 −2.95 15 4 254/36/−072, 053/56/−101 2.6
23 951213 05:55:32.5 36.90 −2.95 14 4 217/33/−079, 050/58/−097 3.4
24 940207 06:13:22.3 36.89 −2.92 15 5 262/51/−73, 054/42/−111 2.6
25 960918 21:25:14.9 36.81 −3.38 8 7 158/32/−153, 046/76/−060 2.4
26 910824 17:10:08.9 36.82 −3.28 9 5 039/45/−045, 274/60/−125 2.6
27 970818 22:30:07.9 36.87 −3.09 12 9 084/24/−090, 264/66/−090 2.8
28 870910 00:16:19.8 37.04 −3.70 18 5 302.6/54/144, 188/61/040 3.4
29 890426 04:04:24.2 36.88 −3.70 6 10 300/30/090, 120/60/090 2
30 860925 14:40:29.1 36.99 −3.61 8 13 015/66/043, 125/51/148 3
31 860406 15:20:39.1 36.87 −3.03 10 10 313/45/072, 109/49./106 2.5
32 931229 04:42:05.8 36.85 −2.98 8 10 284/81/122, 179/33/−017 2.6
33 940108 04:53:48.2 36.83 −2.95 14 10 284/80/121, 177/32/020 2.8
34 940125 22:55:10.5 36.85 −2.91 14 5 271/83/127, 171/37/013 2.4
35 861105 07:02:47.6 36.82 −2.97 11 17 286/88/122, 192/32/005 3.6
36 950425 22:24:21.7 36.81 −2.97 16 9 272/68/132, 159/46/031 2.9
37 990211 05:43:38.4 37.04 −3.67 9 18 214/71/−024, 116/67/−160 3.3
38 970502 15:54:36.5 37.03 −3.68 9 13 214/71/−024, 116/67/−160 2.5
39 870312 17:45:39.1 37.03 −3.64 7 12 242/43/−012, 341/82/−133 2.0
40 940726 00:10:28.9 37.00 −3.70 10 12 212/61/−007, 118/84/−151 2.4
41 970227 03:10:03.4 37.02 −3.67 9 12 212/75/−168, 118/77/−015 2.3
42 020620 13:49:53.1 37.01 −3.59 9 13 012/76/27, 289/64/163 2.8
43 870110 00:42:47.2 36.97 −3.62 6 15 033/75/037, 133/54./161 2.2
44 881201 16:13:52.9 36.95 −3.60 10 9 196/76/−004, 105/86/−165 2.7
45 980612 06:31:41.0 37.19 −3.59 6 10 123/40/0, 213/90/50 3.0
46 940122 07:23:35.3 36.89 −2.98 13 6 222/50/−177, 129/87/−040 2.8
47 950518 23:13:05.1 36.82 −3.00 16 10 358/40/−174, 263/86/−050 3.2
48 840826 15:59:10.2 36.85 −3.34 8 11 041/77/−046, 297/45/−161 2.8
49 931223 14:34:50.1 36.81 −3.09 18 19 327/37/−012, 067/83/−126 3.3
50 990321 19:01:01.5 36.84 −3.03 10 3 289/61/−006 , 021/85/−151 2.6
51 940131 15:48:15.8 36.82 −2.96 15 6 206/82/50, 305/41/168 2.5
52 960623 06:22:23.4 36.86 −3.00 9 9 348/51/−165, 088/78/−140 2.4
53 940619 05:45:58.4 36.88 −2.97 13 7 047/75/−048, 300/44/−158 2.5
54 940122 03:00:22.4 36.89 −2.98 11 6 352/33/−002, 084/89/−122 2.5
55 940423 12:59:04.3 36.88 −2.99 10 7 328/36/−004 , 061/88/−126 2.6
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Fig. 7. Simplified model of the active kinematics of the Alpujarras transfer fault zone.

171J.M. Martínez-Martínez et al. / Tectonophysics 422 (2006) 159–173
of shortening suggest that the contractional front
migrated westward behind the loci of active extension
(Martínez-Martínez et al., 2004).

On the basis of structural and sedimentary data from
the eastern Betics and Alborán Sea, several authors
consider that Miocene extension ceased at 9 Ma, a
compressional stress field with a N–S to NW–SE
shortening direction prevailing since then (Huibregtse
et al., 1998, Comas et al., 1999). Cessation of extension
has been attributed to a change in the direction of
convergence, from N–S to NW–SE. Nevertheless, our
extension model with westward migration of extensional
loci and progressive shortening of the unloaded footwall
contradicts such change in the tectonic regime. In our
view, the change in the direction of convergence is not
significant enough as to provoke a drastic change in the
regional tectonic regime. We rather suggest that exten-
sion and shortening are and were coeval, but occurring at
different loci and probably at different rates during the
Neogene–Quaternary. Thus, the mechanisms driving
extension since middle to upper Miocene should still be
operating. Both the westward migration of the exten-
sional loci and the high asymmetry of the extensional
systems can be related to either a delamination mech-
anism (García-Dueñas et al., 1992, Seber et al., 1996;
Calvert et al., 2000) involving the asymmetric westward
inflow of asthenospheric material, to rollback of oceanic
lithosphere (Royden, 1993; Lonergan and White, 1997;
Gutscher et al., 2002) or most probably to a combination
of both (Faccenna et al., 2004; Duggen et al., 2005).

The model above reconciles Neogene tectonics (e.g.
Martínez-Martínez et al., 2002; Martínez-Martínez,
2006) and volcanism (e.g. Duggen et al., 2004) with a
great body of recent data from the Ibero-Maghrebian
region, including seismic tomography (Seber et al., 1996;
Calvert et al., 2000; Gutscher et al., 2002; Faccenna et al.,
2004), earthquake depth distribution (Seber et al., 1996;
Buforn et al., 2004) andQuaternary to present tectonics in
the Betics.
The formation of large ENE/WSW transfer fault
zones could be favoured by a spatial offset between the
delaminating lithosphere located under the active
Granada basin and the retreating oceanic lithosphere
front that occurs in a more westerly position, in the
West Alborán basin and Gibraltar Straits, feature that
can be observed in recent tomographic studies (Fac-
cenna et al., 2004). Probably, other transfer faults exist,
both dextral and sinistral. These faults are required to
link the areas of active extension in the central Betics
with those in the West Alborán basin, through the E–
W-elongated depocentre of the Málaga graben in the
north of the Alborán Sea (basins as denoted by Comas
et al., 1999).
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