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1
Introduction
General introduction
The western part of the Mediterranean region is
dominated by a morphologically distinct mountain
belt made up of the Betic Cordillera in southern Spain,
the Rif Mountains in northern Morocco, and the Tell Kabylies Mountains in northern Algeria and Tunisia
(Fig. 1.1). Together, they form an arc-shaped orogen,
surrounding the Alboran Sea and part of the western
Mediterranean. This orogen constitutes the western
end of the Alpine chain of southern Europe, developed since the early Tertiary in response to collision
of the African and Eurasian plates.
The outer part of the arc consists of the fold and
thrust belts of the Betic, Rif and Tell External Zones,
whilst the region within the arc is made up of an
allochtonous pile of intensely deformed and mostly
metamorphic rocks, exposed in the Betic and Rif Internal Zones and in the Kabylies Mountains. Part of
the Internal Zone is presently submerged in the
Alboran Sea. In essence, the Betic External Zone consists of remnants of the Mesozoic rifted margin of
southern Spain (García Hernández et al., 1980; Banks
and Warburton, 1991; Peper and Cloetingh, 1992),
whilst the metamorphic units of the Internal Zone are
considered as the dismembered relics of an early Alpine collisional system (e.g., Platt and Vissers, 1989;
Sanz de Galdeano, 1990; Saadallah and Caby, 1996).
The geometry of the Betic - Rif - Tell orogenic arc
largely developed since the latest Oligocene up to the
late Miocene, when a combination of westward motion plus extensional deformation of the Internal Zone
and slow but continuous African - European plate
convergence resulted in outward thrusting and folding
of the Mesozoic - Cenozoic sedimentary cover in
front of the migrating Internal Zones (e.g., Sanz de
Galdeano, 1990; Sanz de Galdeano and Vera, 1992;
Watts et al., 1993; Platt et al., 2003). This Mesozoic Cenozoic sedimentary cover formed part of the Iberian and African continental margins (the Betic and
north African External Zones) and an associated deep,
but narrow, marine basin (the North African Flysch
Trough).

In this thesis we focus primarily on the Neogene
basins in the Betic Cordillera, with emphasis on several of the basins in the Internal Zone. The Internal
Zone of the Betic Cordillera, often referred to as the
Betic Zone (Egeler and Simon, 1969) or as part of the
Sardinian or Alboran Domain (Sanz de Galdeano,
1990; García-Dueñas et al., 1992), is made up of
mainly metamorphosed Palaeozoic and Mesozoic
rocks (e.g., Egeler and Simon, 1969; Platt and Vissers,
1989), which have been penetratively deformed under
a variety of metamorphic conditions and are presently
exposed in elongate mountain ranges, typically 15 to
30 km wide, trending parallel to the belt as a whole.
The rocks of the Betic Zone are classically grouped
into three main tectonic units. These are, in ascending
order, the high-greenschist up to amphibolite facies
metamorphic rocks of the Nevado-Filabride Complex, the low-grade metamorphic rocks of the
Alpujarride Complex, and the anchizone to non-metamorphic rocks of the Malaguide Complex. The occurrence of high pressure - low temperature metamorphic
relics in Nevado-Filabride and some Alpujarride
rocks as well as repetitions of the inferred stratigraphy
point to an early stage of crustal thickening. The initial collisional system, however, became affected by
pervasive Neogene extension, and the units of the different complexes now form part of a strongly thinned
(Betic-Alboran) continental crust. This is substantiated by the fact that the contacts between the main
complexes are crustal-scale extensional detachments,
marked by an abrupt upward decrease in metamorphic
grade across these structures. The onset of extension
was accompanied by the hot emplacement of subcontinental mantle fragments into the crust, now exposed
in the Ronda, Alpujata, Caratraca and Beni Bouchera
massifs in the western part of the system (e.g., Priem
et al., 1979; Platt and Vissers, 1989; van der Wal and
Vissers, 1993, and references therein), and by intermediate to low-pressure, high temperature metamorphism of Alpujarride rocks mainly in the western and
central part of the Betic Zone but locally also in the
eastern Betics (e.g., Monie et al., 1994; Platt and
Whitehouse, 1999; Comas et al 1999; Platt et al.,
2005).
9
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Figure 1.1. Geological map of the Alboran region, modified after Sanz de Galdeano et al. (1995). CrF - Crevillente fault,
AMF - Alhama de Murcia fault, PF - Palomares fault, CF - Carboneras fault. (1) Granada basin, (2) Guadalentin-Hinojar
basin (3) Huercal Overa basin, (4) Lorca basin, (5) Fortuna basin, (6) Pontones - Santiago de la Espada basin.

The ranges of mostly metamorphic rocks of the
Betic Internal Zone are separated by narrow, elongate
basins, often referred to as intra- or intermontane basins, filled with Neogene (Miocene-Pliocene) to recent continental siliciclastics and marine mixed
siliciclastic / carbonate facies, marls and evaporites
(e.g., Montenat and Ott d’Estevou, 1990; Sanz de
Galdeano, 1990). These elongate, parallel running basins and ranges form, in fact, a typical “Basin and
Range” type morphology. The geology and morphology of the Betic Internal Zone is further complicated
by a pronounced NE trending network of faults including the Crevillente fault, the Alhama de Murcia
fault, the Palomares fault and the Carboneras fault,
that crosses the south-eastern part of the Betic
Cordillera (Fig. 1.1). These prominent faults clearly
bound several of the Neogene and Quaternary basins.
Some segments of these faults, i.e., the Alhama de
10

Murcia, Carboneras and Palomares faults, have been
studied in detail and their geometry and kinematics
have been documented (e.g., Bousquet and Montenat,
1974; Gauyau et al., 1977; Bousquet, 1979; MartínezDíaz and Hernández Enrile, 1992a; Keller et al.,
1995; Jonk and Biermann (2002), Booth-Rea et al.,
2003; Faulkner et al., 2003) but, despite these studies,
the timing of the initial movements and amounts of
displacement on these faults, as well as their relationship with the Neogene basin development, are still a
matter of debate.
Several recent studies of the metamorphic rocks
from the Internal Zone have provided evidence for
rapid exhumation and associated E-W directed extension of a previously thickened crust (e.g., Platt and
Vissers, 1989; García-Dueñas et al., 1992; Jabaloy et
al., 1992; Vissers et al., 1995), and a late Oligocene –
Miocene age has been assigned to this process (Monie
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et al., 1994; Johnson et al., 1997; Lonergan and
Johnson, 1998; de Jong, 2003; Platt et al., 2005). Detailed structural and sedimentological studies, e.g., of
the Huercal Overa basin (Briend, 1981; MoraGluckstadt, 1993), as well as seismic studies of the
Granada (Morales et al., 1990; Ruano et al., 2004)
and Guadalentin basins (Amores et al., 2001 and
2002) demonstrate the existence of late Miocene halfgraben structures. Seismic surveys in the Alboran Sea
have revealed similar half graben structures in the
Miocene sediments offshore (e.g., Comas et al., 1992;
Mauffret et al., 1992; Watts et al., 1993). Moreover, in
many of the Miocene basins there is widespread evidence of (syn-sedimentary) extensional faulting,
which has led in places to spectacular normal fault
geometries (Mora-Gluckstadt, 1993; Vissers et al.,
1995; Augier, 2004). The simultaneous exhumation
and thinning of the metamorphic middle to upper
(Betic – Alboran) crust and the deposition of late
Miocene sediments in an extensional setting suggest a
dynamic link: the extensional intermontane basins in
fact developed on top of a previously thickened, thermally anomalous and locally hot, stretching (collapsing) continental crust.
In essence, two different models have been proposed to explain the Neogene geology and geometry
of the Betic – Rif arc and Alboran Sea: (a) removal of
a thickened subcontinental lithosphere, either by convection (Platt and Vissers, 1989; Houseman, 1996) or
by lithospheric delamination, leading to extensional
collapse of previously thickened crust (e.g., García
Dueñas et al., 1992; Seber et al., 1996; Calvert et al.,
2000; Fig. 1.2a), and (b) subduction roll-back followed by slab detachment (e.g., Morley, 1993;
Royden, 1993; Lonergan and White, 1997; Gutscher
et al., 2002; Spakman and Wortel, 2004; Fig. 1.2b).
These models have been suggested to explain
Neogene extension in the Internal Zone and the coeval
development of the Miocene basins, including the
Alboran basin, largely as either “collapse basins” or
back-arc basins, respectively. It is emphasized here
that the resultant thinning of the Betic and Alboran
crust occurred within an overall setting of continuous
slow convergence of the African and Eurasian plates.
Montenat et al. (1987), Montentat and Ott
d’Estevou (1990, 1996 and 1999) and De Larouzière
et al. (1988), on the other hand, have suggested that
several of the late Miocene intermontane basins, such
as the Lorca, Fortuna and Vera basins, are in fact pullapart basins (wrench furrows or “sillons sur
décrochement”), developed as a result of sinistral

movements along the NE trending Alhama de Murcia
(Bousquet and Montenat, 1974) and the N trending
Palomares (Bousquet et al., 1975) faults, respectively
(Fig. 1.2c). These faults have been suggested to form
part of a crustal-scale transcurrent shear zone (e.g.,
Leblanc and Olivier, 1984; De Larouziere et al.,
1988), referred to as the Eastern Betic shear zone or
Trans Alboran shear zone, which continues offshore
across the Alboran Sea towards the Rif. In this context, it is noted that seismic refraction studies of the
Betic crust show a variation in crustal thickness from
up to 38-39 km in the central Betics near Granada, via
approximately 22 km in the eastern Betics, to 13-15
km beneath the Alboran basin (Banda and Ansorge,
1980; Banda et al., 1983; Torné and Banda, 1992).
The position and trend of the Crevillente, Alhama de
Murcia and Palomares faults more or less coincide
with the transition from thick crust to the west and
northwest to thin crust east and south of the faults
(Banda and Ansorge, 1980; De Larouziere et al.,
1988). The inferred transcurrent shear zone is thought
to have developed since the early Miocene in response to African – European plate convergence, and
to have caused a restructuring of the Betic Internal
Zone (De Larouziere et al., 1988). Several workers
including Bousquet and Montenat (1974), Bousquet
et al. (1975), Gauyau et al. (1977), (2004 and 2005)
have provided evidence for intense deformation of
Quaternary sediments close to Alhama de Murcia,
Palomares and Carboneras faults, which demonstrates
recent activity of these faults. According to Bousquet
(1979) and Masana et al. (2004) such activity may
very well be associated with the present-day convergence of the African plate towards Eurasia.
The interpretation of the network of the main
faults as a transcurrent shear zone and its role in controlling the development of the Neogene intramontane basins has been questioned in several studies
(e.g., Platt & Vissers, 1989; Mora-Gluckstadt, 1993;
Vissers et al., 1995). The principal issue concerns the
question if strike-slip faulting played a fundamental
role in the development, during the Miocene, of the
Alboran and Betic basins as pull-apart basins
(Bousquet and Montenat, 1974; Bousquet et al., 1975;
Montenat et al., 1987; Montenat and Ott d’Estevou,
1990, 1996 and 1999; De Larouzière et al., 1988;
Tandon et al., 1998), or if the pertinent main faults are
late, possibly reactivated structures that affected and
modified the Alboran and Betic basins since the late
Miocene but were not fundamental to the initiation of
these basins.
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Figure 1.2. Cartoons illustrating current hypotheses regarding the Neogene tectonics of the western Mediterranean. A)
Removal of thickened subcontinental lithosphere, either by convection or by delamination (Vissers et al., 1995; Garcia
Dueñas et al., 1992). B) Subduction zone roll-back followed by slab-detachment (Lonergan and White, 1997; Spakman
and Wortel, 2004). C) Crustal-scale transcurrent shear zone (Leblanc and Olivier, 1984; Montenat et al., 1987).
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Research objectives
The aim of this study is to test the different hypotheses for Neogene basin development in the Betic Alboran system as outlined above, mainly via detailed
structural studies in few selected Miocene basins in
both the Betic Internal and External Zones. We intend
to unravel how the Miocene basins developed in a tectonic context of late-orogenic extension and slow
plate convergence, and how the basins were modified
by large-scale reverse and strike-slip faulting accommodating ongoing convergence between Africa and
12

Iberia. Implicit in the above lithosphere-scale
geodynamic models is the possibility that shortening
in the external fold and thrust belt was roughly coeval
with extensional deformation in the internal part of
the system. It is thus of utmost importance to obtain a
quantitative estimate of the plate motion history of the
surrounding Iberian and African plates, because such
estimates may constrain any crustal-scale deformation generated within the system. Our first aim, therefore, is to assess the late Tertiary history of African –
Eurasian plate motions, with emphasis on the Alboran
Sea and surrounding Alpine belts. A second aim is to

Introduction
constrain the timing and structure of the Betic fold
and thrust belt via study of the Miocene geology of
the basins locally developed on top of the fold and
thrust belt. These basins, obviously formed in a context of overall shortening during the Neogene, are
likely about coeval with the Neogene intermontane
basins of the internal zone for which an extensional or
strike-slip origin has been proposed as outlined
above. Our third aim concerns the origin of the late
Miocene basins in the Betic Internal Zone, and any
relationship between basin development and either
late-orogenic extension in the Betic crust or strike-slip
motion within the proposed crustal-scale transcurrent
shear zone. This third aim has led us to undertake detailed structural studies of relevant fault systems in
selected areas in and adjacent to the Neogene basins.
Finally, we wish to obtain as detailed as possible data
on the late Miocene basin development in time and
space, with the aim to detect lateral variations possibly indicative of lithospheric processes that may have
occurred beneath the Betic Cordillera and the Alboran
Sea.

Chapter 4 presents an overview of the Miocene
stratigraphy of three selected basins in the Betic Internal Zone, i.e., the Huercal Overa, Lorca and Fortuna
basins, which incorporates data from earlier studies
documented in the literature as well as new litho- and
biostratigraphic data. The resulting improved data set
allows basin-scale and regional correlations, including hitherto unidentified syn- and diachronic trends in
the development of the basins that may be associated
with eustatic changes and/or lithospheric processes.
In chapter 5 we study the geometry and kinematics of the (syn-sedimentary) deformational structures,
seen in different levels of the Miocene basin
stratigraphy as well as in the basement of the Huercal
Overa, Lorca and Fortuna basins, with the aim to investigate the structure of the basins as well as relationships between basin development and extension in the
Betic basement and/or any activity of strike-slip faults
that belong to the crustal scale transcurrent shear
zone. Aside horizontal motions of the basins (stretching or b-factors), we calculate vertical motions via
tectonic subsidence curves, to elucidate the development of the basins studied in space and time

Outline of this thesis
In chapter 2 we focus on the Africa – Iberia plate
motion history, with the aim to determine in how far
geological data, such as structural trends, thrust directions, sequences of deformational events and amounts
of shortening can be understood as a consequence of
the amount and direction of plate motion of Africa
relative to Iberia with time during the Neogene.
In chapter 3 we study two Neogene basin remnants in the Betic fold and thrust belt near Pontones
and Santiago de la Espada (Fig. 1.1). There are clearly
extensional structures developed in the pertinent
Miocene basin sediments, which is obviously in contrast with the surrounding compressional setting. The
aim of this chapter is to elucidate the development of
these extensional structures. It is shown that these
structures reflect local extension inherent to the progressive development of a compression-related thrust
structure.

Using the stratigraphic and structural data from
chapters 4 and 5, we focus in chapter 6 on the geometry and kinematics of two prominent faults, i.e. the
Alhama de Murcia and Crevillente faults, and their
effect on the basin fill and basin structure of the
Huercal Overa, Lorca, and Fortuna basins, with the
aim to elucidate relationships between basin development and the deformation history of the prominent
faults.
In chapter 7 we present a review of currently contending hypotheses regarding the geodynamics of the
western Mediterranean and the development of the
Alboran arc, and discuss how the development of the
late Miocene basins in the Betic Cordillera may be
understood in a lithosphere-scale geodynamic context.

13
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2
Late Tertiary relative plate motions of Africa and Iberia
Introduction
During the last two decades several attempts have
been made to relate the tectonic history of the European Alps to the relative plate motions of Africa and
Europe. Dewey et al. (1989) were among the first to
present a Cenozoic kinematic model for the western
Mediterranean region, integrating relative motions of
the African and Eurasian plates inferred from Atlantic
paleomagnetic anomalies and fracture zones, and geological observations concerning tectonic structure,
sedimentary facies and associated sequences of geological events. The geological evolution of the
westernmost part of the Mediterranean between
southern Spain and Africa was, however, not included
in their analysis. Dewey’s model has since been improved and/or applied by others, e.g., by Mazzoli and
Helman (1994), Carminati et al. (1998a,b), Gueguen
et al. (1998), Jolivet and Faccenna (2000), Andeweg
(2002); Rosenbaum et al. (2002a,b), Meulenkamp
and Sissingh (2003), but a generally accepted model
for the late Tertiary to recent period of the
westernmost part of the Mediterranean region has so
far not been established.
The Neogene development of the Western Mediterranean basins and surrounding Alpine orogens
(e.g., the Alps, Pyrenees, Betic Cordillera, Rif, Atlas,
Apennines) has been the subject of ongoing debate
(e.g., Cohen, 1980; Dercourt et al., 1986; Sanz de
Galdeano, 1990; Brede et al., 1992; Carminati et al.,
1998a,b; Guegeun et al., 1998; Frizon de Lamotte et
al., 2000; Rosenbaum et al., 2002a; Meulenkamp and
Sissingh, 2003), in particular with regard to the evolving position of the plate boundary as well as the direction of relative motion between Africa and Europe
through time (e.g., Dewey et al., 1989; Srivastava et
al., 1990a,b; Brede et al., 1992; Mazzoli and Helman,
1994). The Neogene, i.e., late-Alpine geology of the
region reveals a multiple history resulting in a complex geological structure, and the interpretation of this
structure in terms of Neogene African-European plate
convergence is not straightforward.
The western part of the Mediterranean region is
dominated by a morphologically prominent mountain

belt made up of the Betic Cordillera in southern Spain,
the Rif Mountains in northern Morocco and the TellKabylies Mountains in northern Algeria and Tunesia,
which together form an arc-shaped orogen surrounding the Alboran Sea and part of the western Mediterranean Sea (Fig. 2.1). This Alpine mountain belt consists of an allochthonous Internal Zone in the inner
part of the arc, and a broadly autochthonous External
Zone forming the outer arc. The allochthonous Internal Zones of the Betics, Rif and Tell Mountains are the
dismembered relics of an early Alpine collisional system. The relatively autochthonous External Zones are
now deformed into fold and thrust belts, and the morphologically distinct arc shape of the Betic-Rif-Tell
range as well as a large part of its fold and thrust structure developed since the latest Oligocene – earliest
Miocene (e.g., Sanz de Galdeano, 1990; Platt et al.,
2003).
In essence, three different models have been proposed to explain the Neogene geology and geometry
of the Betic-Rif arc and Alboran Sea: (1) removal of a
thickened subcontinental lithosphere, either by convection (Platt and Vissers, 1989; Houseman, 1996) or
by lithospheric delamination (García Dueñas et al.,
1992; Seber et al., 1996; Calvert et al., 2000), (2) subduction roll-back followed by slab-detachment (e.g.,
Royden, 1993; Lonergan and White, 1997; Spakman
and Wortel, 2004) and (3) wrench faulting along a NE
trending crustal transcurrent shearzone (Leblanc and
Olivier, 1984; Montenat et al., 1987; Montenat and
Ott d’Estevou, 1990, 1996 and 1999; and De
Larouzière et al., 1988). Irrespective of these different
scenarios, it is generally believed that the Neogene
development of the Betic Cordillera, Rif and the
Alboran Sea occurred within an overall setting of continuous slow convergence of the African and Eurasian
plates (e.g., Dewey et al., 1989). Consequently, a
principal issue in tectonic studies of the westernmost
Mediterranean concerns the question in how far the
development of the Betic-Rif orogen should be explained in terms of geodynamic processes within the
system such as the ones mentioned above, and/or by
external boundary conditions imposed by the history
of Africa-Iberia plate motions.
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Figure 2.1. Tectonic map of the western Mediterranean region. Grb Guadalquivir basin, MA Middle Atlas, GB Guercif
basin, OB Ouarzazate basin, MB Missour basin, AGFZ Azores-Gibraltar Fracture Zone, Alobran B. Alboran basin,
Provencal B. Provencal basin, Valencia T. Valencia Trough.

This chapter is focussed on the Africa-Iberia plate
motion history, with the ultimate aim to determine in
how far geological data such as structural trends, sequences of deformational (compressional) events, directions of relative movements of tectonic units (slip
vectors) and amounts of shortening in the BeticAlboran region can be understood as a consequence of
the amount and direction of plate motion of Africa
relative to Iberia with time during the Neogene.
Dewey et al. (1989), Srivastava et al. (1990a,b), Roest
and Srivastava (1991), Müller and Roest (1992),
Mazzoli and Helman (1994), and Rosenbaum et al.
(2002b) have presented plate motion analyses of the
Mesozoic - Cenozoic Africa-Eurasia convergence that
differ in their details as reviewed below. Their analyses, however, are not specifically focused on the
westernmost part of the Mediterranean region, and
therefore the consequences of their models with respect to the Alboran region are not known. In this
chapter, we first calculate the amount and the direction of motion of the African plate with respect to Iberia with time, using the Iberian (Eurasian) - African
plate motion parameters from these previous studies
and adopting the latest geologic time scale (Huestis
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and Acton, 1997; Cande and Kent, 1995; Gradstein et
al., 1994). The azimuths, rates and amounts of convergence calculated from these different model data
sets present a range of values. The spreading in results
offer an estimate of uncertainty of the plate motion
reconstruction in the Alboran region, in the absence of
such uncertainty estimates in the published models.
Secondly, the results are compared with published
structural data (field-observations) from the fold-andthrust belts of the Betic-Alboran-Rif domain, as well
as with the first-order movements in the Atlas ranges
further south, and in the Pyrenees, i.e., the boundary
between Iberia and Eurasia proper.

Plate motion reconstructions: some background
Plate reconstruction models essentially describe
past relative plate motions on the basis of finite rotations around a pole of rotation (or Euler pole). In principle, a pole to a small circle, which defines the average path of a fracture zone, and two great circles,
which define the average path of linear paleomagnetic
anomalies on both sides of the spreading centre (rift

Late Tertiary relative plate motions of Africa and Iberia
zone), should meet at a common point on the globe:
the rotation pole or Euler pole. In practice, however,
there are small deviations, which inevitably lead to
the necessity to estimate a best-fit rotation pole, rather
than an actual common rotation pole. A finite rotation
between, for example, the North American and Eurasian plates is calculated from such a best-fit rotation
pole, which is determined from a geometrical best-fit
of paleomagnetic anomalies of similar age (ancient
plate boundaries) and fracture zones (transform
faults) on either side of the Mid-Atlantic ridge (Fig.
2.2).
In the context of this study, the main advantage of
this technique is that it relies on datasets that are entirely independent from any geological data, such that
plate reconstruction models are principally free of
geological subjectivity. On the other hand, this
method also carries several deficiencies especially
with respect to uncertainties in the data and in the data
acquisition, as well as to the assumptions made in the
data analysis. Srivastava and Tapscott (1986) emphasize that “most of the plate motion reconstructions are
based on a limited amount of geophysical data from
one or more regions of the North Atlantic available at
the time of publication. Thus different criteria and assumptions had to be made to derive satisfactory configurations between plates for the entire North Atlantic. Consequently these reconstructions differ both in

34

50º

data base and working assumptions… The attempt to
find a solution for the entire North Atlantic by combining solutions from different regions is not possible
without making further assumptions.”
Several papers have addressed the problem of how
to handle uncertainties in finite rotations in plate reconstruction models (e.g., Chase, 1978; Hellinger,
1981; Stock and Molnar, 1983; Molnar and Stock,
1985; Chang et al., 1990; Gordon, 1998; Kirkwood et
al., 1999). In general, these uncertainties may come
from a number of rather obvious sources, such as the
navigation record of the research ship involved, the
number and the quality of the paleomagnetic anomaly
data used in the best-fit model, the length of the linear
paleomagnetic anomalies, the distance of the best-fit
rotation pole to the centre of the data area (Hellinger,
1981; Stock and Molnar, 1983), and mistakes in the
identification of a particular magnetic anomaly
(Kirkwood et al., 1999).
One example of a common and important source
of uncertainties is in the identification of data points
of anomalies along ship tracks and the extrapolation
of these anomalies across to adjacent ship tracks: an
unmapped (or ignored) transform fault may exist between the ship tracks and across the extrapolated magnetic lineation, which was assumed to connect data
points of anomalies of similar age (Hellinger, 1981).
Another example of an important source of error in
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Figure 2.2. Topographic-bathymetric map of the North Atlantic. CFGZ Charlie Gibbs Fracture Zone, KT Kings Trough,
ABR Azores-Biscay Rise, BB Bay of Biscay, AGFZ Azores-Gibraltar Fracture Zone. Numbers refer to anomaly numbers.
Magnetic lineations after Müller et al. (1997): Digital isochrons of the World’s ocean floor (http://
www.geosci.usyd.edu.au/research/marinegeophysics/Resprojects/Agegrid/digit_isochrons.html). Fracture zones after
Srivastava et al. (1990 a,b).
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the position of the pole and angle of rotation is the
uncertainty in position and orientation of individual
segments of the magnetic anomaly, which are at that
moment at or close to the plate boundary (the spreading zone), due to the quality and spacing of observations of magnetic anomalies and fracture zones. The
basic assumption generally made is that any systematic error will be small compared with the uncertainty
assigned to the position of the magnetic lineation or
transform fault.
Two ways have been presented in the literature to
quantify uncertainties in the positions of rotation
poles and the angles of rotation. One method, introduced by Stock and Molnar (1983), allows to quantify
uncertainties on the basis of geometrical relationships
between the location and distribution of magnetic
anomalies and fracture zones of a given age, and the
uncertainty in the corresponding best-fitting rotation.
The second method uses statistics to estimate finite
rotations and their uncertainties. A number of statistical tools have been proposed in literature (e.g., Chase,
1978; Minster, 1978; Hellinger, 1981; Jurdy and
Stefanick, 1987; Kirkwood et al., 1999). A common
method to calculate the best-fit rotation pole and its
associated uncertainty is to minimize a weighted least
squares measure of fit of data points of a magnetic
anomaly as a function of rotation parameters. For a
given rotation, the sum of squares of the weighted deviations may be taken as a measure of fit of the fixed
and rotated data points (e.g., Hellinger, 1981). Other
workers have used covariance matrices to describe errors in plate rotations and to combine the contribution
of individual plate pairs for plate reconstructions
(e.g., Jurdy and Stefanick, 1987; Kirkwood et al.,
1999).
These methods in general define the uncertainties
within plate rotations via uncertainties of fit, and
some methods depend on the sources of error (the
quality of the measurement) as well, which, however,
require a user’s subjective input on the estimation of
uncertainty in (or quality of ) these data sources
(paleomagnetic anomalies, fracture zones, plate
boundaries). According to Gordon (1998) it appears
that the calculated uncertainties in such a model are in
general smaller than expected from their assigned uncertainties. This reveals the weakness of these kinds
of datasets: “…the absence of objectively estimated
uncertainties that are consistent with the dispersion of
the data…” (Gordon, 1998).
The rotation parameters used in this study are
taken from Srivastava and Tapscott (1986), Dewey et
al. (1989), Srivastava et al. (1990a,b), Roest and
18

Srivastava (1991), Müller and Roest (1992), Mazzoli
and Helman (1994), and Rosenbaum et al. (2002b).
Unfortunately, these authors do not report any detail
on error analysis, nor do they present any errors for
each of the rotation parameters. It is, therefore, difficult to quantify uncertainties in their models. We will
use and compare all of these models arguing that the
spread in results will give at least some idea of the
uncertainty involved. Our present aim is to obtain a
range of solutions for the late Tertiary relative plate
motion between Iberia and Africa using their rotation
parameters, not to improve these plate motion models
as such.

Proposed African-Eurasian (/Iberian) plate
reconstruction models
Dewey et al. (1989), Srivastava et al. (1990a,b),
Müller and Roest (1992), Mazzoli and Helman (1994)
and Rosenbaum (2000a,b) have all presented AfricaEurasia (/Iberia) plate motion reconstructions, but
each with a different aim: understanding of Alpine
orogenesis, Iberian plate motions, fracture zones,
relative plate motions or palinspatic reconstructions.
The main differences between these models largely
result from re-examination of locations of fracture
zones and paleomagnetic anomalies in the Atlantic
Ocean as well as from the use of improved ages from
the Geomagnetic Polarity Time Scale (GPTS) to the
paleomagnetic anomalies in question. Another relevant difference between some of the models is that
Iberia sometimes acts as an (independent) plate, but is
considered to be part of Eurasia in other studies. An
overview of the Cenozoic African-Eurasian (/Iberian)
plate motion paths and instantaneous plate motion
vectors based on these models is presented in Figures
2.3 and 2.4. The results can be summarized as follows.
Rifting in the southern part of the Atlantic during
the late Jurassic and early Cretaceous led to eastward
movement of Africa with respect to Eurasia. This resulted first in sinistral motions along the Azores-Gibraltar plate boundary between Africa and Iberia, and
later, when rifting began in the central part of the Atlantic, also in sinistral motions along the boundary
between Iberia and Eurasia (the North Pyrenean
Fault) (Rosenbaum et al., 2002b). From approximately 120 Ma until 83 Ma rifting occurred in the Bay
of Biscay. According to both Dewey et al. (1989) and
Rosenbaum et al. (2002b), African-Eurasian convergence commenced in the late Cretaceous between
chrons M0 and 34 (120-83 Ma). The generally N to
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Figure 2.3. Trajectories of two arbitrary chosen points A and B on the African plate relative to Iberia or Eurasia, plotted
as a function of time.

NE directed convergent motion was accommodated in
periods of rapid convergence (during late Cretaceous
and Eocene-Oligocene times) alternating with periods
of low convergence rates (during the Paleocene and
since the early Miocene). From the middle Cretaceous
to the late Eocene, Iberia moved as part of the African
plate, and it moved most likely as an independent
plate until the late Oligocene. According to Srivastava
et al. (1990a,b) and Roest and Srivastava (1991), Iberia belongs to the Eurasian plate since the latest
Oligocene. The boundary between Eurasia and Africa
successively jumped from the Bay of Biscay – Pyr-

enees (from 118 Ma until 44 Ma) to the King’s Trough
– Pyrenees lineaments (from 44 Ma to ~25 Ma) to the
Azores-Gibraltar fracture zone (at least since 33 Ma
and possibly since 40 Ma; see Fig. 2.2).
According to Rosenbaum et al. (2002b) convergence in the Pyrenees began at chron 34 to chron 31
(83 to 67.7 Ma), whereas Iberia stopped moving with
respect to Eurasia from chron 31 to 25 (67.7 to 55.9
Ma). During the Eocene, Iberia moved towards the
west with respect to Eurasia, resulting in a dextral
relative motion, followed by a final convergent motion until the Oligocene (Roest and Srivastava, 1991;
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Rosenbaum et al., 2002b).
According to both Srivastava et al. (1990a,b) and
Roest and Srivastva (1991) the Azores-Gibraltar fracture zone acted as the African-Eurasian plate boundary at least since the Oligocene: mainly right-lateral
transtension occurred at the western end of the
Azores-Gibraltar Fracture Zone near the Azores, and
NW to NNW trending compression along the eastern
section of the Azores-Gibraltar Fracture Zone. This
mode of motion along the Azores-Gibraltar Fracture
Zone is similar to the present-day motion (Argus et
al., 1989; Roest and Srivastava, 1991; Fernandes,
2004), suggesting kinematic continuity since the
Oligocene.
According to both Dewey et al. (1989) and
Mazzoli and Helman (1994), Africa moved in a generally NNE to NNW direction relative to Europe during
the late Oligocene - Burdigalian and Langhian, but
suddenly changed to a WNW to NW directed convergent motion during the Tortonian. The late Tortonian
to Recent African-European motion vectors seem
compatible with a variety of geological phenomena in
the Western Mediterranean region as well as with
fault plane solutions of recent earthquakes (e.g.,
Gomez et al., 2000), which is an aspect that will be
discussed in more detail later in this chapter.

GPTS

normal

Africa-Iberia plate motion analysis
The position of Africa relative to either Iberia or
Eurasia at a certain time (t) in the geological history
has been calculated using a three-plate circuit, consisting of Africa (AF), North America (NAM) and
Iberia (IB) or Eurasia (EU), with a fixed Iberian or
Eurasian coordinate system. This circuit can be expressed as:
ROTEU(0;t) = AFROTNAM(0;t) + NAMROTEU(0;t) (1)
AF
or
ROTIB(0;t) = AFROTNAM(0;t) + NAMROTIB(0;t) (2)
AF
where ROT (0;t) is the symbolic representation of
a total reconstruction pole, comprising the latitude
and longitude of the pole and the angle of rotation. A
total reconstruction pole fully describes the total rotation, from the present going backward in time, needed
to reconstruct the previous position of a plate relative
to a given reference frame (Cox and Hart, 2002). For
example, AFROTEU(0;40) describes the finite rotation,
about a fixed Euler pole, needed to rotate the African
plate from its present position back to its position at
40 Ma ago, with respect to the Eurasian plate. Table
2.1 summarizes the total reconstruction poles of the
African-North American and Eurasian-North Ameri-

Model

Legend to Fig. 2.4: Plate motion vector (Af-Eu and Af-Ib)
is evaluated in point (lat, lon) = (38.75, -2.3) on the
northern margin of the Betic Cordillera in Spain.

21n
chron 21

reverse

Plate motion vecor (Ib-Eu) is evaluated in point (lat, lon) =
(43.25; 0.75) on the northern side of the Pyrenees in
France.
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50
23n
24.1n
24.3n

7.26 mm/yr
47.2 km

It is assumed that the instantaneous plate velocity vector
remains the same from chron 24 to chron 21. Depending on
the model the begin and end points of the stage are chosen
at the end or the middle of the normal polarity interval of
the chron.

Figure 2.4. Instantaneous plate motion vectors calculated after the model data sets from Dewey (1989), Srivastava et al.
(1990) etc.,(as shown in table 2.1) shown on a time scale,. The Geomagnetic Polarity Time scale (GPTS) shown is a
composite after Kent and Gradstein (1986), Cande and Kent (1995) and Huestis and Acton (1997). Not all known normal
and reversed polarity intervals are shown. The number, e.g. 3n, indicates the normal polarity interval of chron 3. A chron
consists of a reverse polarity followed by a normal polarity. Overview of the plate boundary positions, estimates of
amounts of plate convergence in earlier plate motion studies, as well as geological observations are presented in the three
columns to the right.
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Figure 2.5. Position of Late Oligocene to recent stage poles of the relative motion of Africa with respect to Iberia or
Eurasia, based on various plate motion models (Dewey et al., 1989; Srivastava et al., 1990a,b; Muller and Roest, 1991;
Mazzoli and Helman, 1994; Rosenbaum et al., 2002b) and NUVEL-1A (DeMets et al., 1994) as shown in Table 2.1. The
NUVEL-1A rotation pole is presented with error ellipse.

can or Iberian-North American plates as taken from
the above-mentioned studies, as well as the calculated
total reconstruction poles for the African-Eurasian
and African-Iberian relative plate motions. It should
be noted that a total reconstruction pole for the African-North American relative plate motion at anomaly
31 had to be calculated by interpolation from anomalies 30 and 32 in the data set of Müller and Roest
(1992).
22

In order to determine the rate and direction (azimuth) of the velocity of a point on a “rigid” part of the
African plate with respect to the fixed Iberian or Eurasian plate, as well as the amount of convergence
(shortening) or spreading (extension), a forward stage
pole was calculated. A stage pole describes the
amount of rotation that occurred during a certain interval of time (a stage) in the history of a pair of plates
(Cox and Hart, 2002). This is, for example, for the
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African and Iberian or Eurasian plates expressed as:
ROTEU(t2;t1) and AFROTIB(t2;t1), respectively:
AF
ROTEU(t2;t1) = AFROTEU(t2;0) + AFROTEU(0;t1)
= –AFROTEU(0;t2) + AFROTEU(0;t1) (3)
or
ROTIB(t2;t1) = AFROTIB(t2;0) + AFROTIB(0;t1)
AF
= –AFROTIB(0;t2) + AFROTIB(0;t1) (4)
AF

where –ROT represents either a negative rotation
about the Euler pole or a positive rotation about the
antipode of that Euler pole, which are equivalent. For
example, AFROTEU(30;20) describes the rotation of the
African plate from its position at 30 Ma to its position
at 20 Ma forwards in time with respect to the Eurasian
plate. It is commonly assumed that the Euler pole remains fixed during the stage (time interval) considered, and that it jumps in between successive stages.
By dividing the angle of rotation by the duration of a
specific stage we obtain the corresponding rate of instantaneous motion (angular rate). From the Euler
pole and angular rate, the rate and direction (azimuth)
of the relative plate motion of an arbitrarily chosen
point on the African plate were calculated. Table 2.1
shows the calculated forward motion stage poles of
the African-Eurasian and African-Iberian plates. Figure 2.5 shows the positions of these stage poles on a
map, as well as their successive jumps. Instantaneous
rotational parameters from DeMets et al. (1994) were
used to calculate the rate and azimuth at points on the
African plate of current relative plate velocities of the
African and Eurasian plates (Table 2.1).
The ages of the magnetic anomalies (chrons)
have been corrected with up to date ages of magnetic
anomalies from Huestis and Acton (1997), Cande and
Kent (1995) and Gradstein et al. (1994) as shown in
Table 2.2. A chron consists of a reversed and a normal
magnetic anomaly. The ages used in the plate reconstruction models are either the average age of the normal polarity at the mid-point of the normal anomaly
(e.g., Srivastava et al., 1990a,b and Müller and Roest,
1992) or the minimum age at the end of the normal
anomaly of that chron (e.g., Dewey et al., 1989 and
Rosenbaum et al., 2002b), depending on the source of
the rotation parameters.

Results: plate motion reconstructions
Figure 2.3 shows Cenozoic plate motion paths of
two arbitrary points A and B on the African plate
which move with respect to Iberia and/or Eurasia ac-

cording to the rotation parameters of Dewey et al.
(1989), Srivastava et al. (1990a,b), Müller and Roest
(1992), Mazzoli and Helman (1994) and Rosenbaum
et al. (2002b). The instantaneous plate velocity vectors shown in Figure 2.4 depict the motion of Africa
with respect to a point (38.75N, 2.3W) in the Betic
Cordillera in southern Spain. These vectors are calculated from the stage poles listed in Table 2.1 and
shown in Figure 2.5. Plate reconstructions for the
Alboran region at 33 Ma (chron 13), 19 Ma (chron 6),
10 Ma (chron 5) and the present are illustrated in Figure 2.6, with the present-day shorelines and topography shown for reference. At this stage it is emphasized, that corrections for the ages of the chrons by
implementing the newest GPTS as compared with the
old GPTS have no effect on the calculated amounts of
convergence, but that they result in small differences
in calculated plate motion velocities (up to 2.5 mm/yr
difference).
The plate motion paths reveal a general NW to
WNW-ward convergent motion of the African plate
relative to Iberia and Eurasia from chron 25 to 21
(early Eocene). This direction of plate motion
changed towards the N to NNE from chron 21 to 6
(late Eocene to early Miocene), after which it
switched back to a NW directed convergent path in
the middle Miocene (chron 5b to 5a) and this direction
of motion has persisted since. Both Dewey et al.
(1989), Mazzoli and Helman (1994), and Rosenbaum
et al. (2002b) have made similar observations. In addition, the present-day instantaneous plate motion
vector of Africa towards Iberia (Eurasia), based on the
rotation parameters of NUVEL-1A (DeMets et al.,
1994), has a general direction of 321º, but error values
allow a range in azimuth from 312º to 334º.
Below we first compare results calculated for the
different sets of rotation parameters, and review differences in trajectory paths, velocity and total convergence obtained for these different sets. We then proceed to compare these results with present-day motions between Africa and Iberia based on the NUVEL1A model (DeMets et al., 1994).
The trends of the plate motion paths calculated
with the different rotation parameter datasets are
grossly consistent, but calculated paleo-positions of
arbitrary points may differ. As an example, the paleopositions of points A and B on the African plate shown
in Figure 2.3 may vary by tens of kilometers up to an
estimated maximum of 100 km. Like the plate motion
paths, the azimuths of the instantaneous plate motion
vectors (Figure 2.4) calculated with the different
datasets for the late Paleogene – Neogene period
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(chron 13 to present) are fairly consistent. For periods
prior to the Eocene, however, the results show markedly less consistency.
The plate velocities calculated with respect to a
point on the Iberian or Eurasian plate as well as the
amounts of convergence show relatively large differences up to 3 mm/yr (Figure 2.4: compare Dewey
with Müller and Roest, chrons 13 and 6) and more
than 30 km, respectively (compare Dewey with
Müller and Roest, chron 13). But although velocities
may differ for the various models, there is a consistent
pattern of changes in convergence rates during the
Cenozoic stages. In the Cenozoic, a period of rapid
convergence (6 to 10 mm/yr) occurred during the late
Eocene and Oligocene, followed by a period of slow
convergence (1 to 4 mm/yr) during possibly the latest
Oligocene and certainly the early-middle Miocene.
Subsequently, the convergence rate has increased
since the late Miocene till the present to about 6 mm/
yr. These observations are consistent with those of
Rosenbaum et al. (2002).
The total amount of African-Eurasian convergence
calculated for the different sets of rotation parameters
appears to be rather consistent, and ranges between
~370 to 380 km since chron 34 (late Cretaceous; 83
Ma) both for the Africa-Eurasia models and for the
combined results of the Africa-Iberia and Iberia-Eurasia models. A clear exception is posed by Dewey’s
model (1989) which indicates a total of 260 km convergence since the late Cretaceous. It is emphasized,
however, that a general consistency in the total
amount of convergence is implicit in the fact that all
models have common starting and end points, i.e., the
opening of the Atlantic Ocean and the present-day
situation.
The present-day convergence between Africa and
Iberia can also be quantified on the basis of the
NUVEL-1A model (DeMets et al., 1994). This model
is the only model used here in which error values are
documented, and it is envisaged that the uncertainties
obtained with this model may be indicative for the uncertainties involved in estimates of direction, velocity
and total convergence in any of the other models used.
The present-day convergence rate of Africa towards
Iberia (Eurasia) based on NUVEL-1A suggests a convergence velocity of 5.23 mm/yr, but in view of the
error in position and rotation rate this value may vary
between 3.68 and 7.21 mm/yr, which gives a variation
of 3.53 mm/yr. Note that the rotation parameters of
NUVEL-1A (DeMets et al., 1994) are based on
Pliocene (chron 2A; ~3 Ma) to present-day relative
plate motion reconstructions, as well as inverted
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present-day plate boundary geometries and faultplane solutions of recent earthquakes. Assuming that
the position of the rotation pole and the rotation rate
have not radically changed since 3 Ma, the amount of
convergence between the Africa and Iberian plates
since 3 Ma is about 15.6 km, and ranges between a
minimum of 11 km to a maximum value of 21.6 km,
which yields an uncertainty of ±5.3 km.
In view of our aim to place constraints, via plate
motion reconstructions, on the role of boundary conditions on the tectonics of the Betic-Rif arc, it is of
utmost importance to investigate any motions of Africa with respect to Iberia rather than Eurasia. Table
2.3 summarizes calculated African-Iberian and Iberian-Eurasian stage poles based on rotation parameters from Srivastava et al (1990a,b) and Rosenbaum
et al. (2002b). These stage poles clearly reveal periods
when no or very small rotations occurred between the
African and Iberian plates and between the Iberian
and Eurasian plates. From chron 34 to 25 (late Cretaceous – Paleocene), and possibly chron 24 (early
Eocene), no rotations occurred between Africa and
Iberia and both plates have responded as one single
entity with respect to the Eurasian plate (see also Figure 2.4). From chron 25 to 21 (Eocene) the Iberian
plate has rotated over small angles with respect to
Eurasia. A decrease in rotation rate and rotation angle
of the Iberian plate with respect to Eurasia since the
early Miocene suggests that Iberia effectively becomes part of Eurasia. It is thus important to note that
prior to the late Cretaceous (chron M25-M0) and during a period from the late Eocene till the early
Miocene (chron 21 to 6) the Iberian plate has rotated
with respect to both Eurasia and Africa, which
strongly suggests that Iberia acted during those periods as an independent (micro-)plate. These observations are entirely consistent with the results obtained
by Srivastava et al. (1990a,b) and Roest and
Srivastava (1991), who suggest that Iberia acted as an
independent plate from chron 18 (39.6 Ma) until
chron 6c (24 Ma).
The calculated amount of convergence between
Iberia and Eurasia since the late Cretaceous varies between 130 and up to 200 km, from west to east along
strike of the Pyrenees, which is consistent with the results of Roest and Srivastava (1992) and Rosenbaum
et al. (2002b) as shown in Table 2.4 and Figure 2.4. At
this stage we note that this calculated total amount of
convergence across the Pyrenees is clearly consistent
with geological estimates of 165 km shortening since
the Cretaceous (Beaumont et al., 2000) based on res-
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toration of the balanced ECORS-PYRENEES section
across the Central Pyrenees.
Convergence between the Iberian and African
plates did not start prior to the middle Eocene (since
chron 21: Table 2.3). The calculated amount of convergence since the middle Eocene ranges from 251 to
254 km in the direction of plate motion, with a N-S
directed component of 218 to 236 km (Table 2.4:
Srivastava et al., 1990a,b and Rosenbaum et al.,
2002b). Approximately 83 to 90 km of convergence,
with a N-S directed component of 65 to 87 km, occurred during late Eocene until the Oligocene (chron
21 to 13) whilst approximately 100 km of N-S convergence was achieved from the Oligocene to the early
Miocene (chron 13 to 6). This was followed by a stage
of little convergence till the late Miocene (chron 6 to
5). Since the late Miocene (chron 5), the different
datasets yield between 55 and 62 km of convergence,
whilst the N-S component of shortening between the
African and Iberian-Eurasian plates varies between 30
to 40 km.

Comparison with geological data
As emphasized already, the Iberian-Eurasian plate
motion reconstructions are in clear agreement with
geological observations in the Pyrenees (e.g.,
Beaumont et al., 2000), both with respect to the onset
of inversion of early Cretaceous rift faults (latest Cretaceous) and the timing of subsequent compressional
events from the early Eocene to the Oligocene (from
55 to 25 Ma), and with respect to tectonic transport
directions (N-S to NNE-SSW) and associated
amounts of shortening (~165 km). The plate motion
reconstructions are, however, partly inconsistent with
geological observations in the Betic Cordillera of
southern Spain, and in the Rif, Tell and Atlas Mountains in northern Africa, which together form an integral part of the African-Eurasian plate boundary zone
in the Western Mediterranean region. In this section
we therefore summarize the main tectonic characteristics of these different belts, with the aim to evaluate
the various plate motion reconstructions against the
background of these geological data and vice versa.
Geological data suggest that both the Alboran region and the Atlas have been active convergent zones
since the Eocene (e.g., Beauchamp et al., 1999;
Frizon de Lamotte et al., 2000; Gomez et al., 2000;
Platt et al., 2003; Chalouan et al. 2001). According to
Monié et al. (1991), peak conditions of shorteningrelated HP/LT metamorphism in the Internal Zone of

the Betic – Alboran – Rif system were reached before
48 Ma. Somewhat later during the Eocene, a major
uplift and folding phase initiated in the Atlas, involving reactivation and inversion of pre-existing
Mesozoic structures of the Atlas rift system. This
compressive deformation continued well into the
Miocene (e.g., Brede et al., 1992; Beauchamp et al.,
1999; Gomez et al., 2000; Frizon de Lamotte et al.,
2000; Teixell et al., 2003; Arboleya et al., 2004). As
already noted by Gomez et al. (2000), the compressional structures in the Atlas are related to NNW to
NW directed compression, and these compression directions are consistent with Paleogene and Neogene
plate motion vectors.
From the late Oligocene to the early Miocene, the
Internal Zone of the Betic-Alboran-Rif system was
subjected to E-W directed extension and concomitant
migration towards the west. The Mesozoic and
Cenozoic cover in front of the migrating Internal
Zones were folded and thrusted and became part of
the growing Betic – Rif – Tell arc. Tectonic transport
in general occurred towards the NW in the eastern
Betics, towards the west in the western Betics, towards the WSW and SW in the Rif and towards the S
to SSE in the Tell Mountains (e.g., Frizon de Lamotte
et al., 2000, Platt et al., 2003 and references therein),
i.e., roughly orthogonal to the Betic-Rif-Tell arc geometry.
On the basis of geological maps and field observations, Platt et al. (2003) have restored a total of six
cross-sections across the external zones of the BeticRif arc. The amount of shortening estimated for the
eastern Betic External Zone is 212 ± 76 km in a NW
direction (300º to 320º), which implies a N-S component of 125 km. In the western part of the Betics, a
WNW to NW directed shortening (azimuth 295º to
315º) of 221 ± 61 km is obtained, with a N-S directed
component of 127 km. Likewise, they have estimated
approximately 210 km (163 to 330 km) of WSW to
SW directed shortening (azimuth 235º) in the Rif External Zone, i.e., a N-S directed component of 170 km.
Based on restored balanced cross-sections and seismic profiles in central and eastern parts of the Betic
External Zone, Banks and Warburton (1991) and
Blankenship (1992) have arrived at similar values of
about 200 km of shortening in a NW (320º) direction.
Recent studies on the structural development of
the Atlas Mountains are somewhat inconsistent. Published estimates of the amounts of shortening in the
High Atlas (Morocco) by Brede et al. (1992),
Beauchamp et al. (1999), Gomez et al. (2000), Teixell
et al. (2003) and Arboleya et al. (2004) range between
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13 and 36 km. According to these authors, shortening
occurred during major uplift and convergence in the
Oligocene to early Miocene (chron 13 to 6). Frizon de
Lamotte et al. (2000), on the other hand, suggest that
over a hundred kilometer of convergence has occurred in the combined Saharan-Tunesian Atlas-Tell
orogenic system since the middle Miocene, when late
Eocene compressional structures in the Atlas were reactivated and the Atlas was partially overridden by
nappes of the Tell Mountains.
It should be noted that in the External Zones of the
Betics - Rif - Tell system and in the Atlas Mountains
compressional tectonics have continued till the
present (e.g., Sanz de Galdeano, 1990; Frizon de
Lamott et al., 2000; Platt et al., 2003, Teixell et al.,
2003; Arboleya et al., 2004). This is corroborated by
the fact that late Miocene - Pliocene to recent transport directions of faults and shortening directions of
folds in the Betics, Alboran and Tell are consistent
with late Miocene - Pliocene to recent plate motion
vectors and slip vectors determined from fault plane
solutions of recent earthquakes (e.g., Buforn et al.,
1988; Gomez et al., 2000).

Discussion

ticularly in the High Atlas, primarily reflects late Tertiary Africa-Europe plate convergence.
The excess amounts of shortening, as stated earlier, can clearly not be accounted for by the inferred
motions of the bounding plates. As a matter of fact,
the Africa-Eurasia (including Iberia) plate convergence slowed down in the late Oligocene or early
Miocene, possibly came temporarily to a halt for
about 10 Myrs, and then accelerated to about 6 mm/yr
in the late Miocene, to continue at that convergence
velocity to the present. It follows, that the excess
amount of shortening in the fold and thrust belts of the
External Zones must be explained in terms of an internally driven process associated with the simultaneous
opening of the Algerian basin and extension in BeticAlboran-Rif Internal Zone during the early Miocene.
These extensional processes, best explained by models such as late-orogenic collapse of an Alpine orogen
by removal of a thickened subcontinental lithosphere
through convection (Platt and Vissers, 1989) or
delamination (García Dueñas et al., 1992), or subduction zone roll-back (e.g., Lonergan and White, 1997;
Spakman and Wortel, 2004), likely account for the
difference between the calculated total shortening between the bounding plates and the shortening observed in the External Betics and Rif.

The directions and amounts of shortening, estimated on the basis of geological data from the External Betics and the Rif, differ remarkably from those
obtained via the various plate motion reconstructions
investigated above. The estimated N-S component of
shortening in the Betic and Rif profiles ranges between 223 and 455 km. This N-S component of the
total shortening accumulated essentially since the latest Oligocene and is considerably larger than the estimated 48 to 72 km N-S component of Iberia-Africa
convergence, since the latest Oligocene – early
Miocene (since chron 7.1 or 6; Table 2.4), obtained
from plate motion reconstructions. It follows that an
amount of at least 150 km up to possibly more than
400 km of shortening in the External Betics and Rif is
not accounted for in the plate motion reconstruction
models. In addition, the trends of the Oligocene early Miocene tectonic slip vectors and associated
fold axes within the External Zones of the Betic and
Rif deviate from the calculated plate motion vectors.
Note that the relatively small values of shortening in
the Atlas Mountains (between 13 and 36 km), which
have accumulated since the Oligocene, have not been
included in these calculations. Gomez et al. (2000)
state, however, that the shortening in the Atlas, par-

Based on a combination of the geological data and
plate motion reconstructions presented in this chapter,
an improved paleo-geographic and paleo-tectonic reconstruction is proposed for the Alboran region (Figure 2.6) from the early Oligocene onward, i.e. from
chron 13 till present:
- During the Oligocene (chron 13 till 6), the convergence direction varies between NNW and NNE
(Figure 2.6a); Iberia in that period acts as an independent plate. Alpine folding and thrusting occurs in
the Pyrenees, in the Betic-Alboran-Rif Internal Zone,
and in the Atlas. The Betic-Alboran-Rif Internal Zone
forms part of a domain often referred to as the
ALKAPECA (Alboran-Kabylies-Peloritano-Calabria) domain, located most-likely at the present position of the Balearic Islands. In view of the modest
shortening in the Atlas Mountains (between 13 and 36
km; see Brede et al., 1992; Beauchamp et al., 1999;
Gomez et al., 2000; Teixell et al., 2003; Arboleya et
al., 2004), most of the plate convergence of the order
of 115 km (Table 2.4) must have been accommodated
in the ALKAPECA domain.
- In the early Miocene, Iberia effectively becomes
part of the Eurasian plate, and convergence in the Pyrenees comes to an end. In the early - middle Miocene,
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Figure 2.6. Palinspatic maps of the Alboran region for the
40
Neogene period till recent.
6a) Chron 13 till chron 6 (33.1 till 19.2 Ma)
Pole at (31.5 N; 28.3 W) and rotation rate at 0.17 deg/Myr,
after Rosenbaum et al. (2002)
Note that Iberia is an independent plate.
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6b) Chron 6 till chron 5 (19.2 till 9.9 Ma)
Pole at (29.7 N; 3.6 W) and rotation rate at 0.10 deg/Myr,
after Rosenbaum et al. (2002).
Note that Iberia is part of Eurasia.
(1) Late orogenic extension (Saadallah & Caby, 1996;
Comas et al., 1999; Hanne et al., 2003) and rifting in the
Alboran domain (Chalouan et al. 2001);
(2) Emplacement Tell nappes at Langhian (Tricart et al.,
1994);
(3) Emile Baudot Transform fault (Acosta et al., 2001).
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6c) Chron 5 (9.9 Ma) till present
Pole at (13.9 N; 21.2 W) and rotation rate at 0.11 deg/Myr, 40
after Rosenbaum et al. (2002).
Note that Iberia is part of Eurasia.
(4) Refolding during Tortonian (Tricart et al., 1994);
(5) Closure of Taza-Guercif basin begins at 7.2 Ma and
emerges at 6 Ma;
(6) Thrusting and folding in Prebetics (Platt et al., 2003; 35
this study: Chapter 3).
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6d) Present-day Africa-Europe relative plate motions
Pole at (21 N; 20.6 W) and rotation rate at 0.12 deg/Myr,
after De Metts et al. 1994.
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the African plate motion vector with respect to Eurasia suddenly turns to a WNW direction (Figure 2.6b)
and the relative velocity decreases significantly, from
7 - 10.5 mm/yr in the Oligocene down to 1.8 - 5.9 mm/
yr in the middle Miocene. The relative motion of Africa and Iberia comes almost to a halt, with the consequence that little convergence occurred between the
two plates. During this period, the Alboran domain
moves rapidly towards the west by approximately 250
km (Platt et al., 2003), the Internal Zones are simultaneously subjected to E-W directed extension, the Algerian basin opens, and coeval (latest Oligocene early Miocene) folding and thrusting affects the External zones of the Betics and Rif, in WNW to NW
and SW directions, respectively. According to several
authors (e.g., Mazzoli and Helman, 1994; Frizon de
Lamotte et al., 2000; Jolivet and Faccenna, 2000;
Rosenbaum et al., 2002a) the sudden change in the
relative motion between Africa and Eurasia led to, or
gave way to the opening of the Western Mediterranean basins, the westward drift of the Alboran domain
and the development of the Betics, Rif and Tell Mountains.
- In the late Miocene, extension in the Alboran domain comes slowly to an end and African-Eurasian
plate convergence becomes again the dominant process, associated with tectonic structures both in the Atlas and Alboran domain suggesting approximately
NW-SE shortening (Figure 2.6c). Since the late
Miocene, African plate convergence has persisted towards the NW at a rate of 5.7 to 6.7 mm/yr, with an
average present-day value of 5.2 mm/yr (Figure 2.6d).
This convergence has been accommodated mainly in
the Betics, Rif and Tell by continued thrusting towards the NW or SE in the External Zones and, at a
late stage, by compression in the Internal Zones
(Meijninger and Vissers, in press; chapter 6) and the
Alboran basin floor (e.g., Watts et al., 1993; Bourgois
et al., 1992; Comas et al., 1992; Woodside and
Maldonado, 1992). Plate motion reconstruction models estimate the amount of convergence accommodated in the Betics, Rif and Tell Mountains since the
late Miocene, at 55 to 62 km.
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Conclusions
Careful analysis of the history of Africa-Eurasia
(Iberia) plate convergence based on plate motion reconstruction models, and comparison of these results
with geological data leads to the following conclusions:
(1) Plate motion reconstruction models demonstrate that Africa-Iberia plate convergence slowed
down and possibly came to a halt during the Neogene
in the same period in which the western Mediterranean region began to develop. This involved the opening of the Algerian basin and the westward migration
and extensional collapse of the Betic-Alboran-Rif Internal Zone, coeval with outward thrusting and folding in the External Zones of the system.
(2) There is a marked discrepancy between the
convergence between Africa-Iberia since the late
Oligocene and early Miocene calculated on the basis
of plate motion reconstruction models, and the
amount of shortening seen in the external parts of the
Betic-Rif-Alboran system: 150 km up to possibly
more than 400 km of shortening in the External Betics
and Rif is not accounted for in the plate motion reconstruction models. It follows that the excess shortening
must be compensated by extension known to have
taken place in the internal parts of the system during
the late Oligocene and early-middle Miocene.
(3) The results of plate motion reconstruction
models support geological observations that AfricaIberia plate convergence is the dominant process in
the Alboran region since the late Miocene and that this
convergence is responsible for the late Miocene to recent compressive deformation in the Internal Betics
and Alboran crust. This is substantiated by the fact
that late Miocene to recent tectonic transport directions and shortening directions in the fold and thrust
belts of the External Zones are consistent with late
Miocene to recent plate motion vectors, as opposed to
trends of Oligocene and early Miocene slip vectors
and fold axes in the External Zones which deviate
from concurrent plate motion directions.
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DeMets et al. (1994) - NUVEL-1A - Instantaneous rotation pole AF-EU
Age
Latitude
Longitude
Error ellipse
Angular velocity
major axis minor axis azimuth major axis
(deg/Myr)
0
21
-20.6
0.12
6
0.7
-4
± 0.02

-21.54
-33.03
-35.12
-64.13
66.55
62.50
-64.83
50.98
33.67
57.12
-40.42

Latitude

166.42
149.83
165.53
-27.58
151.59
152.90
-47.53
115.24
-8.93
-173.68
-10.14

Longitude

1.99
2.14
3.83
0.01
0.00
0.01
0.01
0.00
3.04
0.13
2.33

Rotation

Calculated forward motion stage poles
angular
velocity
(deg/Myr)
0.101
0.157
0.294
0.001
0.001
0.001
0.001
0.001
0.082
0.013
0.098

Table 2.1 – Total reconstruction and stage poles. Rotation parameters from Dewey et al. (1989), Srivastava et al. (1990a,b), Müller and Roest (1992), Mazzoli and Herman
(1994), Rosenbaum et al. (2002) and DeMets et al. (1994).
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30

Old ages New ages
(Ma)
(Ma)
10
10.5
20
19.7
35.5
33.3
59
56.1
69
68.2
84
83
118
120.2

80.12
79.57
75.37
79.68
82.46
76.55
66.09

Latitude

50.80
37.84
1.12
-0.46
-0.46
-20.37
-20.17

Longitude
-2.52
-5.29
-10.04
-18.16
-21.39
-29.60
-54.45

Rotation

Finite rotation poles AF relative to NAM
their
reference
(5)
(1)
(5)
(5)
(7)
(1)
(6)
65.38
68.92
65.64
63.14
64.84
66.54
68.99

Latitude
133.58
136.74
136.95
141.66
143.96
148.91
154.75

Longitude
-2.44
-4.97
-7.51
-14.22
-16.95
-19.70
-23.05

Rotation

Finite rotation poles EU relative to NAM
their
reference
(4)
(4)
(4)
(3)
(3)
(2)
(3)
-13.88
-14.30
-28.30
-28.66
-30.72
-35.98
-43.63

Latitude
158.83
165.31
160.93
162.27
163.53
165.82
173.18

Longitude
1.09
2.23
5.96
10.54
11.23
18.08
41.20

Rotation

Calculated total reconstruction poles AF-EU

-13.88
-14.42
-36.41
-28.96
-53.92
-43.66
-46.98

Latitude
158.83
171.43
158.40
164.06
-166.82
171.97
-177.58

Longitude

Old ages
(Ma)
1.66
2.47
3.88
5.35
6.70
7.90
8.92
11.86
16.22
17.57
20.88
22.57
25.50

New ages
(Ma)
1.79
2.61
4.1
5.91
7.48
8.8
9.91
12.44
16.04
17.4
20.59
22.44
24.81

2.39
1.20
11.04
7.49
10.14
1.55
0.55
6.72
12.03
15.97
23.38
25.66
27.06

Latitude

162.74
-16.52
-14.56
-15.01
-14.33
163.68
-15.78
-14.34
-19.83
-18.96
-17.17
-16.55
-15.96

Longitude
0.16
-0.24
-0.39
-0.55
-0.69
0.81
-0.94
-1.18
-1.87
-2.08
-2.58
-2.79
-3.11

Rotation
2.39
-8.30
-25.93
1.05
-20.35
47.08
-13.31
-28.88
-20.69
-46.33
-50.11
-50.82
-38.75

Latitude
162.74
164.97
168.78
163.89
168.50
153.05
167.68
171.72
150.71
171.01
173.31
174.27
170.24

Longitude
0.16
0.08
0.16
0.16
0.14
0.20
0.13
0.27
0.72
0.25
0.59
0.24
0.33

Rotation

Calculated forward motion stage poles

Their source: Helman (1989).
Old ages after Berggren et al. (1985). New ages after Huestis & Acton (1997), Cande & Kent (1995) and Gradstein et al.(1994).
Isochron lines positioned at the end of the normal polarity intervals
Corrections in the age result in very small changes of the angular velocity

2
2A.1
3
3A.1
4.1
4A.1
5
5A.2
5C.1
5D.1
6A.1
6B
7.1

Isochrons

Total reconstruction poles Africa-Europe from Mazzoli & Helman (1994)
angular
velocity
(deg/Myr)
0.089
0.099
0.107
0.090
0.091
0.148
0.121
0.105
0.199
0.185
0.184
0.128
0.139

1.09
1.15
3.84
4.59
0.82
6.98
23.55

Rotation

Calculated forward motion stage poles

Source: (1) Klitgord & schouten (1986), (2) Srivastava et al. (1988), (3) Srivastava & Roest (1989), (4) Lawver et al. (1990), (5) Mueller et al. (1991), (6) Roest et al. (1991), (7) interpolated from chron 30 and 32 remapping the fracture zones using com
GEOSAT and SEASAT altimetry data.
Old ages after Kent & Gradstein (1986). New ages after Huestis & Acton (1997), Cande & Kent (1995) and Gradstein et al.(1994).
Isochron lines (5-31) positioned at the peak of the normal polarity intervals; ages shown are average ages of the normal polarity interval. Other ischron lines (34-M0) positioned at the end of the polarity intervals.

5.2
6
13.2
25
31
34
M0

Isochrons

Müller & Roest (1992)

angular
velocity
(deg/Myr)
0.103
0.125
0.283
0.201
0.068
0.472
0.660

Table 2.1 continued – Total reconstruction and stage poles. Rotation parameters from Dewey et al. (1989), Srivastava et al. (1990a,b), Müller and Roest (1992), Mazzoli and
Herman (1994), Rosenbaum et al. (2002) and DeMets et al. (1994).
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Ages
(Ma)
9.9
19.2
33.1
46.3
52.4
55.9
67.7
79.1
83
120.2
154
175

Ages
(Ma)
9.9
19.2
33.1
46.3
52.4
55.9
79.1
83
120.2
154
175

Ages
(Ma)
9.9
19.2
33.1
46.3
52.4
55.9
79.1
83
120.2
154
175

50.80
56.51
1.12
-3.88
-2.64
-0.46
-0.63
-18.35
-20.73
-20.18
-15.85
-12.76

Longitude

-2.52
-5.21
-10.04
-15.25
-16.91
-18.16
-20.96
-27.06
-29.60
-54.45
-64.90
-76.44

Rotation

50.80
56.51
1.12
-3.88
-2.64
-0.46
-18.35
-20.73
-20.18
-15.85
-12.76

Longitude

-2.52
-5.21
-10.04
-15.25
-16.91
-18.16
-27.06
-29.60
-54.45
-64.90
-76.44

Rotation

65.38
68.00
76.34
74.70
72.98
73.29
85.49
87.18
68.88
66.90
65.72

Latitude

133.58
138.20
117.33
126.96
133.28
133.88
110.28
57.43
-15
-12.93
-12.82

Longitude

-2.44
-4.75
-7.98
-11.05
-12.94
-14.25
-22.41
-24.67
-50.62
-60.45
-66.32

Rotation

Finite rotation poles IB relative to NAM

80.12
81.07
75.37
75.30
78.33
79.68
78.30
76.55
66.09
66.70
65.97

Latitude

Finite rotation poles AF relative to NAM

80.12
81.07
75.37
75.30
78.33
79.68
82.51
78.30
76.55
66.09
66.70
65.97

Latitude

Finite rotation poles AF relative to NAM

their
reference
(3)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(6)

their
reference
(5)
(4)
(5)
(5)
(4)
(5)
(1)
(1)
(4)
(4)
(4)

their
reference
(5)
(4)
(5)
(5)
(4)
(5)
(1)
(1)
(1)
(4)
(4)
(4)
133.58
138.20
117.33
126.96
133.28
133.88
135.34
110.28
57.43
-15
-12.93
-12.82

Longitude
-2.44
-4.75
-7.98
-11.05
-12.94
-14.25
-17.19
-22.41
-24.67
-50.62
-60.45
-66.32

Rotation

133.58
136.74
136.95
135.40
139.27
141.66
147.74
148.91
154.26
155.44
156.70

Longitude
-2.44
-4.97
-7.51
-10.87
-12.89
-14.22
-19.00
-19.70
-23.17
-23.26
-25.27

Rotation

65.38
68.92
65.64
66.15
63.89
63.14
66.17
66.54
69.67
69.03
71.61

Latitude
133.58
136.74
136.95
135.40
139.27
141.66
147.74
148.91
154.26
155.44
156.70

Longitude
-2.44
-4.97
-7.51
-10.87
-12.89
-14.22
-19.00
-19.70
-23.17
-23.26
-25.27

Rotation

Finite rotation poles EU relative to NAM

65.38
68.92
65.64
66.15
63.89
63.14
66.17
66.54
69.67
69.03
71.61

Latitude

Finite rotation poles EU relative to NAM

65.38
68.00
76.34
74.70
72.98
73.29
74.96
85.49
87.18
68.88
66.90
65.72

Latitude

Finite rotation poles IB relative to NAM

their
reference
(3)
(3)
(3)
(7)
(7)
(2)
(2)
(2)
(8)
(9)
(9)

their
reference
(3)
(3)
(3)
(7)
(7)
(2)
(2)
(2)
(8)
(9)
(9)

their
reference
(3)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(6)
158.83
166.42
158.73
161.39
161.42
161.94
161.42
161.43
161.42
155.83
145.43
165.07

1.09
1.99
4.24
7.40
7.87
7.97
7.87
7.87
7.87
4.88
4.61
10.12

158.83
165.06
160.93
160.65
160.79
162.27
164.88
165.65
173.06
177.70
-178.00

1.09
1.90
5.96
9.11
9.94
10.54
15.87
18.08
40.90
50.58
59.82

77.93
-31.21
-23.85
-21.60
-20.72
-37.17
-38.86
-44.46
-47.12
-46.80

0
59.14
166.79
157.12
157.88
162.40
169.00
169.85
176.56
179.45
-178.90

0
0.2378
1.7259
1.7236
2.0995
2.6064
8.0377
10.2789
36.3419
46.2876
50.3253

Calculated total reconstruction
poles IB-EU
Latitude
Longitude
Rotation

-13.88
-15.14
-28.30
-31.14
-29.35
-28.66
-34.62
-35.99
-43.61
-48.82
-50.57

Calculated total reconstruction
poles AF-EU
Latitude
Longitude
Rotation

-13.88
-21.54
-26.94
-32.88
-31.46
-31.24
-31.40
-31.46
-31.44
-29.37
-54.94
-67.27

Calculated total reconstruction
poles AF-IB
Latitude
Longitude
Rotation
158.83
176.40
151.68
166.15
160.34
-168.05
13.11
-47.53
115.24
-8.93
-10.85
-162.12

Longitude
1.09
0.94
2.30
3.22
0.50
0.12
0.12
0.01
0.00
3.04
2.20
5.81

Rotation

158.83
173.35
159.09
160.60
160.42
-178.17
173.25
173.93
-177.57
-145.28
-152.51

Longitude

1.09
0.83
4.14
3.17
0.89
0.65
5.51
2.26
23.25
10.77
9.73

Rotation

77.93
-37.04
34.86
-11.36
-15.79
-44.33
-44.56
-45.78
-51.62
-37.59

Latitude

59.14
168.72
92.59
160.87
179.64
173.73
173.97
-179.68
-163.81
-166.82

Longitude

0.24
1.87
0.34
0.38
0.54
5.61
2.26
26.18
10.22
4.15

Rotation

Calculated forward motion stage poles

-13.88
-16.40
-34.36
-36.50
-10.61
-14.61
-45.03
-44.53
-46.98
-55.78
-47.86

Latitude

Calculated forward motion stage poles

-13.88
-29.74
-31.48
-40.38
-10.09
-10.26
14.06
-64.83
50.98
33.67
-39.40
-72.21

Latitude

Calculated forward motion stage poles

Source: (1) Klitgord and Schouten (1986), (2) Srivastava and Roest (1989), (3) Lawver et al. (1990), (4) Srivastava et al. (1990a), (5) Muller et al. (1990), (6) Srivastava and Verhoef (1992), (7) Srivastava and Roest (1996), (8) Srivastava et al. (2000),
and (9) Torsvik et al. (2001). Ages after Huestis & Acton (1997), Cande & Kent (1995) and Gradstein et al.(1994). Isochron lines positioned at the end of the normal polarity intervals. ECMA = East coast magnetic anomaly.

5
6
13
21
24
25
33(old)
34
M0
M25
ECMA

Isochrons

Rosenbaum et al. (2002)

5
6
13
21
24
25
33(old)
34
M0
M25
ECMA

Isochrons

Rosenbaum et al. (2002)

5
6
13
21
24
25
31
33(old)
34
M0
M25
ECMA

Isochrons

Rosenbaum et al. (2002)

angular
velocity
(deg/Myr)
0
0.012
0.135
0.026
0.063
0.153
0.242
0.579
0.704
0.302
0.198

angular
velocity
(deg/Myr)
0.110
0.089
0.297
0.240
0.145
0.187
0.238
0.579
0.625
0.319
0.463

angular
velocity
(deg/Myr)
0.110
0.101
0.166
0.244
0.082
0.034
0.010
0.001
0.001
0.082
0.065
0.277

Table 2.1 continued – Total reconstruction and stage poles. Rotation parameters from Dewey et al. (1989), Srivastava et al. (1990a,b), Müller and Roest (1992), Mazzoli and
Herman (1994), Rosenbaum et al. (2002) and DeMets et al. (1994).
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Table 2.2 – Geomagnetic Polarity Time Scale (GPTS).

Isochrons

2
2A.1
3
3A.1
4.1
4A.1
5
5A.1
5C.1
5D.1
6
6A.1
6B
7.1
13
21
24
25
30
31
33
33old
34
M0
M10
M25
Closure

Gradstein et al.
1994
(Ma)

Cande & Kent
1995
(Ma)

46.26
52.36
55.9
65.58
67.74
73.6
79.08
83
120.2
130.2
154
176

Huestis & Acton
1997
(Ma)
1.79
2.61
4.1
5.91
7.48
8.8
9.91
12.44
16.04
17.4
19.16
20.59
22.44
24.81
33.06

Composite
(Ma)
1.79
2.61
4.1
5.91
7.48
8.8
9.91
12.44
16.04
17.4
19.16
20.59
22.44
24.81
33.06
46.26
52.36
55.9
65.58
67.74
73.6
79.08
83
120.2
130.2
154
176

Ages represent the ends of the normal polarity intervals of the magnetic anomalies (chrons). The ages of the magnetic
anomalies used in this study are shown.

32

Age (Ma)

9.91
19.7
33.3
46.3
52.9
56.1
68.2
79.1
83
120.2
130.6
154
176

chrons

5
6
13
21
24
25
31
33(old)
34
M0
M10
M25
ECMA

rotation
angle
(deg)
1.99
2.14
3.83
0.01
0.00
0.01
0.01
0.00
3.04
0.13
2.33
-

rotation
rate
(deg/Myr)
0.101
0.157
0.294
0.001
0.001
0.001
0.001
0.001
0.082
0.013
0.098
-

Srivastava et al.
(1990a,b)
rotation
angle
(deg)
1.09
0.94
2.30
3.22
0.50
0.12
0.12
0.01
0.00
3.04
2.20
5.81

rotation
rate
(deg/Myr)
0.110
0.101
0.166
0.244
0.082
0.034
0.010
0.001
0.001
0.082
0.065
0.277

Rosenbaum et al. (2002)

Africa - Iberia

rotation
angle
(deg)
0
0.24
1.87
0.34
0.38
0.54
5.61
2.26
26.18
10.22
4.15

rotation
rate
(deg/Myr)
0
0.012
0.135
0.026
0.063
0.153
0.242
0.579
0.704
0.302
0.198

Rosenbaum et al. (2002)

Iberia - Eurasia

Iberia part of Eurasia
Iberia part of Eurasia
Iberia independent
Iberia independent
Iberia part of Africa or independent?
Iberia part of Africa
Iberia part of Africa
Iberia part of Africa
Iberia part of Africa
Iberia independent
Iberia independent
Iberia independent
Iberia independent

Table 2.3 – Stage pole rotations of Africa relative to Iberia and Iberia relative to Eurasia. Stage pole parameters are in Table 2.1.
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33

34

Total

2
2A.1
3
3A.1
4.1
4A.1
5
5A.2
5C.1
5D.1
6
6A.1
6B
7.1
13
21
24
25
30
31
33
33old
34
M0
M10
M25
Closure

IB + EU
IB + EU
IB + EU
IB + EU
IB + EU
IB + EU
IB + EU
IB + EU
IB + EU
IB + EU
IB + EU
IB
IB
IB
IB
IB/IB + AF
IB + AF
IB + AF
IB + AF
IB + AF
IB + AF
IB + AF
IB + AF
IB
IB
IB
IB

Plates

62.75

101.41
90.12
0.73
0.35

1.34

1.18
0.43

323

9
15
-

-

-

-0.38
0.25

0.28

100.18
86.98
-0.15
0.07

48.39

258.30 235.62
IB + EU = Iberia part of Eurasia
IB + AF = Iberia part of Africa
IB = Iberian plate independent
with respect to point on African plate (lat;lon) = (32.75;0)
for Ib-Eu wrt point on Iberian plate (lat; lon) = (43.25;0.75)

(Ma)
1.79
2.61
4.1
5.91
7.48
8.8
9.91
12.44
16.04
17.4
19.16
20.59
22.44
24.81
33.06
46.26
52.36
55.9
65.58
67.74
73.6
79.08
83
120.2
130.2
154
176

Isochrons Composite

Srivastava et al. 1990a,b
Af-Ib (Betic - Atlas)
azimuth km (az) km (ns)

-

54

5
38
313
61

317

321

289.90

1.23
0.43

4.96

104.30
83.50
27.01
5.61

7.85

55.02

236.05

-0.40
0.25

2.89

103.95
65.40
18.45
-2.70

5.70

42.51

Rosenbaum et al. 2002
Af-Ib (Betic - Atlas)
azimuth km (az) km (ns)

14
17

330
332
304
272

286

215.25

56.44
22.16

40.15
35.47
25.30
27.51

8.22

159.50

54.66
21.15

34.76
31.34
14.27
1.11

2.21

Rosenbaum et al. 2002
Ib-Eu (Pyrenees)
azimuth km (az) km (ns)

69
70

11
19
314
264

292

320

586.99

141.91
55.23

137.99
99.41
47.06
22.78

27.59

55.02

382.60

51.07
18.95

135.44
94.19
32.44
-2.25

10.24

42.51

Rosenbaum et al. 2002
Af-Eu
azimuth km (az) km (ns)

76
79
40

298
303
328
297
312
288
303
334
343
66

146.46

20.25
8.39
6.32

11.10
4.26
3.66
10.93
4.41
21.61
5.71
4.16
38.28
7.36

83.17

4.88
1.66
4.85

5.26
2.32
3.11
5.03
2.97
6.71
3.11
3.73
36.51
3.02

Mazzoli & Helman 1994
Af-Eu
azimuth km (az) km (ns)

Table 2.4 – Overview of plate motion vectors and amounts of plate convergence.

62

562.12

169.53

36.02

125.03

349
110

133.26

43.63

54.64

18

295

321

376.60

78.61

-12.30

122.62

126.97

18.48

42.22

Mueller & Roest 1992
Af-Eu
azimuth km (az) km (ns)

35

102

223

4
76
275

26

298

588.50

86.74

43.17

68.30

156.41
84.33
42.87

46.01

60.68

Dewey et al. 1989
Af-Eu
azimuth km (az)

262.48

71.34

-8.77

-49.78

155.99
20.30
3.58

41.38

28.44

km (ns)
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3
Miocene basins in the Betic fold and thrust zone
Introduction
The Betic Cordillera of southern Spain together
with the Rif in Morocco and the Tell Mountains in
northern Algeria form a morphologically distinct, arcshaped orogen, which constitutes the western end of
the Mediterranean Alpine chain (Fig. 3.1). The outer
arc of this orogen consists of a fold and thrust belt (the
Betic and Rif External Zones), whilst the inner arc is
made up of an allochtonous pile of mostly metamorphic rocks exposed in the Betic and Rif Internal
Zones. Part of the Internal Zone is presently submerged in the Alboran Sea. The Betic-Rif arc geometry developed during the latest Oligocene and early
to middle Miocene, when a combination of westward
motion plus extensional deformation of the Internal
Zone and slow but continuous African – European
plate convergence resulted in outward thrusting and
folding of the Mesozoic – Cenozoic cover in front of
the migrating Internal Zone (Fig. 3.2). A number of
hypotheses have been proposed in the literature to explain the extensional collapse and westward drift of
the Internal Zone, and the simultaneous folding and
thrusting in the External Zones, in terms of orogenic
processes at the African – European plate boundary
(e.g., Platt and Vissers, 1989; García Dueñas et al.,
1992; Royden, 1993; Seber et al., 1996; Vissers et al.,
1995; Lonergan and White, 1997; Spakman and
Wortel, 2004).
During the Miocene, basins developed both on top
of the growing fold and thrust belt of the External
Zone and within the extending Internal Zone. This
chapter focuses on Miocene basins in the fold and
thrust belt, in particular on those in the eastern part of
the Betic External Zone (Fig. 3.1). During the
Neogene, the External Zone (Pre- and Subbetics)
formed in essence a foreland domain, in which the
Miocene is represented by a marine “Flysch” series
(or “Tap” facies, or Moratalla Formation; e.g.,
Hermes, 1978; García-Hernández et al., 1980; Ott
d’Estevou et al., 1988; Sanz de Galdeano and Vera,
1992). The flysch deposits pass upwards into late
Miocene molasse type continental deposits (e.g.,
Dabrio, 1972; Calvo et al., 1978; Ott d’Estevou et al.,

1988; Sanz de Galdeano and Vera, 1992). Both the
Miocene and underlying Mesozoic – Cenozoic rocks
are folded along approximately ENE to NE trending
axes or are cut by generally northwest directed
thrusts. Some of the Miocene basins, e.g., the
Pontones basin (Figs. 3.2c and 3.3), have (partially)
been overridden by thrust units and have been disconnected from the surrounding basins. But within the
Betic External Zone, and in the Prebetics in particular,
there are also clearly extensional structures, which
run parallel to the general ENE-WSW trend of the
compressional structures as indicated on the geological maps of the Instituto Geologico y Minero de
España (IGME). Some of the Miocene basins in the
Prebetics are bounded by these extensional structures,
such as for example the Santiago de la Espada basin
(Figs. 3.2c and 3.3) which is bounded along its northern margin by a morphologically distinct normal fault.
At first inspection, the geometry of this basin suggests
an extension-related origin with significant
displacements along the extensional faults, and a direct relationship between the compressional structures (the folds and thrusts) and the extensional faults
is not immediately obvious. Except of a study by
Luján et al. (2000) and by Crespo-Blanc and Campos
(2001), both in the Gibraltar fold and thrust belt, earlier structural studies of the External Betics (e.g., De
Smet, 1984; Ott d’Estevou et al., 1988; Banks and
Warburton, 1991; Platt et al.; 2003) seem to have either overlooked or ignored the existence and significance of these extensional structures.
At least four different explanations may account
for the development of extensional structures such as
those in the Santiago de la Espada basin: (1) collapse
of an overthickened fold and thrust belt or orogenic
wedge (e.g., Davis et al., 1983; Platt, 1986; Dahlen,
1990), (2) displacement of the locus of extension from
the Internal towards the External Zone (e.g., CrespoBlanc and Campos, 2001), (3) stratal extension in the
footwalls of thrust faults (Platt and Leggett, 1986), (4)
hanging-wall collapse in response to a specific fault
plane geometry (a shallowing-upward fault; Coward,
1983). The first two explanations imply that the
extensional structures should accommodate regional,
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presumably crustal-scale extension of the Pre- and
Subbetic domain. The latter two explanations imply
that the extensional structures have developed due to
local extension within a compressive setting in the
Betic fold and thrust belt, and that they are inherent to
the development of the thrust structure. The geometry
of the extensional structures in the Santiago de la
Espada basin indeed suggest that they formed in response to late Miocene thrusting, hence that the
Miocene basins in essence developed in a
compressive tectonic setting.

Main characteristics of the Betic External Zone
Primarily on the basis of its Mesozoic stratigraphy
and facies, the Betic External Zone is divided into two
geological domains, namely the Prebetic zone and the
Subbetic zone (Hermes, 1978; García-Hernández et
al., 1980). The Prebetic zone, exposed in the eastern
part of the Betic External Zone, mainly consists of
Mesozoic up to Miocene continental to shallow marine deposits originating from the former southern
Iberian margin. The rocks of the Subbetic zone, on the
other hand, constitute a thicker and more complete
Mesozoic sedimentary record with facies commonly
indicating deeper marine conditions, most likely more
distal with respect to the Iberian Meseta and south of
the Prebetics. Relic Mesozoic extensional structures
and lateral thickness variations of the Mesozoic cover
suggest that during the Mesozoic both the Prebetics
and Subbetics have intermittently been subjected to
extension in response to the opening of the Atlantic
Ocean in the west and opening of the PiemonteLigurian (or Alp-Tethys) Ocean in the east, eventually
resulting in the separation of Iberia from Africa
(Banks and Warburton, 1991, Reicherter et al., 1994;
Hanne et al., 2003). These events led to the development of the various palaeogeographic realms and
complex rift and wrench basin configurations identified on the thinned Iberian continental crust (GarcíaHernández et al., 1980; De Ruig et al., 1987;
Reicherter et al., 1994; Hanne et al., 2003). In the subsequent post-rift stage, i.e., in the late Cretaceous and
Paleogene to earliest Miocene, sediments were deposited in continental and shallow marine environments
in the Prebetics and in a deep marine setting in the
Subbetics (Hermes, 1978; Banks and Warburton,
1991). All of these deposits are overlain by a transgressive marine series of early to middle Miocene
age, referred to as the Flysch deposits, the “Tap”
facies, or the Moratella Formation, and lie
38

unconformably on earlier Miocene or pre-Miocene
rocks (e.g., Hermes, 1978; García-Hernández et al.,
1980; Sanz de Galdeano and Vera, 1992; Montenat et
al., 1996). The Miocene marine series pass upwards
into an upper Miocene continental series (e.g., Calvo
et al., 1978; Montenat et al., 1996).
The Betic fold and thrust belt is made up of NE to
ENE trending folds, NW directed thrusts and SE directed back-thrusts (e.g., De Ruig, 1987; Ott
d’Estevou et al., 1988; Banks and Warburton, 1991;
Frizon de Lamotte et al., 1991; Van der Straaten,
1993; Lonergan et al., 1994; Platt et al., 2003; see Fig.
3.1). Shortening was accommodated along a gently
southward dipping detachment in the Triassic horizon
at the base of the External Zone stratigraphy, which
probably continues underneath the Internal Zone
(Banks and Warburton, 1991; Fig. 3.2). From the
cross-sections (Fig. 3.2) it is evident that the thrusts
form part of a complex structure, which is a result of
piggy-back, overstep, out-of-sequence and breakback thrusting (e.g., Sabat et al., 1988; Banks and
Warburton, 1991; structural terms cf. Butler, 1982,
1987). On the other hand, De Smet (1984) has proposed that the Subbetic zone is part of a major flower
structure associated with the motion on a crustal-scale
strike-slip fault (the Crevillente fault) in the Betic
(and Iberian?) basement, but structural evidence to
support this interpretation seems to be lacking (Banks
and Warburton, 1991; Platt et al., 2003). Along the
entire length of the Betic External Zone including the
Balearic Islands, thrusting and folding initiated in the
latest Oligocene – early Miocene, and has continued
till the present (e.g., Sabat et al., 1988; Geel et al.,
1992; Lonergan et al., 1994; Geel, 1996; CrespoBlanc and Campos, 2001). Beets and De Ruig (1992)
have recognized unconformities in the Miocene
stratigraphy, which they interpret in terms of the
northward migration of a peripheral or fore-bulge and
foreland basin. Several of these unconformities and
associated stages of folding and thrusting have been
identified: the stages have been dated as latest
Oligocene – Aquitanian, Aquitanian – Burdigalian,
Burdigalian - Langhian and Serravallian – early
Tortonian (e.g., Calvo et al., 1978; De Ruig et al.,
1987; Beets and De Ruig, 1992; Montenat et al.,
1996). These data are in agreement with data from the
geological maps (IGME) and recent studies (e.g.,
Calvo et al., 1978; De Ruig et al., 1987; Ott d’Estevou
et al., 1988; Lonergan et al., 1994; Geel, 1996; Platt et
al., 2003), showing that compressional deformation
initiated in the early Miocene in the most internal
parts of the External zone (the Internal-External Zone

Miocene basins in the Betic fold and thrust belt
Boundary, Lonergan et al., 1994; and Fig. 3.1), whilst
it became progressively younger (up to Tortonian –
Messinian) near the outer parts of the External Zone.
Thrusting and folding in the most external parts of the
Prebetics eventually led to uplift and closure, in the
late Miocene, of the northern Atlantic – Mediterranean corridor (also known as the “North Betic Strait”;
e.g., Calvo et al., 1978; Sanz de Galdeano and Vera,
1992; Soria et al., 1999; Martín et al., 2001; Braga et
al., 2003; Sanz de Galdeano and Alfaro, 2004). It
should be emphasized that most of the Miocene basins
in the Prebetics at present occur at an altitude of several hundreds up to 1500 meters above sea level (see
also Sanz de Galdeano and Alfaro, 2004).
The basins chosen in the context of this study, i.e.
the Pontones and Espada basins (Figs. 3.1 and 3.3), lie
in the western part of the Prebetics. The Pontones basin, the Santiago de la Espada basin, and the basin in
between, here referred to as the Almorchón basin,
contain an almost complete record from the early to
the late Miocene (Dabrio, 1970; Dabrio et al., 1971;
Dabrio, 1972). These Miocene sediments are considered part of the Santiago de la Espada Formation and
lie in general unconformably on marine Cretaceous or
shallow marine Paleocene-Eocene deposits (Dabrio,
op. cit.). The total stratigraphic thickness of the
Miocene sediments appears to increase from at least
140 meters in the Pontones basin up to about 600 meters in the Almorchón and Santiago de la Espada basins (Fig. 3.3). Currently, these basins are narrow,
elongate structures separated from each other. The
Miocene basin fill is folded and disrupted by both
extensional and thrust faults. In case of the Pontones
basin, it is disrupted and overridden from the southeast by a number of discontinuous thin-skinned
thrusts, which has resulted in an imbricate structure of
repeatedly stacked uppermost Cretaceous and
Miocene rocks (Fig. 3.2). Both the Santiago de la
Espada basin and the Almorchón basin are overridden
from the southeast by thrust units and are cut by a
major extensional fault along their north-western margins. The basins are underlain by a gradually southward thickening sequence of over a kilometre thick,
ranging from the Triassic up to the Oligocene.

Methods

Espada, and in the Santiago de la Espada basin. Geological maps and stratigraphic data from earlier studies by Dabrio (1970, 1972) and Dabrio et al. (1971)
were used in this study and modified where needed.
Rock or clay samples were collected about every 5
to 10 meters of section for biostratigraphic studies
which were performed by G.J. van der Zwaan and
W.J. Zachariasse (Stratigraphy and Paleontology
group of the Department of Earth Sciences at the
Utrecht University). Paleobathymetry analyses of individual marine clay samples using the ratio of planktonic and benthic foraminifera (P-B ratio) were performed by D.J.J. van Hinsbergen. An explanation of
the methods of this paleobathymetry measurement is
described in Van Hinsbergen et al. (2005).
Kinematics and slip directions of faults were determined on the basis of both structures on fault planes
(such as tensile fractures, Riedel fractures, striations)
and shear structures in fault gouges (Riedel, P, Y, R2
and X shears and striations on these shear planes) as
described by e.g., Logan et al. (1979), Rutter et al.
(1986), Gamond (1987), Hancock and Barka (1987),
Petit (1987), Means (1987), Sylvester (1988), and
Woodcock and Schubert (1994). In the absence of
lineations on a fault plane, the slip direction along the
fault was inferred on the basis of the geometrical relationship between the main fault and secondary shear
fractures, e.g., Riedel fractures.
A cross-section along the Pontones and Santiago
de la Espada basins, parallel to the general direction of
shortening, was constructed on the basis of both outcrop and published map data (Dabrio, 1972). Construction and restoration of this cross-section was performed by conventional principles, methods and techniques following Dahlstrom (1969), Hossack (1979)
and Groshong (2002). In general, line length and, if
permitted, area balance techniques were used in the
reconstruction and restoration of the cross-section.
The restoration and balancing of the deformed section
was performed using the software program 2D-Move,
kindly provided by Midland Valley Exploration Ltd
*1
. This program provides a number of restoration
tools for balancing and restoration of a constructed
(scanned and digitized) profile as well as tools for forward and backward modelling of restored and deformed cross-sections, respectively.
*1 Midland Valley Exploration Ltd: main office in Glasgow, United Kingdom. Website: www.mve.com.

The structural and stratigraphical data for this
study were collected in the Pontones basin, in outcrops along the road from Pontones to Santiago de la
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Miocene stratigraphy of the Pontones and
Santiago de la Espada basins
The oldest Neogene sediments consist of an at
least 60 meter thick sequence of alternating grey-red
lime and yellow sandstone and conglomerate beds of
fluvial-continental origin. This unit is mainly exposed
in the Almorchón basin, and (unconformably?)
overlies Paleocene-Eocene shallow marine deposits
(column 3 in Fig. 3.4).
The continental sediments pass upwards into a
marine sequence that forms part of the “Formacion de
Santiago de la Espada”. Biostratigraphic analysis suggests that these marine sediments in the Pontones,
Almorchón and Santiago de la Espada basins are of
middle Miocene age (Fig. 3.4). This result is at variance with earlier studies by Dabrio (1970, 1972) and
Dabrio et al. (1971), who claim that the marine
sediments at the base of the “Formacion de Santiago
de la Espada” are early Miocene. We therefore assume
that the underlying fluvial-continental series is most
likely of Oligocene to early Miocene age, which is in
agreement with observations in other parts of the
western Prebetics (e.g., Jerez Mir and Abril Hurtado,
1979). The middle Miocene marine series (unit Ta,
Fig. 3.4) consist of a 65 up to a possibly 230 meter
thick unit of bioclastic and algal limestone beds occasionally intercalated with a marl or silt bed. The massive limestone unit at the base is referred to as the
“Calizas bioclasticas de Pontones” (Dabrio, 1970 and
1972; Dabrio et al., 1971; and Fig. 3.5) and could be
time equivalent to the “Roble Limestone” of Hermes
(1978). The 230 meter stratigraphic thickness is most
likely overestimated due to folding and thrusting. The
occurrence of benthic foraminifera, such as representatives of Amphistegina, Elphidium, Miogypsina,
Bolivina, and Borelis, and few planktonic
foraminifera, such as Orbulina spp., G. trilobus and G.
scitula, point to a middle Miocene age (pers. comm.
G.J. van der Zwaan, W.J. Zachariasse and W.
Renema). The lower limestone beds contain high percentages of quartz detritus and fragments of algae,
brachiopods, echinoderms, gastropods and undeterminable larger foraminifera. According to Dabrio et
al. (1971) the siliciclastic material was most likely
derived from metamorphic and igneous sources on the
Iberian Meseta. The litho-facies suggests a gradual
transition from shallow marine near the base, to shelf
conditions at the top of this unit.
The middle Miocene unit (Ta) changes upwards
into a series of white marls intercalated with
mudstone, turbiditic calcarenite beds and mass flow

deposits (unit Tb), which reach a thickness of up to
300 meters (Fig. 3.4). This value, again, is most likely
overestimated due to folding and thrusting. The occurrence of Orbulina spp., G. trilobus, G. menardii 3,
P. mayeri and G. partimlabiata suggest a Serravallian
age (pers. comm. G.J. van der Zwaan and W.J.
Zachariasse), which in terms of geochronology corresponds with the time interval 12.77 to 12.07 Ma
(Lourens et al., 2004). Paleodepth estimates using PB ratios in individual samples indicate a water depth
of 750 – 1000 m. Independent depth markers, e.g., S.
reticulata and P. araminensis, suggest a depth of 500
to 600 meters, however (pers. comm. D.J.J. van
Hinsbergen). The lithofacies includes mass flow deposits, and point to a relatively deep marine environment. These mass flow deposits of the Santiago de la
Espada Formation are time equivalent with the 200 to
275 meter thick flysch-type deposits of the Moratalla
Marlstone member near Moratalla to the east
(Hermes, 1978; for location see Fig. 3.1).
The marls with intervening calcarenites pass upward into a thick and relatively massive unit of
dolomites or crystalline limestones, wackestones and
grainstones with large coral and bryozoa fragments.
At Santiago de la Espada, however, these limestones
alternate with marl beds. The presence of menardiitype globorotalids in thin sections suggests a late
Serravallian – Tortonian age for this part of the sequence (pers. com. G.J. van der Zwaan). This limestone unit passes upwards into a series of silty clays
and calcareous turbidite beds rich in siliciclastic detritus (unit Tc/1). The dominance of algae and benthic
foraminifera, such as representatives of Elphidium,
Amphistegina, Ammonia, Borelis, Cibicides and
Spiroplectammina may suggest that relatively shallow marine conditions prevailed during this time.
In the Pontones and Almorchón basins these marine series are tectonically sealed by thrusts. In the
Santiago de la Espada basin (Fig. 3.6), however, the
shallow marine series changes abruptly into a thick
homogeneous unit of red loam and fluvial silts, sands,
and poorly sorted, angular conglomerates and
breccias of the Don Domingo Formation (unit Tc).
According to Dabrio (1972), an angular unconformity
separates the marine sediments from these molassetype continental deposits above, however, in the region of Santiago de la Espada we have found no evidence of this unconformity. We assume, therefore,
that the continental deposits are of most likely
Tortonian age, and that they may be time equivalents
of the lacustrine deposits seen to the northeast near
Yetas (Jerez Mir and Abril Hurtado, 1979) and of the
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continental-lacustrine deposits near Hellin (for locations see Fig. 3.1). The latter deposits contain micromammal fossils which point to a late Turolian
(Messinian) age (Calvo et al., 1978). Note that in the
most external parts of the Prebetics, towards the
northwest near Villacarrillo, fluvial-continental deposits intercalate with marine limestones and marls
containing micro-faunas indicative of Tortonian and
Messinian age (Martínez del Olmo and Nuñez
Galiana, 1973).

Structures in the Pontones and Santiago de la
Espada basins
The structures observed in outcrops of the Cretaceous, Paleogene and Miocene rocks comprise both
compression and extension-related structures, i.e.,
thrusts and folds, as well as low-angle to steeply dipping normal faults. In addition, there are few NW-SE
oriented strike-slip faults (Figs. 3.7 and 3.8). In the
Miocene deposits in particular, these structures are
neither soft-sediment nor syn-sedimentary structures,
i.e., the folds and most of the faults clearly developed
after sediment deposition. In the uppermost Miocene
deposits of the Santiago de la Espada formation (units
Tb) at Santiago de la Espada, however, small-scale
extensional faults show evidence of syn-sedimentary
displacements.
Folds, in outcrops as well as on the scale of the
geological map, commonly have NE-SW trending
fold-axes, they are upright to inclined and their true
profiles vary from close to open. The limbs of folds, in
particular in the turbidite deposits of the Miocene Tb
unit, are often stretched and boudinaged. Few folds
are evidently thrust-related, such as in the case of drag
folds in the footwall, and fault-bend or fault propagation folds in the hanging wall. Thrust planes in general
dip at low to gentle angles, and kinematic indicators
suggest hanging wall transport to the northwest. In a
few examples, however, hanging wall transport is to
the southeast. The strike-slip faults, both dextral and
sinistral, have steeply inclined to vertical, NW-SE
trending fault planes (Fig. 3.7b), i.e., they are parallel
to the general transport direction of the fold and thrust
belt, and clearly accommodate differential
displacements between adjacent structural units. The
slip-vectors on these fault planes vary in plunge from
horizontal to oblique (66°), which makes these faults
either tear / transcurrent faults (Sylvester, 1988) or
hanging wall drop faults (Butler, 1982), respectively.
The compressional structures are associated with a
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NW-SE direction of shortening (Figs. 3.3 and 3.7b).
The extensional faults are mainly located along the
north-western margins of the Almorchón and Santiago de la Espada basins (Fig. 3.3). They have developed in Cretaceous, Paleogene and Miocene rocks
and apparently cut earlier (outcrop-scale) compressional structures (Fig. 3.7a). The extensional faults
run parallel to the main trend of the compressional
structures in the region. The larger-scale extensional
faults in particular dip to the southeast at moderate to
high angles (Figs. 3.3 and 3.6). Slip vectors, such as
grooves and lineations indicate hanging-wall movement to the southeast, which is opposite to the main
transport direction of the fold and thrust belt. In the
Almorchón basin, extensional faults form a network
reminiscent of a relay pattern in the sense of Biddle
and Christie-Blick (1985). Paleogene and Miocene
marker beds on both sides of these faults (observed in
the field and on the geological map; Dabrio, 1972) indicate that several tens up to 80 meters of throw (vertical displacement) has occurred along each of these
faults, leading to a total of at least 500 meters of
throw. In the Santiago de la Espada basin, on the contrary, displacement is accommodated along a single
extensional fault, that may have up to several hundreds (>600) of meters of throw (Fig. 3.6). The
extensional structures in these basins are associated
with NW-SE directed extension, which clearly conflicts with the NW-SE direction of shortening deduced from the compressional structures.
The cross-cutting relationships of extensional and
compressional structures, as shown in Fig. 3.7, suggest an extensional overprint on earlier compressional
events. Fig. 3.8, however, shows a clear example of a
geometric and genetic relationship between thrust tectonics and the local development of normal faults in
the hanging wall. This kind of structural relationship,
in which normal faults develop in the hanging wall in
response to a change in the fault plane geometry of the
thrust or reverse fault, has been described previously
by Coward (1983) and will be discussed below.
Restoration of the section constructed across this
part of the Prebetic zone leads to a viable solution
(i.e., a viable cross section in the sense of Elliott,
1983) as shown in Figure 3.9. In the restoration, the
base of the Miocene, which is in essence a preMiocene erosion surface, has been used as a reference
level. The stratigraphic thickness of the different
Mesozoic and Cenozoic units, as well as the depth to,
and dip of the decollement zone in the Triassic
evaporite, were estimated from surface data on the
geological map, as well as from published seismic
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profiles and well data (Banks and Warburton, 1991).
These estimates are to a large extent in agreement
with Banks and Warburton (1991) and Platt et al.
(2003), as shown in Figures 3.2a and b. The
stratigraphic thickness of the Mesozoic units north of
Pontones is approximately 1000 to 1400 meters (Fig.
3.9) and increases towards the south to values of up to
2500 to 3000 meters. This increase in thickness occurs stepwise across thrust faults, such as for example
at fault A on the map and cross-section (Figs. 3.3 and
3.9). These faults apparently are Mesozoic
extensional faults, as shown in the restored cross-sec-

tion (Fig 3.9b), which were reactivated during the
Neogene.
From the restored section (Fig. 3.9b) it is evident
that, prior to the folding and thrusting in the Prebetics,
the Pontones, Almorchón and Santiago de la Espada
basins formed part of a single large basin. Estimates
of the amount of shortening in the Tranco zone north
of Pontones are up to 13 km, while compressional
structures in the Pontones – Santiago de la Espada
section (P-P’) indicate that approximately 6.3 km of
shortening has occurred in this part of the Prebetics.
This latter estimate is of the same order as the about 4
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3.6a in far distance.

km of shortening estimated by Banks and Warburton
(1991) and Platt et al. (2003) in the corresponding
parts of their sections.

Discussion
Four different explanations were proposed in the
introduction that may account for the development of
extensional structures in the Betic fold and thrust belt.
The first two would imply crustal-scale extension of
the Betic fold and thrust belt for which there is clearly
no evidence. The other two explanations (i.e., stratal
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extension in thrust-fault footwalls, or hanging-wall
collapse above shallowing-upwards reverse faults)
both imply that the extensional structures are in some
way inherent to the process of thrusting in the developing fold and thrust belt. The available data lend support to such a thrust-related origin of the extensional
faults as follows.
Platt and Leggett (1986) explain the development
of extensional faults in the footwall of a thrust plane in
terms of small-scale stratal extension, due to variations in sliding resistance along the thrust plane,
whilst the hanging wall block remains undeformed.
These extensional faults are in essence low-angle nor-
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mal faults dipping in the transport direction of the
thrust, i.e., they have the same orientations as Riedel
faults or shears. However, the extensional structures
seen in the Prebetic fold and thrust belt have developed in the hanging walls of the thrust faults. Stratal
extension of the kind described by Platt and Legget
(1986) seems therefore inadequate to explain the
structures observed.
According to Coward (1983), normal faults may
develop in the hanging wall of a thrust in response to a
change in fault plane geometry of the thrust or reverse
fault, in a way that the dip-angle of the fault decreases
with decreasing depth. Movement on such a fault, referred to as a shallowing-upwards fault, can result in
stretching of the hanging wall block directly above
the ramp-flat structure (Fig. 3.8b) in particular if there
is no layer-parallel slip along the bedding planes in
the hanging wall. Stretching in the hanging wall inevitably leads to the development of normal faults, which
include synthetic but mostly antithetic faults, i.e., with
respect to the sense of displacement of the thrust fault.
The stretched hanging wall block as well as the geometrical relationships of the normal and thrust faults
in outcrops, such as the one shown in Figure 3.7, are
clearly consistent with the structures expected for a
shallowing upwards fault. The structural and geometrical relationships of the large-scale thrust faults A
and B, indicated on the map in Figure 3.3 and in the
profiles of Figure 3.9, and the main extensional faults
along the north-western margins of the Almorchón
and Santiago de la Espada basins are quite similar to
the smaller-scale structures seen in outcrop as shown
in Figure 3.7. This strongly suggests the presence of a
shallowing upwards fault at the scale of the thrust
wedge, as shown in the profiles in Figure 3.9. The
present interpretation is possibly strengthened by the
fact that fault A initially developed as a Mesozoic
extensional fault, which was reactivated as a reverse
fault in the late Miocene, and became progressively
shallower upwards during continued thrusting.
Both structural and stratigraphic data, such as the
lithological correlations in the Miocene stratigraphy,
indicate that the Pontones, Almorchón and Santiago
de la Espada basins, prior to folding and thrusting in
this part of the Betic External Zone, have been part of
a single and large marine basin during the (early-)
middle Miocene. This large marine basin most likely
formed a connection between the Atlantic Ocean and
the Mediterranean Sea, often referred to as the “North
Betic Strait” (e.g., Calvo et al., 1978; Sanz de
Galdeano and Vera, 1992; Soria et al., 1999; Martín et
al., 2001; Braga et al., 2003; Sanz de Galdeano and
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Alfaro, 2004).
The “abrupt” facies change from a continental –
shallow marine facies in the late Oligocene – earliest
Miocene to a deep marine setting in the middle
Miocene can not be explained with a global (eustatic)
sea level change. As a matter of fact, the middle
Miocene period is characterised by a high (up to 100150 m) but decreasing eustatic sea level (Haq et al.,
1988, and Fig. 3.4). However, paleobathymetry estimates of the middle Miocene sediments show a rapid
relative sea level rise (up to 500-600 meters of water
depth) in an evidently underfilled basin. Both the
magnitude of the relative sea level rise inferred from
paleobathymetry and the sedimentary facies dominated by mass flow and turbidite deposits imply a tectonic cause for the rapid basin subsidence. These observations are in agreement with the Miocene subsidence histories inferred for both the Jumilla – Cieza region by Kenter et al. (1990) and for the western
Prebetics, in particular the Santiago de la Espada region, by Hanne et al. (2003). Two obvious candidates
for such a tectonic cause are: (1) the migrating
depocenter of the foredeep domain ahead of the moving thrust mass of the fold and thrust belt (Kenter et
al., 1990; Beets and De Ruig, 1992; Hanne et al.,
2003) and (2) a rapid (“instantaneous”) loading of the
Iberian plate due to the emplacement of both the
Subbetic and the Betic Internal Zones. According to
Beets and De Ruig (1992) and Hanne et al. (2003) the
first foreland basins already developed in the late
Oligocene in the south due to loading of the Iberian
plate by the Betic Internal Zone. This foreland basin
system progressively migrated towards the northwest
during the early and middle Miocene when it reached
the realm of Santiago de la Espada and Pontones. The
rapid subsidence of the Pontones – Santiago de la
Espada basins, therefore, most likely reflects the approaching foredeep basin in front of the moving thrust
mass. It is noted, however, that according to Van der
Beek and Cloetingh (1992) the load of the Betic External and Internal Zones is insufficient to explain the
flexure of the Iberian lithosphere as observed today.
The subsequent change in the basins from marine
to continental facies and allied basin uplift in the
Tortonian is almost coeval with the initiation of folding and thrusting in the western part of the Prebetic
Zone, and evidently marks the moment that the forward propagating deformation front of the fold and
thrust belt has approached the realm of Pontones and
Santiago de la Espada. Since the Tortonian (~10 Ma),
approximately 50 to 60 km of shortening has been accommodated in the western Prebetics, and the region
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has experienced an uplift of up to 2000 meters. As
suggested in chapter 2, African-Eurasian plate convergence is most likely responsible for this late
Miocene to recent compressional deformation in the
Betic External Zone. Regional uplift of the Betic
Cordillera continues still today (e.g., Giménez et al.,
2000; Braga et al., 2003; Sanz de Galdeano and
Alfaro, 2004). A study of the causes of this uplift lies
beyond the scope of this study, however, part of the
late Miocene to recent uplift may well be related to
flexural isostatic processes (e.g., Watts, 1992) of the
Iberian lithosphere beneath.

Conclusions
Careful analysis of the structure and stratigraphy
in the Miocene basins in the western part of the
Prebetic Zone near Santiago de la Espada leads to the
following conclusions:
The development of outcrop and map-scale
extensional structures is related to the process of
thrusting and reverse faulting. Some of these reverse
faults were probably initiated as Mesozoic exten-
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sional faults, and were reactivated as reverse faults in
the late Miocene in response to continued thrusting
and folding in the Betic External Zone. During fault
propagation upwards, the reverse faults became progressively shallower (i.e., less inclined), which inevitably led to extension in the hanging wall block and
the subsequent development of normal faults. This
implies that irrespective of the extensional nature of
some of the faults, the Miocene basins in the Prebetics
in essence developed in a compressive setting.
Prior to the late Miocene folding and thrusting in
the Prebetics, the Pontones, Almorchón and Santiago
de la Espada basins formed part of a large marine basin in the early-middle Miocene. The abrupt subsidence of this basin during the middle Miocene was
likely associated with the migrating foredeep part of
the foreland basin, in front of the growing thrust mass
of the External Zone. Shallowing of the basin in the
late Miocene was immediately followed by the onset
of folding and thrusting in the western Prebetics,
which led to segmentation of the large basin into
smaller basins and closure of the northern AtlanticMediterranean connection.

4
Stratigraphy of the Miocene basins in the Internal Zone
Introduction
The Internal Zone of the Betic Cordillera has a
characteristic “Basin and Range” type morphology
defined by ENE trending, elongate mountain ranges
of intensely deformed and mostly metamorphosed
Palaeozoic and Mesozoic rocks (e.g., Egeler and
Simon, 1969; Platt and Vissers, 1989; Fig. 4.1),
flanked by narrow, elongate basins generally referred
to as intramontane or intermontane basins. In the eastern Betics, the intramontane basins are in part
bounded by major faults which form a network that
has been interpreted as the upper-crustal expression of
a crustal-scale transcurrent shear zone that crosses the
eastern part of the Internal Zone (De Larouzière et al.,
1988).
The intramontane basins are filled with Neogene
to recent continental siliciclastics and marine mixed
siliciclastic / carbonate facies, marls and evaporites
(e.g., Montenat and Ott d’Estevou, 1990; Sanz de
Galdeano, 1990) showing highly variable facies and
thicknesses. It is, however, generally accepted that the
stratigraphy of the different basins show very similar
trends (e.g., Montenat et al., 1987; Montenat and Ott
d’Estevou, 1990, 1996 and 1999; Sanz de Galdano,
1990). A number of hypotheses have been proposed in
the literature to explain the geology and geometry of
the Betic Cordillera as well as the development of the
intramontane basins. Irrespective of the details of
these scenarios, however, it is generally believed that
the present-day geomorphology of the Betic Internal
Zone including the (elongate) rectangular geometry
of the intermontane basins was already acquired in the
late Serravallian-earliest Tortonian, i.e., at the end of
the middle Miocene (e.g., Geel, 1976; Briend, 1981;
Briend et al., 1990; Sanz de Galdeano and Vera, 1992;
Guerra-Merchán and Serrano, 1993; MoraGluckstadt, 1993; Geel and Roep, 1998 and 1999).
This assumption is substantiated by the fact that upper
Miocene, Pliocene and Quaternary sediments dominate the basin fills and lie unconformably on pre- and
early Miocene deposits, as well as on both metamorphic basement units of the Internal Zone and rocks of
the Betic External Zone. The upper Miocene and

younger sediments therefore clearly postdate early
Miocene tectonic structures. In contrast, the early and
middle Miocene stages are represented by few scattered and highly fragmentary outcrops, and most of
these deposits are considered part of either the Betic
External Zone, the Campo de Gibraltar Complex (or
North African Flysch Trough), or the Malaguide units
of the Betic Internal Zone (e.g., Rodríguez-Fernández
and Sanz de Galdeano, 1992; Sanz de Galdeano and
Vera, 1992; Lonergan et al., 1994; Geel and Roep,
1998 and 1999).
There are several unconformities and stratigraphic
trends identified in the late Miocene and Pliocene
stratigraphy of the different basins, which are commonly accepted as regional, synchronous phenomena,
reflecting regional eustatic changes or tectonic
“events” (e.g., Montenat et al., 1987; Montenat and
Ott d’Estevou, 1990, 1996 and 1999; Sanz de
Galdeano and Vera, 1992). An example of such a tectonic event is the evaporite succession present in several of the Betic basins and which is considered late
Miocene in age. These evaporites reflect a hypersaline
environment, which was presumably the result of restriction of the connection between the Atlantic and
the Mediterranean Sea at that time (Müller and Hsü,
1987). This restriction or closure of the AtlanticMediterranean connection occurred most likely due to
tectonics in the Betic Cordillera and other parts of the
Alboran region (e.g., Sanz de Galdeano and Vera,
1992) with an inevitably catastrophic impact on the
entire Mediterranean region. There is, however, ongoing debate on the exact age (either late Tortonian and/
or Messinian) and significance of the evaporite
successions in the Cartagena, Fortuna, Lorca, Sorbas
and Nijar basins (e.g., Müller and Hsü, 1987; Garcés
et al., 1998; Rouchy et al., 1998; Wrobel and
Michalzik, 1999; Krijgsman et al., 2000; Krijgsman
et al., 2001).
In this study we focus on three areas in the eastern
part of the Betic Internal Zone, i.e., from west to east:
(1) the Almanzora, Huercal Overa and Puerto
Lumbreras basins, (2) the Lorca basin, and (3) the
Fortuna basin (Fig. 4.1). The Almanzora, Huercal
Overa and Puerto Lumbreras basins are located en53

Chapter 4

Portugal

40º N

Alicante
Spain

Socovos fault

nte

ville

Cre

fault

s

35º N

Betic

7

Alboran Sea

Atlantic
Ocean

Tell

38º
Murcia

Rif
Algeria

fa
u

0º

M

ur
cia

5º W

Internal Zone

Extenal Zone

M

M

10º W

lt

Morocco

IEZ

B

6

a

m

ha
Al

M

de

8

5

1

Cartagena

3

4

9

10

0

20

Subbetics
Quaternary

Internal Zone

12
11

M

Almeria

s
ra
ne
bo ult
r
Ca fa

2º

40 km

Prebetics

Palom

Sierra Nevada

3º

External Zone

ares

Sierra de los Filabres

fault

2

Malaguide complex

Pliocene

Alpujarride Complex

Miocene

Nevado-Filabride
complex

Neogene Volcanism

37º

1º

Figure 4.1. Geological map of the eastern part of the Betic Cordillera, modified from Mapa Geologico de la Peninsula
Iberica (IGME, 1:1.000.000, 1981). Numbers refer to basins: 1) Guadix-Baza basin, 2) Almanzora corridor, 3) Huercal
Overa basin, 4) Pulpi basin, 5) Puerto Lumbreras and Guadalentin-Hinojar basins, 6) Lorca basin, 7) Fortuna basin, 8)
Alicante-Cartagena basin, 9) Vera basin, 10) Tabernas-Sorbas basin, 11) Nijar-Carboneras basin, 12) Alpujarran
Corridor. IEZB - Internal-External Zone Boundary. The Carboneras, Palomares, Alhama de Murcia and Crevillente faults
are considered part of a crustal scale shear zone.

tirely within the Betic Internal Zone, whilst the Lorca
and Fortuna basins straddle the contact of the Internal
and External Zones. In addition, these basins have
been chosen because they are all located immediately
adjacent to the Alhama de Murcia Fault, one of the
major faults belonging to the crustal scale shear zone
that crosses the south-eastern part of the Betic
Cordillera. The relationship with this major fault
structure is addressed in chapters 5 and 6 below.

In this chapter, an overview is presented of the
Miocene and Pliocene stratigraphy of the three selected basins that incorporates new litho- and
biostratigraphic data. This improved data set allows
new basin-scale and regional correlations, in particular by using biostratigraphic correlations to disclose
hitherto unidentified, syn- and/or diachronic regional
trends in the development of the basins that may be
associated with eustatic changes and/or lithospheric

Figure 4.2. Detailed time table for the Neogene showing some of the main characteristic planktonic foraminiferal datum
events used here in this study. Column to the left shows biostratigraphic events mostly after Bizon (1978). The column to
the right shows biostratigraphic events according to the astronomically tuned Neogene time scale of Lourens et al. (2004)
and used in this study.
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Planktonic foraminiferal events in the Mediterranean Neogene
Bioevents in southern Spain
mainly after, e.g., Briend (1981)
and Montenat et al. (1990b)

Pliocene

Qt.

Bioevents, this study

LO H. margaritae (3.3 Ma; (1))

5.33 Ma

LO G. margaritae

3.85 Ma (3)

FO G. margaritae

5.08 Ma (3)
5.33 Ma (4)

FO H. margaritae (5.3 Ma; (1))
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7.24 Ma
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G. scitula (sin.)

Tortonian

FO G. suterae (2)

T2

dom. sin. Neogloboquadrina (2)
FO N. humerosa (8 Ma: (1,2); ~7.74 Ma: (5))

5.96 Ma (4)
6.35 Ma (3)
6.42 Ma (3)
6.52 Ma (3)
6.72 Ma (3)
6.83 Ma (3)
7.08 Ma (3)

G. scitula (dex.)

7.24 Ma (3)
7.28 Ma (3)

LCO G. menardii 4

7.51 Ma (3)

FCO G. miotumida gr. (conomiozea)

FO G. plesiotumida (2) - corrected age 8.58 (3)
FO G. pseudomiocenica (1)
FO G. obliquus extremes (2) - corrected age 8.93 Ma (3)

T1

Tortonian Salinity Crisis

FCO N. acostaensis (10.8 Ma; (1,2))

Serr.

7.8 Ma (6)

FCO G. menardii 4

9.31 Ma (3)

N. acostaensis dex. to sin.

9.54 Ma (3)

N. acostaensis sin. to dex.

9.90 Ma (3)

dom. dex. Neogloboquadrina (2)

11.6 Ma

7.6 Ma (6)

LO P. partimlabiata

9.94 Ma (3)

N. acostaensis dex. to sin.

10.05 Ma (3)

FCO N. acostaensis
LO P. siakensis
LO P. mayeri

10.57 Ma (3)
11.19 Ma (3)
12.07 Ma (3)

FO P. mayeri
FO P. partimlabiata

12.77 Ma (3)

FO Orbulina universa

14.74 Ma (3)

FO Preaorbulina

16.97 Ma (3)

LO C. dissimilis

17.54 Ma (3)

FO G. trilobus

22.96 Ma (3)

Langhian

13.65 Ma

Burdigalian

15.95 Ma

Aquitanian

20.48 Ma

23.03 Ma

Legend
dom. = dominantly
sin. = sinistral
dex. = dextral
FO = first occurrence
FCO = first common occurrence
FAO = first abundant occurrence
LO = last occurrence
coiling change

Ages after
Lourens et
al. (2004)

References from:
(1) Bizon (1978)
(2) Guerra-Merchan and Serrano (1993)
and references therein

(3) Lourens et al. (2004) and references therein
(4) Krijgsman et al. (2001)
(5) J.W. Zachariasse, pers. comm.
(6) Krijgsman et al. (2000)
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processes in the Betic crust. In addition, the improved
time frame, in combination with the thicknesses of the
various formations in the Miocene basins, are used to
make quantitative estimations of both vertical and
horizontal motions (stretching or compression) of
these basins addressed in chapter 5.

Methods
The stratigraphic data for the research described in
this chapter were collected in the Huercal Overa,
Lorca and Fortuna basins. Geological maps and
stratigraphic data from earlier studies were used in
this study and modified where needed. Rock or clay
samples were collected for biostratigraphic studies,
either as individual samples, or as series of samples
with a sampling distance of 2 to 3 meters of section.
The samples were studied by W.J. Zachariasse, G.J.
van der Zwaan, F.J. Hilgen and T.J. Kouwenhoven
(Stratigraphy and Paleontology group of the Department of Earth Sciences at the Utrecht University, The
Netherlands) and A. di Stefano (Geology and Geophysics group of the Department of Geological Science at the University of Catania, Italy). Ages for
bioevents are according to the latest Astronomical
Tuned Neogene Time Scale of Lourens et al. (2004)
and shown in Fig. 4.2. Paleobathymetry analyses of
(individual) marine clay samples using the ratio of
planktic and benthic foraminifera (P-B ratio) were
performed by D.J.J. van Hinsbergen (Department of
Earth Sciences, Utrecht University, The Netherlands).
Details of this paleobathymetry technique are given in
Van Hinsbergen et al. (2005).

Almanzora, Huercal Overa and Puerto
Lumbreras basins
Introduction
The Huercal Overa basin is an ENE trending elongate basin, which merges with the GuadalentinHinojar and Pulpi basins in the east and is connected
through the E-W trending Almanzora corridor with
the Guadix-Baza basin to the west (Figs. 4.1 and 4.3).
In contrast, the Puerto Lumbreras basin is an isolated
and very small (few km) rhomboidal shaped basin located within the Sierra de las Estancias, northeast of
the Huercal Overa basin. The western part of the
Huercal Overa basin is occasionally referred to as the
Albox basin (e.g., Dubelaar, 1980; Mora Gluckstadt,
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1993).
The mountain ranges surrounding and bounding
the Almanzora and Huercal Overa basins are mainly
made up of metamorphic rocks of the NevadoFilabride and Alpujarride complexes of the Betic Internal Zone, with occasional small outcrops of nonmetamorphic Malaguide rocks (De Booy and Egeler,
1961; Egeler and Simon, 1969). This metamorphic
basement also underlies the basin sediments, as evident from outcrops of Alpujarride and/or Nevado–
Filabride units that occur as basement highs within the
Huercal Overa and Almanzora basins.
Small outcrops of limestones and conglomerates
along the southern margins of the Almanzora, Huercal
Overa and Puerto Lumbreras basins (De Booy and
Egeler, 1961; Voermans et al., 1972; Briend, 1981;
Briend et al., 1990; Mora-Gluckstadt, 1993, Fig. 4.3)
are believed to be of Oligocene and early – middle
Miocene age. The basin fill is dominated, however, by
upper Miocene sediments, whilst in the eastern part of
the Huercal Overa basin the upper Miocene sediments
are covered with Pliocene to recent alluvial fan deposits (García-Meléndez et al., 2002 and 2003). The
stratigraphy of the upper Miocene sediments of the
Almanzora, Huercal Overa and Puerto Lumbreras basins has been thoroughly studied and described by
Voermans et al. (1972), Simon et al. (1978), Briend
(1981), Dabrio and Polo (1988), Briend et al. (1990),
Montenat et al. (1990a), Mora-Gluckstadt (1993),
Guerra-Merchán and Serrano (1993), Poisson et al.
(1999) and Augier (2004) as shown in Fig. 4.4.
Stratigraphy
Early and middle Miocene
The lower-middle Miocene basin sediments are
exposed in few scattered outcrops along the southeastern margins of Almanzora, Huercal Overa and
Puerto Lumbreras basins (De Booy and Egeler, 1961;
Briend, 1981; Guerra Merchán and Serrano, 1993;
Mora-Gluckstadt, 1993; Figs. 4.3, 4.4 and 4.5). These
lower Neogene sediments include 170 meters of purple alluvial breccias and mass flow deposits
(Poudingue lie-de-vin unit of Briend, 1981), as well
as approximately 60 meters of varicoloured conglomerates, sands, silts, calcarenites, foraminiferal limestones and reef limestones (Santa Barbara formation
of Briend, 1981, equivalent to Tectosedimentary Unit
1 (TSU1) of Guerra-Merchán and Serrano, 1993). The
sediments of the latter formation were deposited in a
very shallow marine to coastal facies, passing upwards into a continental facies of fluvial and alluvial
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conglomerates (Guerra-Merchán and Serrano; 1993).
Both formations lie unconformably on rocks of the
Malaguide or Alpujarride complex (De Booy and
Egeler, 1961). It is emphasized, however, that the purple alluvial breccias of the Poudingue lie-de-vin unit
and the shallow marine deposits of the Sta. Barbara
formation do not occur in one and the same outcrop,
such that their lateral relationship and relative age are
difficult to substantiate.
Representatives of G. trilobus, C. dissimilis, and G.
dehiscens in the shallow marine deposits of the Sta.
Barbara formation suggest an early Miocene age
(Voermans et al., 1972; Mora-Gluckstadt, 1993), but
representatives of Orbulina spp. encountered in this
study point to a middle Miocene age (G.J. van der
Zwaan and W.J. Zachariasse, pers. comm.; Fig 4.2.),
i.e. C. dissimilis must have been reworked. Furthermore, the nature and facies of the sediments of the Sta.
Barbara formation and Poudingue lie-de-vin unit as
well as their detrital content (i.e., derived mostly from
the Malaguide and some from the Alpujarride complex) strongly support correlation with the sediments
of, respectively, the Serravallian Umbria and Mofar
formations in the Vera and Sorbas basins (Völk, 1964;
Völk and Rondeel, 1964; Hodgson et al., in review). It
is noted that the fauna, described by Völk (1964) from
the Umbria formation, and interpreted according to
the astronomical tuned biostratigraphic ages of
Lourens et al. (2004), yields a Serravallian age with a
presumable age range of 12.77 to 12.07 Ma.
Late Miocene and Pliocene
The middle Miocene sediments of the Poudingue
lie-de-vin unit and Sta. Barbara formation are
unconformably overlain by upper Miocene red continental breccias and conglomerates. These continental
deposits consist of an up to 1200 meter thick series of
alluvial fan and mass flow deposits exposed along the
basin margins and fringing basement highs (Figs. 4.3
and 4.5). They belong to the Brèche rouge (Plate 4.1)
and Conglomérats et limons rouges (Plate 4.2) units
of Briend (1981) and Briend et al. (1990), equivalent
to the TSU2a of Guerra-Merchán and Serrano (1993),
to the Basal red clastics and Abejuela unit of MoraGluckstadt (1993) and Augier (2004), and to the Red
lower clastics as defined by Poisson et al. (1999), as
shown in Fig. 4.4. The Conglomérats et limons rouges
unit lies unconformably on the Alpujarride rocks of
the Sierra de las Estancias, and in some outcrops there
is clear evidence of onlap on these basement rocks
(Plates 4.3 and 4.4). The typical breccias of the
Brèche rouge unit are only exposed in the southern

part of the Almanzora and Huercal Overa basins,
where they lie unconformably on lower Tertiary rocks
of the Malaguide complex and on rocks of the
Alpujarride and Nevado-Filabride complex, or are
juxtaposed with these basement rocks along faulted
contacts. An additional aspect of these continental deposits is that they are in general pervasively cut by
extensional faults, which may partially explain existing discrepancies in the estimated accumulated thickness of these units.
The precise age of the continental fan deposits is
difficult to establish, however, the detritus of these
continental deposits comprises e.g. blocks of
micaschist, tourmaline-bearing gneiss, marble,
serpentinite and gypsum, and is mostly derived from
metamorphic basement rocks, and part of the metamorphic detritus clearly originates from the Sierra de
Los Filabres, south of the Almanzora and Huercal
Overa basins (Vissers, 1975; Dubelaar, 1980;
Montenat et al., 1990a). According to Johnson et al.
(1997), the greenschist facies metamorphic rocks of
the Sierra de Los Filabres cooled to near-surface temperatures during the mid-Serravallian (12±1 Ma),
which is consistent with a late Serravallian to early
Tortonian age for the continental sediments containing this Filabride detritus. The flow directions seen in
the continental fan deposits are in general towards the
N, E and SE (Vissers, 1975; Dubelaar, 1980; this
study) and NW (Montenat et al., 1990a), which is
consistent with the inferred Filabride source of the
detritus and distribution areas. Note, however, that
Mora-Gluckstadt (1993) and Augier (2004) have
documented flow directions which are in part at variance with those observed in this study and those of
Vissers (1975) and Dubelaar (1980).
The continental fan deposits of the Conglomérats
et limons rouges unit pass upwards and laterally into a
variously coloured and lithologically diverse sequence of conglomerates, sands, homogenous grey
silts, clays, marls, caliches, paleosoils and evaporites,
as well as conglomeratic and sandy mass flow beds.
These deposits roughly coincide with the Turbidites
micacées et gypseuses unit of Briend (1981) and
Briend et al. (1990), with the TSU2b of GuerraMerchán and Serrano (1993), and with the Santopetar
formation of Mora-Gluckstadt (1993) and Augier
(2004). According to Dabrio and Polo (1988), GuerraMerchán and Serrano (1993) and Mora-Gluckstadt
(1993), these sediments were deposited under fluviallacustrine, sabkha and shallow marine conditions in
aggradational and progradational developing, fluvial57
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Figure 4.3. Geological map of the Almanzora, Huercal
Overa and Puerto Lumbreras basins, after Voermans et al.
(1972), Vissers (1975), Dubelaar (1980), Briend (1981),
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(2005) modified with data from this study.
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dominated Gilbert-type fan deltas, located along the
basin margins and receiving detritus from the adjacent ranges. These fan deltas developed outward in
the shallow marine environment of the corridor,
whilst patch and fringing reefs developed on the basin
margins and fan deltas.
According to Briend (1981) and Briend et al.
(1990), the fluvial-lacustrine sediments are overlain
with an angular unconformity by a relatively thin interval of shallow marine sandy marls referred to as the
“Pélites jaunes” (Briend, 1981; Briend et al., 1990),
equivalent to the La Parata formation (MoraGluckstadt, 1993; Augier, 2004), exclusively exposed
along the north-eastern margin of the Huercal Overa
basin (Fig. 4.3). According to Briend (1981), these
marls mainly contain benthic foraminifera but also
few planktonic foraminifera, such as representatives
of N. acostaensis, which point to a Tortonian age.
However, the alternating occurrence of intervals of
dominant dextral and sinistral coiled N. acostaensis
suggest an early Tortonian age (W.J. Zachariasse,
pers. comm.; Fig. 4.2). Using Lourens et al. (2004),
then rapid changes in coiling of N. acostaensis would
point to an age range of 10.57 to 9.54 Ma.
Paleobathymetry of individual samples from these
marine sediments suggests shallow water depths of 50
to 100 meters (D.J.J. van Hinsbergen, pers. comm.). It
should be noted that Mora-Gluckstadt (1993) and
Augier (2004) consider these marls as part of the
“marnes jaunes inferieurs et recifs” described below,
which is at variance with this study.
The sandy marl interval passes upward into a regressive interval again made up of a varicoloured,
lithologically diverse sequence of sandstones, graded
conglomerates, blue and red clays, marls and oyster
beds deposited in a fluvial dominated delta to
lacustrine and shallow marine environment. These
rocks form part of the Turbidites micacées and
Marnes à Huîtres unit of Briend (1981) and Briend et
al. (1990), and of the Santopetar formation and
Guzmaina Brown and Red units (Mora-Gluckstadt,
1993; Augier, 2004). The upper part of this unit,
which is considered as a separate unit referred to as
the Guzmaina Red unit by Mora-Gluckstadt (1993)
and Augier (2004), consists of a series of reddish silts
and clays intercalated with conglomerate and sand
beds. According to Mora-Gluckstadt (1993), the contact between the Guzmaina Red unit and the overlying
marine sediments is an erosive contact as indicated by
onlap of marine sediments. Fossil plant roots, raindrop imprints and the reddish colour all suggest a continental depositional environment (Augier, 2004).

Paleo-current directions within the channels are
mostly towards the NE and E (Vissers, 1975;
Dubelaar, 1980; this study) which is, again, at variance with the flow direction data reported by MoraGluckstadt (1993). The marine sediments within this
regressive interval contain a variety of macrofossils as
well as planktic but dominantly benthic foraminifera
(Briend, 1981). The planktic foraminiferal assemblage consists mostly of representatives of dextral and
sinistral coiled N. acostaensis. Absence of late
Tortonian and Messinian biostratigraphic markers
suggests an early Tortonian age for these sediments.
Outcrops along roads and dry riverbeds host ubiquitous examples of sedimentary structures (channel
structures, graded and ungraded mass flow beds, a
large olistostrome) within the fluvial-shallow marine
deposits, as well as large and small scale (syn-sedimentary) deformational structures reflecting the tectonic context of the basin development, addressed below in chapter 5. The total accumulated thickness of
the Turbidites micacées et gypseuses unit / Santopetar
formation in the Huercal Overa basin is estimated between 540 meters (Augier, 2004; this study) and 1500
meters (Briend, 1981; Mora-Gluckstadt, 1993), and in
the Almanzora basin up to 300 meters (Dabrio and
Polo, 1988; Guerra-Merchán and Serrano, 1993). The
estimated thickness of the different lithologies making up these fluvial-shallow marine deposits varies
(abruptly) along strike, and some may disappear
along strike, possibly as a result of lateral variations in
depositional system or erosion, or due to deformation.
The lower Tortonian continental and fluvial-shallow marine sediments are overlain by a transgressive
unit of shallow to deeper marine deposits of late
Tortonian and early Messinian age, referred to as the
Marnes jaunes inférieur et récifs, Turbidites et
Conglomérats jaunes, Marnes jaunes supérieur and
Marnes livides units of Briend (1981) and Briend et
al. (1990), the TSU3 and TSU4 of Guerra-Merchán
and Serrano (1993), or the La Parata unit of MoraGluckstadt (1993) and Augier, (2004), as shown in
figure 4.4 and plate 4.5. According to Briend (1981),
the transgressive series of in the northern part of the
Huercal Overa basin lies concordantly on the lower
Tortonian sediments, whilst in the southern part of the
basin they lie on basement and earlier deposits with an
angular unconformity. Dabrio and Polo (1988),
Guerra-Merchán and Serrano (1993) and MoraGluckstadt (1993), on the other hand, suggest that
both in the north and south of the Huercal Overa and
Almanzora basins the transgressive series lie
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unconformably, with an onlappping contact, on the
lower Tortonian rocks. This contact between the
lower and upper Tortonian sediments is identified as a
prominent regional unconformity, also observed in
several other Miocene basins in the Betic Cordillera
(Montenat and Ott d’Estevou, 1990, 1996 and 1999;
Sanz de Galdeano and Vera, 1992). However, as emphasized by Guerra-Merchán and Serrano (1993) in
their study of the Almanzora basin where an uninterrupted
biostratigraphy
occurs
across
the
unconformity, it is possible that this unconformity
does not represent a substantial hiatus.
The marine series comprise reef complexes (e.g.,
at Alto de Ventica) and submarine fan delta and
floodplain deposits at the basin margins, which laterally interfinger with shallow marine marls and
turbidites in the central part of the Huercal Overa basin (Figs. 4.3 and 4.5, Plates 4.5 and 4.6). A late
Tortonian age of these sediments is substantiated by
representatives of left coiled N. acostaensis (including humerosa types), G. pseudomiocenica, G.
menardii, G. ventriosa (rare), and G. extremus (Briend,
1981) as well as, dextral coiled G. scitula and G.
suterae types (W.J. Zachariasse, pers. comm.).
Paleodepth estimates on individual samples indicate a
gradual deepening to 150-200 meter at the top of the
upper Tortonian marine sediments (D.J.J. van
Hinsbergen, pers. comm.). Cross bedding and flute
casts in the turbidite beds suggest transport towards
the east, north and south, implying clastic input from
the western basin margins. Upwards, the shallow marine marls change rapidly into pelagic marls, which
according to Briend (1981) were deposited under
deeper marine (epibathyal) conditions. Representatives of dominant left coiled N. acostaensis and dextral coiled G. scitula in the marine marls and the occurrence of G. mediterranea / conomiozea in the upper part of the marls (W.J. Zachariasse and F.J.
Hilgen, pers. comm.) suggest a latest Tortonian –
early Messinian age for these marls, which is in agreement with Briend (1981) and Briend et al. (1990). An
early Messinian age of these marine sediments is substantiated by a 40Ar/39Ar age of an ash-layer of 7.10
Ma (K.F. Kuiper, pers. comm.; Meijninger et al., in
prep.; see Figs. 4.4 and 4.5). Paleodepth estimates
suggest a relatively constant water depth of 100-200
meter in the lower Messinian marine sediments (D.J.J.
van Hinsbergen, pers. comm.). It should be noted that
the samples show abundant evidence of down-slope
transport and poor basin “ventilation”. The total accumulated thickness of the upper Tortonian and lower
Messinian marine sediments is estimated at 200 to
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300 meters in the Almanzora corridor (Dabrio and
Polo, 1988; Guerra-Merchán and Serrano, 1993) and
500 m (Mora-Gluckstadt, 1993; Augier, 2004) up to
1000 m (Briend, 1981; Briend et al., 1990; this study)
in the Huercal Overa basin.
It must be emphasized that massive upper Miocene
evaporites, such as exposed in the Lorca and Sorbas
basins, are entirely absent in the Almanzora, Huercal
Overa and Puerto Lumbreras basins. It follows that
either the conditions in these basins were in some way
unfavourable for evaporite deposition, or that shortly
after their deposition these evaporites were entirely
removed by erosion.
Near the southern margin of the Huercal Overa basin, fluvial conglomerates and silts lie unconformably
on upper Tortonian shallow marine deposits and laterally interfinger with an approximately 60 meter thick
laminated series of shallow marine marls, clays and
silts (Figs. 4.4 and 4.5, Plate 4.7). Biostratigraphic
studies of the planktonic foraminiferal assemblages
by Briend (1981) suggest that these deposits are
Messinian in age. Our analysis shows that the
sediments hold representatives of dominantly dextral
coiled N. acostaensis, poorly preserved though abundant G. siphonifera (W.J. Zachariasse and F.J. Hilgen,
pers. comm.) and benthic fauna (T.J. Kouwenhoven,
pers. comm.), which are not age diagnostic, i.e. the
age of the sediments is not conclusive. However, both
Messinian (G. conomiozea and G. nicolae) and early
Pliocene (G. margaritae) markers are clearly absent.
Calcareous nannoplanktonic studies (A. di Stefano)
on this section are in progress. Magneto-stratigraphic
analysis of the upper 44 meters laminated marine
marls show a single reversed polarity (Meijninger et
al., in prep). Biostratigraphy may suggest that these
deposits are of late Messinian - earliest Pliocene age
(W.J. Zachariasse, F.J. Hilgen and T.J. Kouwenhoven,
pers. comm.), which is substantiated by the fact that,
using Lourens et al. (2004), the late Messinian – earliest Pliocene period coincides with the reversed polarity chron 3Cr. Paleodepth estimates on the basis of PB ratios indicate a water depth of 100-150 meter
(D.J.J. van Hinsbergen, pers. comm.). All lithological
and microfauna data seem to support correlation with
the Cuevas and Espiritu-Santo formations in the Vera
basin (Völk and Rondeel, 1964).
Along the north-eastern and southern margins of
the Huercal Overa basin, red and grey fan conglomerates lie unconformably on basement and on Tortonian
continental and shallow marine deposits, and they fill
and cover a Tortonian paleorelief. In fact, a morpho-
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logical study of the Huercal Overa basin (GarcíaMeléndez, 2002 and 2003) has revealed a Pliocene
depocenter in the eastern part of the Huercal Overa
basin filled with up to 340 meters of Pliocene conti-

nental fan and fluvial deposits. These sediments are
tentatively correlated with the Pliocene continental
deposits of the Salmerón formation in the Pulpi and
Vera basins (Völk and Rondeel, 1964; Veeken, 1983).
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Stratigraphy of the Miocene basins in the Internal Zone
Lorca basin
Introduction
The Lorca basin forms an isolated, rhomboidal
shaped topographic depression, about 15 km wide,
with a NE trending basin axis, and is surrounded by
the mountains of the External Zone to the northwest,
and those of the Internal Zone (Sierra de Espuña, Sierra de la Tercia and Sierra de las Estancias) to the
northeast, south and southwest (Fig. 4.6). The basin is
connected through the ENE trending Velez Rubio corridor with the Guadix-Baza basin to the west, and via
narrow corridors with basins in the External Zone to
the north and the Guadalentin basin to the southeast.
The mountains of the External Zone in the north consist of folded and thrusted, marine Mesozoic and Tertiary sediments of the Subbetic. The mountains
bounding the Lorca basin to the northeast, south and
southwest consist of non-metamorphic Mesozoic and
Tertiary rocks of the Malaguide complex as well as
intensely deformed and metamorphosed rocks of the
Alpujarride complex (e.g., Egeler and Simon, 1969;
Kampschuur et al., 1972).
The basin sediments are in general exposed along
the margins of the Lorca basin and around the Sierra
de la Tercia, except for the north-eastern margin
where they are covered with recent alluvial fan deposits. Most of the sediments in the Lorca basin are of late
Miocene, Pliocene and Quaternary age, and these
were deposited in non-marine and shallow marinelagoonal environments. However, marine sediments
of early and middle Miocene age crop out along the
western and north-western basin margins (Geel, 1976;
Montenat et al., 1990b; Wrobel and Michalzik, 1999;
Wrobel, 2000). According to Geel (1976) and Geel
and Roep (1998, 1999), the basin obtained its presentday geometry in the late Serravallian and Tortonian,
but was preceded by a much larger, presumably NESW trending Burdigalian - early Serravallian
turbidite-olistostrome basin.
The basin stratigraphy has been studied extensively in the past decades by e.g., Montenat et al.
(1990b), Geel and Roep (1998, 1999), Wrobel and
Michalzik (1999), Wrobel (2000) and Vennin et al.
(2004), with particular attention for the upper
Miocene evaporite succession exposed in the prominent NE trending Serrata ridge along the south-east-

ern margin of the basin (e.g., Geel, 1976; Orti et al.,
1993; García-Veigas et al., 1994 and 1995; DinaresTurell et al., 1997; Rouchy et al., 1998; Steffahn and
Michalzik, 2000; Krijgsman et al., 2000; Fig. 4.7).
Stratigraphy
Early and middle Miocene
The lower and middle Miocene sediments are exposed along the western and north-western margins of
the Lorca basin, in the Velez Rubio corridor and north
of the Sierra Espuña. These sediments were deposited
in basin geometries that were markedly different from
the geometry of the present-day Lorca basin (Geel
1976; Geel and Roep, 1998 and 1999).
The lower Miocene marine deposits of the Solana,
Fuente and Espejos formations unconformably or
tectonically overlie allochtonous units of the Subbetic
Zone and the Malaguide Complex, (Geel and Roep,
1998 and 1999; Fig. 4.7). In turn these lower Miocene
sediments are tectonically overlain by rocks of the
Subbetic Zone (i.e., the Internal-External Zone
Boundary).
The middle Miocene marine deposits of the
Cañada del Maiz, Campico de Flores, Pantano de
Lorca and Bernabeles formations (Geel and Roep,
1998 and 1999; Fig. 4.7), lie unconformably on the
lower Miocene sediments as well as on the Subbetic
limestones and rocks of the Malaguide Complex. This
implies that the middle Miocene rocks seal the earlier
thrust structures associated with the Internal-External
Zone Boundary (Lonergan et al., 1994; Geel and
Roep, 1998 and 1999).
The lower Miocene sediments of the Fuente,
Espejos and Solana formations consist of a mixture of
planktonic foraminiferal packstones, varicoloured
marls, conglomerates, sandstones and oolites, in part
developed as mass flow deposits. The sediments were
deposited in the proximal and distal parts of submarine fans and, in the case of the Burdigalian Espejos
formation, in a deep marine basin (~1000 m by P-B
ratio; D.J.J. van Hinsbergen, pers. comm.). The
sediments of the Espejos formation contain polymict
detritus from both the Internal (Malaguide and
Alpujarride components) and the External Zones
which reflects, first, the juxtaposition of the Internal
and External zones at that time, and secondly, the erosional unroofing and exhumation of the basement

Figure 4.6. Geological map of the Lorca basin, after Kampschuur et al. (1972), Geel (1976), Montenat et al. (1990),
Wrobel and Michalzik (1999), Wrobel (2000), modified with data from this study. Locations of boreholes S4 and S5 after
Garcia-Veigas et al. (1994).
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rocks of the Betic Internal Zone (Geel and Roep, 1998
and 1999). The middle Miocene sediments of the
Cañada del Maiz, Campico de Flores, Pantano de
Lorca and Bernabeles formations were deposited in a
southward prograding delta in a new suite of basins,
consisting of approximately 500 meters of bioclastic
packstones, polymict conglomerates, and marls,
which are part of a series of turbidites and mass flows.
Representatives of P. mayeri suggest a Serravallian
age for these sediments (W.J. Zachariasse, pers.
comm.; Fig. 4.2). Furthermore, paleodepth estimates
indicate water depths of 500 to 1000 meter (D.J.J. van
Hinsbergen, pers. comm.). According to Geel and
Roep (1998 and 1999), the middle Miocene basins
show rapid shoaling in the early Serravallian. The deltaic sediments of the Campico de Flores and Pantano
de
Lorca
formations
are
unconformably
(transgressively) overlain by late Serravallian - early
Tortonian shallow marine bioclastic limestones and
marls, which are the Ortillo beds of the Soriana formation (Geel and Roep, 1999; Wrobel, 2000; Figs. 4.6
and 4.7).
It should be noted that, similar to the middle
Miocene sediments in the Huercal Overa basin, the
nature and facies of the middle Miocene sediments in
outcrops north and south of the Sierra de la Tercia
(Figs. 4.6 and 4.8) as well as their detrital content (i.e.,
derived mostly from the Malaguide and some from
the Alpujarride complex) strongly support correlation
with the sediments of the Serravallian Umbria formation in the Vera and Sorbas basins (Völk, 1964; Völk
and Rondeel, 1964; Hodgson et al., in review)
Late Miocene and Pliocene
The upper Miocene-Pliocene sediments crop out
in the north-western, south-western and south-eastern
margins of the Lorca basin (Figs 4.6 and 4.8). Because
of the rapid lateral and vertical facies changes and
consequent lithological heterogeneity it is difficult to
substantiate any correlations across the basin. Wrobel
(2000) has divided the late Miocene-Pliocene succession into five allostratigraphic formations (lower,
middle and upper pre-evaporitic units, evaporitic unit
and post-evaporitic unit), which are mappable units of
sedimentary rocks characterized by lithological heterogeneity and separated by discontinuities. The total
accumulated thickness of the upper Miocene-Pliocene
sediments is estimated at a minimum of 1500 meters
in the central part of the Lorca basin, but the accumulated thickness reduces markedly towards the margins
of the basin.
The basal succession of the late Miocene in the

Lorca basin consist of an at least 50 meter thick series
of red coloured, coarse clastic alluvial fans passing
upward into playa and marginal marine deposits and
evaporites (Fig. 4.8 and Plate 4.8). These deposits,
which fringe the Sierra de la Tercia and Sierra de las
Estancias, are often strongly faulted and reflect initial
basin subsidence whilst detritus was supplied from
the surrounding emerging basement rocks of the Betic
Cordillera. Current directions inferred from pebble
imbrications suggest variable currents to the NE, E
and S. In the western part of the Lorca basin, the continental clastics grade into an approximately 90 meter
thick succession of shallow-marine bioclastic and calcareous sandstones, reefal limestones, calcarenites
and silty marls (Geel 1976, Tortonian 1 of Montenat et
al., 1990b; Soriana formation of the lower preevaporite unit of Wrobel and Michalzik 1999; Unit 1
of Vennin et al., 2004; Fig. 4.7). The precise age of the
continental fan deposits is unknown, but part of the
metamorphic detritus in the Lorca basin clearly originates from the Sierra de Los Filabres in the Internal
Zone. Similar to the sediments of the Huercal Overa
basin, the mid-Serravallian cooling ages of the
Filabride rocks (12±1 Ma; Johnson et al., 1997) place
an upper bound to the age of the pertinent sediments
that may well be late Serravallian to early Tortonian.
Representatives of dominant dextral coiled N.
acostaensis, the rare occurrence of G. scitula and absence of G. menardi 4 suggest an early Tortonian age
of the shallow marine marls (W.J. Zachariasse, pers.
comm.). Using Lourens et al. (2004), the
biostratigraphy of these sediments would point to an
age range of 9.90 to 9.54 Ma. However, Vennin et al.
(2004) suggest an age of 10.55 to 10.02 Ma for the
onset of the deposition of these marls. Paleodepth estimates in a series of samples from a stratigraphic section in the marls yield an approximate water depth of
250 to 500 meter (D.J.J. van Hinsbergen, pers.
comm.). The alluvial fan deposits and shallow marine
marls are unconformably overlain by a transgressive
succession of prograding ridge-forming platform carbonates and coral reefs, grading basinward into shallow marine marls (Tortonian 2 of Montenat et al.,
1990b; Parilla formation of the lower pre-evaporite
unit of Wrobel and Michalzik 1999; Unit 1-2 of
Vennin et al., 2004; Fig. 4.7 and Plate 4.9).
The basal succession passes upwards into a
progradational and retrogradational series of mixed
siliciclastic and carbonatic coastal and submarine deposits along the margins of the basin, comprising alluvial and submarine fan delta conglomerates, breccias
and sandstones, calcarenitic sands, and bioclastic and
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reef limestones of reef and carbonate platforms
(Hondo formation of Geel, 1976 and Wrobel and
Michalzik, 2000; Unit 2-3 from Vennin et al., 2004;
Fig. 4.7 and Plate 4.10). These sediments interfinger
with approximately 1000 meter thick open marine
marls in the central part of the Lorca basin (Hondo
formation, Geel, 1976; Fig. 4.8). Both Worbel and
Michalzik (1999) and Vennin et al. (2004) observed a
progradational stacking pattern of these reef and deltaic facies successions, which they attribute to both
allocyclic (eustatic) and autocyclic (basin dynamics)
processes.
Representatives of sinistral and dextral coiled N.
acostaensis and G. menardii 4 in the marine marls of
the Hondo formation in the eastern part of the Lorca
basin point to a Tortonian age (W.J. Zachariasse, pers.
comm.). Messinian biostratigraphic markers are
clearly absent. Using Lourens et al. (2004), occurrence of N. acostaensis and common occurrence of G.
menardii 4 of would point to an age range of 9.31 to
7.51 Ma. The Hondo marls have in general a high detritus content and a low planktonic/benthic
foraminifera ratio, which points to a shallow marine
depositional environment (~100-200 m).
Stratigraphically upwards, the marls of the Hondo
formation pass into an approximately 130 meter thick
sequence of laminated diatomites, pelites, sandstones,
carbonates and gypsum beds and a 50 meter thick
massive gypsum unit, which belong to the Tripoli or
Varied and Serrata Gypsum members, respectively
(Geel, 1976; Rouchy et al. 1998; Serrata formation of
the upper pre-evaporitic unit of Wrobel and
Michalzik, 1999; Figs. 4.7 and 4.8, Plate 4.11). The
laminated series and evaporites interfinger with alluvial and submarine fan delta conglomerates, breccias
and sandstones, and bioclastic and reef limestones of
reef and carbonate platforms (Serrata formation of the
of the upper pre-evaporitic unit of Wrobel and
Michalzik, 1999; Units 3-4-5 of Vennin et al., 2004).
Two boreholes in the centre of the Lorca basin north
of the Serrata ridge (for locations see Fig. 4.6) have
shown the presence of respectively 49 and 235 m
thick halite units in the Serrata Gypsum member
(García-Veigas et al., 1994 and 1995). The precise age
of the sediments of the Hondo and Tripoli units is still
controversial. Biostratigraphic as well as magnetostratigraphic studies of these sediments by, e.g., Geel
(1976), Montenat et al. (1990b), Dinares-Turell et al.

(1997), Rouchy et al. (1998), Steffahn and Michalzik
(2000) suggest that the Tortonian-Messinian boundary is located slightly beneath or above the base of the
laminated sediments of the Tripoli unit reflecting the
onset of basin restriction. These results imply that the
evaporites of the Lorca basin are Messinian in age.
However, on the basis of their study of the
biostratigraphy and magnetostratigraphy of the same
section, Krijgsman et al. (2000) suggest a late
Tortonian age for the laminated sediments of the Serrata formation. A study of nannofossil assemblages in
the upper 60 meters of these laminated sediments, in
collaboration with A. di Stefano, suggests a Tortonian
age as well, merely on basis of the absence of any
Messinian markers and the occurrence of
Helicosphaera stalis in one sample, which could be
interpreted as the last occurrence (LO) of this species
in this section (7.61 Ma, Raffi et al., 2003). On the
basis of the occurrence of Reticulofenestra
pseudoumbilicus, which reappears in the stratigraphic
record at 7.1 Ma, Rouchy et al. (1998) infer a
Messinian age, but their findings are not substantiated
by Krijgsman et al. (2000). There is strong evidence,
however, for reworking in the sampled sections
(Krijgsman et al., 2000; W.J. Zachariasse and A. di
Stefano, pers. comm.). Moreover, Wrobel and
Michalzik (1999) and Wrobel (2000) mark the contact
between the laminated sediments of the Tripoli unit
and the Serrata gypsum member as an unconformity
(a sequence boundary), which implies a hiatus, either
small or large, in the stratigraphic record of the Serrata formation. At this stage it is emphasized, that the
present study has yielded clear and unequivocal evidence for intense localized deformation along the
base of the massive (Serrata) gypsum unit. Possible
implications of these deformational structures are addressed in chapter 5.
The Serrata gypsum is followed by at least 30 meters of varicoloured laminated marly clays, sandy
calcarenites and gypsum beds of the Laminated Pelite
Member (Geel, 1976; post-evaporitic unit from
Rouchy, 1998 and Wrobel and Michalzik, 1999;
Wrobel, 2000). According to both Geel (1976) and
Steffahn and Michalzik (2000), the biostratigraphy of
the shallow marine marly clays of the Laminated
Pelite Member suggests a Messinian age. Steffahn
and Michalzik (2000) find a sinistral to dextral coiling
change of N. acostaensis in the Laminated Pelite

Figure 4.8. Stratigraphic columns for the western and southern parts of the Lorca basin. Paleomagnetic data and
biostratigraphic events after (1) Dinares-Turell et al. (1999) and (2) Krijgsman et al. (2000) and reinterpreted after
Krijgsman et al. (2000) and Lourens et al. (2004).
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Member, which actually suggests that this unit predates the Messinian Salinity Crisis (Fig. 4.2). Unless
the fauna is reworked, the conclusions of Steffahn and
Michalzik (2000) are in conflict with their own observations. The Laminated Pelite Member grades laterally and upwards into continental alluvial and fluvial
conglomerates, sands and marls (El Prado formation
of Wrobel, 2000; Figs. 4.7 and 4.8).
The Quaternary is represented by km-scale alluvial fans in the northern and north-eastern parts of the
Lorca basin, covering Miocene and Pliocene
sediments and structures. Along the western and
southern margins of the basin, the Quaternary is represented by present-day riverbeds, such as those of the
Guadalentin and the Lebor, incising tens or even hundreds of meters and eroding Miocene and Pliocene
sediments.
Few attempts have been made to correlate the
Miocene sediments of the Lorca basin with the
sediments fringing the southern margin of the Sierra
de la Tercia (e.g., Montenat et al., 1990b). This may
be the case for two reasons. First, the sediments in
question are dominated by varicoloured conglomerates and breccias which, given the absence of any
fauna, are difficult to date and correlate. However,
along the south-eastern side of the Sierra de la Tercia
these conglomerates are unconformably covered by a
laminated series of sediments and a thick evaporite
unit. These laminated sediments and evaporites are
commonly correlated with the laminated rocks and
evaporites of the Serrata formation (e.g. Geel, 1976;
Montenat et al., 1990b; Orti et al., 1993; Wrobel,
2000) which, however, allows a relatively young, possibly Tortonian age of the underlying conglomerates.
Secondly, due to progressive deformation along the
Alhama de Murcia fault, the sediments along the
southern margin of the Sierra de la Tercia are intensely faulted and folded, and they are covered by
Quaternary alluvial deposits. As a consequence, detailed stratigraphic studies are virtually impossible.
The deformational structures along the southern margin of the Sierra de la Tercia are discussed in chapters
5 and 6.

Fortuna basin
Introduction
The Fortuna basin is one of the largest Neogene
basins in the south-eastern Betic Cordillera. The basin
has an ENE trending elongate geometry and merges
with the Alicante-Bajo Segura basin to the east, the
Cartagena basin to the south and the GuadalentinHinojar basin to the southwest (see inset of Fig. 4.9).
The Fortuna basin is connected via narrow corridors
with smaller basins in the External Zone. The western
part of the basin is occasionally referred to as the
Archena-Mula basin (Loiseau et al., 1990). The northern part of the Fortuna basin is crossed by the North
Betic - Crevillente fault (e.g., Leblanc and Olivier,
1984; Montenat and Ott d’Estevou, 1996). Furthermore, the basin is diagonally transected by the
Alhama de Murcia fault zone, which forms part of the
crustal scale shear zone.
The sediments of the Fortuna basin cover parts of
the Pre- and Subbetic Zone in the north as well as nonto low-grade metamorphic rocks of the Alpujarride
and Malaguide units of the Internal Zone. The presence of these basement rocks underneath the Fortuna
basin is evidenced by exposures of both Internal and
External Zone rocks in basement highs: the Sierra de
Abanilla and Sierra de Crevillente are made up of
rocks of the External zone, the Sierra de Orihuela contains rocks of both the External and Internal Zone
(O.J. Simon, pers. comm.) and the Sierra de
Carrascoy exposes units of the Internal Zone.
The Miocene sediments are in general exposed in
the northern half of the Fortuna (and Archena-Mula)
basin. In the southern part of the basin, i.e. south of
the Alhama de Murcia fault zone and south of the Sierra Abanilla-Crevillente, the upper Miocene
sediments are covered by Pliocene and recent alluvial
and fluvial deposits. The sediments in the Fortuna basin are late Miocene to Pliocene-Quaternary in age
and have been deposited in a regressive sequence of
marine towards shallow marine-lacustrine and nonmarine environments (Garcés et al., 2001). Lower and
middle Miocene sediments (marls and limestones) are
only exposed along the northern and western margins
of the basin and they are considered to be part of the
Subbetic Zone and of the Malaguide complex (Jerez
Mir et al., 1972; Azema and Montenat, 1973;

Figure 4.9. Geological map of the north-eastern part of the Fortuna basin, after Azema and Montenat (1973), Lukowski
and Poisson (1990), Poisson and Lukowski (1990), and Garces et al. (2001). Age of the Fortuna lamproite after Kuiper et
al. (2006) Inset: CRF - Crevillente fault, IEZB - Internal-External Zone Boundary, AMF - Alhama de Murcia fault.
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Pignatelli García et al., 1972; Lonergan et al., 1994;
Geel and Roep, 1998 and 1999).
The stratigraphy of the Fortuna and Archena-Mula
basins has been extensively studied by, e.g.,
Lukowski and Poisson (1990) and Loiseau et al.
(1990) as shown in figure 4.10, whilst particular attention has been given to the upper Miocene evaporite
succession by, e.g., Müller and Hsü (1987), Orti et al
(1993), Dinares-Turell et al. (1999), Playa et al.
(1999), Krijgsman et al. (2000), Playa et al. (2000)
and Garcés et al. (2001).
This study focuses primarily on the north-eastern
part of the Fortuna basin (Fig. 4.9).

Stratigraphy
Early and middle Miocene
Lower and middle Miocene deposits consisting of
marls and limestones, as well as older Tertiary deposits, crop out along the northern and western margins
of the Fortuna – Archena-Mula basin. According to
Jerez Mir et al. (1972), Azema and Montenat (1973),
Pignatelli García et al. (1972), Loiseau et al. (1990),
Lonergan et al. (1994) and Geel and Roep (1998 and
1999) these deposits belong to allochtonous as well as
autochthonous formations of the Pre- and Subbetic
Zone and of the Malaguide Complex. According to
these authors sedimentation in the basin was continuous from the late Oligocene to the early Miocene,
which is evidenced by the influx of G. trilobus and C.
dissimilis in the top part of the pelagic marine marls.
In the westernmost part of the Fortuna basin, late
Burdigalian – Langhian submarine fan deposits straddle the Internal-External Zone Boundary. These deposits lie unconformably on rocks of the External and
Internal Zone, hence they seal and therefore postdate
the juxtaposition of the Internal and External Zones
(Lonergan et al., 1994; Geel and Roep, 1998 and
1999).
The lower-middle Miocene deposits, as well as the
underlying Mesozoic and lower Tertiary rocks of the
Prebetic Zone and Malaguide complex, are folded and
faulted, and they are tectonically overlain by lower
Tertiary and Mesozoic rocks of the Subbetic Zone
(Lonergan et al., 1994; Geel and Roep, 1998). Like in
the Lorca basin, the deformed Mesozoic to lowermiddle Miocene rocks of the Internal and External
Zones are unconformably overlain by late Miocene
sediments, and earlier tectonic structures are consequently sealed.

Late Miocene and Pliocene
The upper Miocene – Pliocene sediments of the
Fortuna basin can essentially be grouped into four
units: (1) a basal shallow marine-continental unit, (2)
a transgressive marine unit, (3) a regressive marine to
transitional evaporitic unit, and (4) a thick continental
alluvial-lacustrine unit (Dinares-Turell et al., 1999;
Krijgsman et al., 2000; Garcés et al., 2001); see figures 4.10 and 4.11.
The oldest lower Miocene deposits forming the
basal shallow marine-continental unit crop out in narrow but elongate zones along the northern margin of
the Fortuna basin. This basal unit consists of an at
least 100 to 200 meter thick shallow marine series of
alternating (reef) breccias, oyster beds, bioclastic
grainstones and boundstones, referred to as the
“Brèche de démantèlement” unit by Loiseau et al.
(1990) and the “Brèchique” unit by Lukowski and
Poisson (1990), as shown in figure 4.10 and Plate
4.12. Towards the top this unit gradually passes into
alluvial and fluvial red conglomerates, sands and silts
of the “Rouge” unit (Plate 4.13). The bioclastic
grainstones contain coral fragments and a diverse
benthic foraminiferal assemblage. According to
Loiseau et al. (1990), some of the calcarenites contain
N. acostaensis, which substantiate a Tortonian age for
these sediments. The conglomerates consist mainly of
limestone pebbles derived from the External Zone.
Outcrops of the basal unit occasionally show a clearly
unconformable contact of the marine breccias and
continental conglomerates on the External Zone substratum. The rocks of the basal unit are strongly affected by large- and small-scale (syn-sedimentary)
extensional faults that will be discussed in chapter 5.
The basal units are unconformably overlain by an
approximately 500 to 600 meter thick transgressive
marine unit of reefal and bioclastic limestones exposed along the basin margins which, towards the
central part of the Fortuna basin, pass laterally into
(pelagic) marls and turbidites (Plates 4.12 and 4.14).
These latter rocks are known in the literature as the
Fortuna Marls (Lukowski and Poisson, 1990) or Los
Baños Formation (Müller and Hsü, 1987; Figs. 4.10
and 4.11). Samples from the basal part of these marls
in the eastern part of the Fortuna basin reveal the presence of dextral coiled N. acostaensis, G. menardii 4
and G. scitula indicating an early Tortonian age (W.J.
Zachariasse, pers. comm.). The samples contain reworked Cretaceous, Eocene and middle Miocene
planktonic microfauna as well. Using Lourens et al.
(2004), the biostratigraphy of these sediments would
point to an age range of 10.57 to 9.54 Ma. The upper
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part of the Fortuna marls in a section south of the Sierra Abanilla reveals high percentages of benthic
foraminifera and a rather poor planktonic assemblage
including dominant sinistral coiled N. acostaensis and
occasionally G. menardii 4 and G. scitula, as well as
reworked middle Miocene forms (e.g., P.
partimlabiata, P. siakensis, N. atlantica and G.
dehiscens), suggesting a late Tortonian age for these
shallow marine sediments (W.J. Zachariasse, pers.
comm.; Fig. 4.2). Using Lourens et al. (2004), the
biostratigraphy of these sediments would point to an
age range of 9.54 to 7.51 Ma. These results are consistent with the observations of Montenat (1973) and
Martín-Suarez et al. (2001), however, they are in conflict with the observations of Lukowski and Poisson
(1990). Lukowski and Poisson (1990) noticed the
presence of N. humerosa in the lower part and T.
multiloba in the upper part of the Fortuna marls, and
therefore suggest a late Tortonian to Messinian age for
these sediments, although the Messinian marker G.
mediterranea or G. miotumida (conomiozea) gr. is absent (Dinares-Turell et al., 1999; W.J. Zachariasse,
pers. comm.). Paleodepth estimates of a section in the
upper marl series suggest a water depth of 150-200
meter (D.J.J. van Hinsbergen, pers. comm.).
The marine sequence passes upward into the regressive marine to transitional evaporitic unit, an approximately 200 meter thick series of mixed continental - shallow marine sediments of the Chicamo Formation (Müller and Hsü, 1987; Dinares-Turell et al.
1999; Krijgsman et al., 2000; Garcés et al., 2001;
Figs. 4.10 and 4.11) consisting of diatomites, marls,
evaporites and continental-lacustrine conglomerates,
which outcrop in the southern and eastern parts of the
Fortuna basin. The evaporites thin out laterally towards the east (Fig. 4.9). The sediments of the
Chicamo Fm. in turn grade upwards into the continental alluvial-lacustrine unit, an approximately 1000
meter thick massive unit consisting of alluvial to
lacustrine evaporitic deposits of the Rambla Salada
Formation (Müller and Hsü, 1987; Dinares-Turell et
al. 1999; Krijgsman et al., 2000; Garcés et al., 2001)
and made up of thinly bedded alternating clays,
evaporites, sandstones, conglomerates, lacustrine
marls and limestones.
The regressive marine to transitional evaporite deposits have been studied intensively in the past decades and have been correlated through event
stratigraphy (Müller and Hsü, 1987), lithostratigraphy
(Orti et al., 1993) and trace element (strontium) and
(oxygen and sulphur) isotope geochemistry (Playa et
al., 2000) with other known Messinian evaporite units

in southern Spain (e.g., Sorbas) as well as elsewhere
in the Mediterranean (e.g., Sicily). However, recent
integrated magnetostratigraphic and palaeontological
studies by Dinares-Turell et al. (1999), Krijgsman et
al. (2000), Martín-Suarez et al. (2001) and Garcés et
al. (2001) suggest a late Tortonian age for the regressive sequence (Chicamo Fm.) and a late Tortonian to
early Pliocene age for the massive continental unit
(Rambla Salada Fm.), which are consistent with earlier studies by Montenat (1973). The onset of restriction in the Fortuna basin is estimated at 7.8 Ma which
is at the base of the evaporite-diatomite series. The
marine influence vanished from the Fortuna basin at
about 7.6 Ma (Krijgsman et al., 2000), except for a
short period in the early Pliocene evidenced by 30
meters of shallow marine deposits and associated with
a Pliocene flooding event or transgression, after
which continental conditions re-established in the basin (Garcés et al., 2001). The timing of basin restriction is substantiated by a recently obtained age of 7.71
± 0.11 Ma of volcanic rocks intercalated with the marine marls immediately above the evaporites near
Fortuna (Kuiper et al., 2006; Figs 4.9 and 4.11).

Regional correlation between the basins studied
The available data summarized above indicate that
the Huercal Overa, Lorca and Fortuna basins were initiated as true depocenters and obtained their presentday geometry in the latest Serravallian and earliest
Tortonian. The initiation of the basins seems to have
occurred synchronically (Fig. 4.12), however, accurate age constraints on the pertinent sediments are
lacking: the pre-basin sediments are scarce and scattered, and the basal deposits of the basins are continental. The surrounding basins, such as the Vera,
Sorbas-Tabernas, Nijar, Guadix, Murcia-Cartagena
basins show a similar trend in their early-stage development (e.g., Sanz de Galdeano and Vera, 1992). The
deposition of Serravallian to lower Tortonian continental sediments in the Betic basins seems to coincide
with a significant eustatic sea level drop. In the
Alboran basin the Serravallian/lower Tortonian and
the Tortonian seismic stratigraphic units are separated
by a regional unconformity (e.g., Comas et al., 1992;
Rodríguez-Fernández et al., 1999; Comas et al.,
1999).
The subsequent continental to marine transition in
the early Tortonian occurs gradually and manifests itself in lithologically diverse sediments deposited in
mixed fluvial and shallow marine facies. In the
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Stratigraphy of the Miocene basins in the Internal Zone
Huercal Overa and Lorca basins, a clear basin-wide
dominance of marine conditions does not occur until
approximately 10 Ma. In the Guadix-Baza, Fortuna
and Murcia-Cartagena basins, the transgression probably occurred at the same moment, however, in the
Vera and Sorbas-Tabernas basins the transgression
seems to have occurred earlier. The marine dominance in the Betic basins seems to coincide with a
transgression and high-stand in the early Tortonian.
The marine transgression is characterized with the
progradational and aggradational development of
interfingering submarine delta fans and reef- and carbonate platforms, which pass laterally into marls and
turbidites in the deeper parts of the basins.
From approximately 7.8 Ma (late Tortonian) till
the late Messinian, a diachronic trend occurs in the
basins of the south-eastern Betic Cordillera, which
was detected first by Dinares-Turell et al. (1999). At
about 7.7 Ma the depositional environment in the
Fortuna basin changes from marine towards continental, with first the deposition of late Tortonian
evaporites, followed by continental deposits
(Krijgsman et al., 2000). In contrast, the Huercal
Overa basin as well as the Vera and Sorbas-Tabernas
basins to the southwest, show clear evidence for continuing, relatively open marine conditions during the
late Tortonian and early Messinian. The Lorca basin,
located in between the Fortuna and Huercal Overa basins, becomes progressively shallower, but the precise
age of the marine to continental transition remains
unclear because the contact between the marldiatomite sequence and the overlying evaporites is af-

fected by localized deformation rather than being an
undisturbed stratigraphic contact (see also chapter 5).
In this context it is emphasized that there are no drastic eustatic sea level changes documented during the
late Tortonian and early Messinian (Haq et al., 1988,
see also Fig. 4.9).
During the Messinian, the Lorca and Fortuna basins remain continental depocenters. It is unclear what
happened in the Huercal Overa basin: like in the Vera
basin, most of the Messinian is absent. The Sorbas and
Tabernas basins, on the other hand, remained marine
basins until the late Messinian (5.60-5.54 Ma;
Krijgsman et al., 2001), when massive evaporites
mark the beginning of a marine-continental transition
(the Sorbas evaporites of the Messinian Salinity Crisis; 5.96-5.60 Ma). Note that this transition from marine to continental conditions coincides with a drastic
eustatic sea level drop in the latest Messinian (~5.5
Ma).
From the Pliocene onward, most of the Betic basins are mainly characterized by the deposition of
continental, alluvial and fluvial, sediments. However,
in the earliest Pliocene some of the basins, such as the
Huercal Overa, Vera and Fortuna basins, may have
experienced a short marine incursion. This event,
which clearly postdates the Messinian Salinity crisis,
coincides with a Pliocene eustatic transgression believed to be responsible for the flooding of the
Neogene basins in the Mediterranean region, and is
commonly referred to as the “Pliocene flooding
event” (e.g., Garcés et al, 2001).
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Plate 4.1) Steeply inclined alluvial and mass flow deposits of the
Brèche rouge unit at Almajalejo, consisting of unsorted angular
pebbles, blocks and boulders. Note geologist for scale.
Plate 4.2) Fluvial deposits of the Conglomérats et limons rouges
unit at the northern margin of the Huercal Overa basin. Note
hammer for scale.
Plate 4.3) Panoramic view of the northern basin margin near Sta.
Maria de Nieva. Fluvial deposits of the Conglomérats et limons
rouges unit dip gently towards the south.Inset shows detailed
sedimentary structures; onlap on a paleo-relief of the basement
rocks of the Sierra de las Estancias. Note geologist for scale.
Plate 4.4) Panoramic view of the continental – marine transition
in the Hueral Overa basin: continental deposits of the Guzmaina
red unit are unconformably overlain by upper Tortonian marls
and Ventica reefs (marnes jaunes inferieurs et recifs unit).
Plate 4.5) Panoramic view of the late Tortonian - earliest Messinian marine marls and turbidites.

Plate 4.6) Turbidite beds in the late Tortonian marine marls. Transport towards the ENE,E and SE. Note hammer for scale.
Plate 4.7) Panoramic view of the southern basin margin, east of Huercal Overa. Earliest Pliocene shallow marine deposits lie unconformably on late Tortonian shallow marine deposits.
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Plate 4.8) View of the northern side of the Sierra de la Tercia, showing alluvial deposits of the Soriana formation that pass upwards
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Parilla formation.
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5
Deformational structures in the Neogene basins
Introduction
The Internal Zone of the Betic Cordillera is characterized by a “Basin and Range” type morphology,
made up of ENE trending, elongate mountain ranges
of intensely deformed and mostly metamorphosed
Palaeozoic and Mesozoic rocks of the NevadoFilabride, Alpujarride and Malaguide Complexes
(e.g., Egeler and Simon, 1969; Platt and Vissers,
1989; Fig. 5.1) that are flanked by narrow, elongate
basins. These intramontane basins are filled with
Neogene, in particular late Miocene, Pliocene and
Quaternary sediments. The basin sediments may
show evidence of intense brittle, partly syn-sedimentary deformation, including in places spectacular
extensional and occasionally also compressional tectonic structures (e.g., Briend, 1981; Montenat et al.,
1990b; Poisson and Lukowski, 1990; MoraGluckstadt, 1993; Vissers et al., 1995; Augier, 2004).
Detailed structural and sedimentological studies of,
e.g., the Huercal Overa basin (Briend, 1981; MoraGluckstadt, 1993) as well as seismic studies of the
Granada (Morales et al., 1990; Ruano et al., 2004)
and Guadalentin basins (Amores et al., 2001 and
2002) demonstrate the existence of late Miocene half
graben structures. Seismic surveys of the Miocene
sediments in the Alboran Sea (e.g., Comas et al.,
1992; Mauffret et al., 1992; Watts et al., 1993) have
documented similar half graben structures offshore.
The rocks of the Nevado-Filabride, Alpujarride
and Malaguide Complexes, which make up the mountain ranges as well as the basement underneath the
Miocene basins in the Internal Zone, experienced an
early Tertiary stage of crustal thickening, reflected by
relics of high-pressure metamorphic assemblages in
the Nevado-Filabride and locally Alpujarride rocks
(e.g., de Roever and Nijhuis, 1964; Egeler and Simon,
1969; Vissers, 1981; de Jong, 1991). This was followed by large-scale E-W directed extension and exhumation during the latest Oligocene and early to
middle Miocene, locally associated with early
Miocene low-pressure, high-temperature metamorphism mainly observed in Alpujarride rocks of the
western and central Betics, but locally also in the east-

ern Betic Zone (e.g., Platt and Vissers, 1989; Monie et
al., 1991 and 1994; Vissers et al., 1995; Lonergan and
Johnson, 1998; Comas et al., 1999; Platt and
Whitehouse, 1999; de Jong, 2003; Platt et al., 2005).
As a result of this history, the basement rocks commonly show evidence of ductile and brittle extension
superimposed on earlier Alpine structures (e.g., Platt
and Vissers, 1989; Vissers et al., 1995; Augier, 2004;
Platzman and Platt, 2004). Much of this extension,
however, was localized along crustal-scale low-angle
detachments, which clearly evolved through time
from ductile to brittle (Platt and Vissers, 1989;
Jabaloy et al., 1992; Vissers et al., 1995; Lonergan
and Platt, 1995). The simultaneous exhumation and
thinning of the metamorphic middle to upper crust
and the deposition of late Miocene sediments in an
extensional setting clearly suggest a dynamic link: the
intramontane basins in fact developed on top of a previously thickened, thermally anomalous and locally
hot, stretching continental crust.
The geology and morphology of the Betic Internal
Zone is further complicated by a network of major
faults such as the Alhama de Murcia, Palomares and
Carboneras faults (Fig. 5.1), that has been interpreted
as a left-lateral crustal-scale strike-slip corridor or
transcurrent shear zone crossing the eastern part of the
Internal Zone (e.g., Leblanc and Olivier, 1984;
Montenat et al., 1987; De Larouziere et al., 1988).
Several of these large faults make up the strongly deformed contacts between basement rocks of the
ranges and the intramontane basin sediments. The position of the pertinent fault network approximately
coincides with a transition from thick (> 30 km) crust
to the west and northwest and thin (< 25 km) crust east
and south of the faults (Banda and Ansorge, 1980; De
Larouziere et al., 1988; Torné and Banda, 1995) suggesting that they are the surface expression of a
crustal-scale feature. Bousquet and Montenat (1974),
Bousquet et al. (1975), Gauyau et al. (1977),
Bousquet (1979), Silva et al. (1997), Martínez-Díaz et
al. (2001), Soler et al. (2003) and Masana et al. (2004
and 2005) have provided evidence for intense deformation of Quaternary sediments close to the Alhama
de Murcia, Palomares and Carboneras faults, which
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demonstrates recent activity of these faults. According to, e.g., Bousquet (1979) and Masana et al. (2004)
such activity may very well be associated with the
present-day convergence of the African plate towards
Eurasia (see also chapter 2). This interpretation is supported by seismological studies in the Betic – Alboran
region providing evidence for present-day E-W directed extension and allied N-S to NW-SE directed
shortening (e.g., Buforn, 1995; Stich et al., 2003).
Principal questions arising from the above setting
of the Neogene intramontane basins concern (1) the
structural geometry and allied kinematics of the
(mostly brittle) deformational structures in the basins
and adjacent basin margins, (2) the role of the main
faults such as the Alhama de Murcia fault in the devel84

opment of the basins, and (3) relationships between
the structure of the basins and the clearly extensional
processes affecting the underlying Betic crust.
The data presented below strongly suggest that the
Huercal Overa, Lorca and Fortuna basins investigated
in this study in essence result from Tortonian crustalscale extension, and that the resulting basin
geometries were modified since the latest Miocene by
NW-SE directed compression, giving rise to the
present-day network of main faults. In this chapter,
we present most of the pertinent structural data, with
emphasis on the Tortonian extensional history. In order to explore relationships between basin development and processes in the Betic crust, we also address
structures in the adjacent and underlying basement
rocks, albeit that a detailed study of extensional proc-

Deformational structures in the Neogene basins
esses in the Betic basement remains beyond the
present scope. The compressional structures associated with crustal-scale NW-SE directed shortening,
and the allied role and structural history of the main
faults in the region are further discussed in detail in
chapter 6.

Methods
The structural data for this study were collected in
key areas and sections in the Almanzora, Huercal
Overa, Puerto Lumbreras, Lorca and Fortuna basins,
and partly in the basements rocks along the basin margins. Kinematics and slip directions of faults were de-
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fault. Scarp shows clearly grooved Riedel fractures, down-dip plunging grooves and slickenside lineations on the fault
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down-dip movement of the hanging wall.
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termined on the basis of both structures on fault
planes (such as tensile fractures, Riedel fractures,
striations; see Fig. 5.2a) and shear structures in fault
gouges (Riedel, P, Y, R2 and X shears and striations on
these shear planes; see Fig. 5.2b) as described by, e.g.,
Logan et al. (1979), Rutter et al. (1986), Gamond
(1987), Hancock and Barka (1987), Petit (1987),
Means (1987), Sylvester (1988), and Woodcock and
Schubert (1994). In the case of fault planes without
clearly developed linear structures, slip directions
along such faults have been inferred on the basis of
the geometrical relationship between the main fault
and secondary fractures, e.g., Riedel fractures. Kinematic axes, i.e. the principal axes of incremental
shortening and extension, were inferred from fault
plane orientation, lineations on the fault plane and slip
direction following Marrett and Allmendinger (1990).
Despite the wealth of studies carried out in the
Neogene basins over the last few decades, there have
been surprisingly few attempts to arrive at geometrically accurate basin-scale cross sections. Special attention has therefore been paid to the construction of
admissible and viable (Elliott, 1983), basin-scale
cross sections. Cross-sections along the Huercal
Overa, Lorca and Fortuna basins, perpendicular to the
general basin axis, were constructed on the basis of
both new outcrop and published map data. Construction and restoration of these cross-sections was performed by conventional principles, methods and techniques following Dahlstrom (1969) and Groshong
(2002). The geometries of listric normal faults and

fault-bend folds, fault-propagation fold or detachment-folds and the depths to the associated
decollements were determined following methods
and techniques of, e.g., Suppe (1983), Davison
(1986), White et al. (1986), Williams and Vann
(1987), Dula (1991), Homza and Wallace (1995),
Bulnes and Poblet (1999), Mitra (2002) and Poblet
and Bulnes (2005). Construction of the basin structures (strata and faults) at depth was performed using
the software program 2D-Move, kindly provided by
Midland Valley Exploration Ltd *1. This program provides a number of tools for balancing and restoration
of a constructed (scanned and digitized) profile as
well as tools for forward and backward modelling of
restored and deformed cross-sections, respectively.
The resulting cross-sections presented below are considered viable and admissible solutions, i.e. they are
viable cross-section in the sense of Elliot (1983) in
that they can be restored to the undeformed state.
Where possible, bulk horizontal extension in different parts of the basins and in the basement near the
basin margins has been quantified using â-factors calculated from the geometry of the extensional structures according to geometrical principles proposed by
Thompson (1960) and Wernicke and Burchfiel
(1982), as illustrated in figure 5.3. This is particularly
interesting in the case of syn-sedimentary structures,
because β-factors in such cases provide information
*1 Midland Valley Exploration Ltd: main office in Glasgow, United Kingdom. Website: www.mve.com.
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on the incremental amount (percentage or fraction) of
extension for the time slices in question.
Improved stratigraphic data (age, paleobathymetry
and thickness in chapter 4) was used in order to determine subsidence and uplift episodes in the basin and
underlying basement. The subsidence history of each
of the basins was calculated using conventional
backstripping techniques that allow to calculate tectonic subsidence by removing water and sediment
load, according to principles described by, e.g., Van
Hinte (1978), Steckler and Watts (1979), Bond and
Kominz (1984), Bessis (1986), Allen and Allen
(2005), and including corrections for compaction
(e.g., Perrier and Quiblier, 1974; Sclater and Christie,
1980), eustatic sea level changes (Hardenbol et al.,
1998) and paleobathymetry. Local isostasy has been
assumed in the calculation of the basement (or total)
and tectonic subsidence curves. The motivation for
this choice is discussed below.

Deformational structures in the basins and
adjacent basement rocks

Almanzora, Huercal Overa and Puerto Lumbreras
basins
The Huercal Overa basin is an elongate rectangular basin with an ENE trending basin axis. In general,
the Miocene sediments in the basin dip towards the
south and the stratigraphically lowest deposits are exposed in the northern part of the basin where they
onlap on metamorphic basement rocks of the Sierra de
las Estancias. The stratigraphically younger deposits
occur mainly in the southern part of the basin, i.e., the
basin is clearly asymmetric. Along the southern margin of the basin, the Miocene sediments are bounded
by an ENE to NE trending network of extensional
faults (Briend, 1981; Mora-Gluckstadt, 1993; Augier,
2004). In essence, the Huercal Overa basin thus forms
an up to 14 km wide half-graben (Fig. 5.4). The late
Miocene – Quaternary sediments dominate this basin,
hence a Tortonian age was proposed for the initiation
of the basin (see chapter 4). The eastern part of the
basin is covered by a thick series of Pliocene – Quaternary alluvial deposits (García-Meléndez et al.,
2002 and 2003). Both the Almanzora corridor, west of
the Huercal Overa basin, and the small Puerto
Lumbreras basin, isolated in the Sierra de las
Estancias northeast of the Huercal basin, have similar
but smaller-scale basin geometries analogous to that

of the Huercal Overa basin (e.g., Mora-Gluckstadt,
1993). The large-scale structure of the Huercal Overa
basin is entirely comparable with similar half-graben
structures seen at a same length scale in seismic studies of the Alboran Sea (e.g., Comas et al., 1992). The
basement underlying the Huercal Overa basin is
largely made up of rocks of the Alpujarride complex
like exposed in the Sierra de las Estancias immediately north of the basin (Fig. 5.1). On the basis of the
geological maps, however, it may be inferred that in
the southwestern part of the basin the basin sediments
were locally deposited on Nevado-Filabride rocks.
Along the south-eastern side of the Sierra de las
Estancias near Puerto Lumbreras, a narrow zone parallel to the basement – basin contact is marked by a
NE trending network of faults belonging to the
Alhama de Murcia fault zone (Fig. 5.4). This fault
zone continues in the Huercal Overa basin and turns
towards the west-southwest in the central part of the
basin as suggested by earlier studies of Briend (1981)
and Silva et al. (1992). This part of the fault zone, referred to as the Albox fault (Masana et al., 2005) has
been interpreted as a horsetail splay or contractional
imbricate fan system at the south-western end of the
Alhama de Murcia fault (e.g., Montenat et al., 1987;
De Larouziere et al., 1988; Silva et al., 1992). This
horsetail splay or “Queue de cheval” has been an underlying argument to support interpretations of the
Huercal Overa basin as a compressional basin
(Montenat et al., 1987, and references therein). However, studies of the Huercal Overa basin by, e.g.,
Briend (1981), Mora-Gluckstadt (1993), Vissers et al.
(1995) and Augier (2004) have provided clear evidence of (syn-sedimentary) extensional structures in
the Miocene basin sediments and have demonstrated
the extensional nature of this basin.
As outlined above, the oldest sediments exposed
along the northern margin of the Huercal Overa basin
show onlap on the basement rocks of the Sierra de las
Estancias. This unconformity provides some constraints on the development of deformational structures and their timing in the basement rocks of the Sierra de las Estancias, as compared with sedimentation
and deformation in the Huercal Overa basin. We
therefore first address the structure and microstructure
of metamorphic rocks of the Sierra de las Estancias
exposed in a limited number of outcrops immediately
north of the Huercal Overa basin, mostly along the
road from Huercal Overa to Velez Rubio. We then
proceed to focus on the (brittle) structures at different
stratigraphic levels in the sediments of the Huercal
Overa basin proper.
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Figure 5.6. a) Outcrop of Alpujarride phyllites and quartzites in the Sierra de las Estancias near the northern margin of
the Huercal Overa basin (for location see figure 5.4). Outcrop shows brittle extensional structures (low-angle normal
faults) which overprint earlier ductile structures, shown in (b). b) Ductile shear bands in Alpujarride phyllite. c)
Stereographic projection (equal area, lower hemisphere) showing orientations of main foliation and stretching lineations
indicating NE-SW to NNE-SSW oriented ductile extension. d) Stereographic projection (equal area, lower hemisphere)
showing orientations of brittle faults pointing to NNW-SSE directed extension.

Structures and metamorphism in basement rocks of
the Sierra de las Estancias
The Alpujarride rocks of the Sierra de las Estancias
north of the Huercal Overa basin are made up of light
to dark grey and black fine-grained micaschists,
phyllites and quartzites. The main foliation of the
Alpujarride rocks in this part of the Sierra de las
Estancias lies sub-horizontal or dips gently towards
the south. In outcrop, the rocks show clear evidence of
ductile and brittle extension. The main foliation is
overprinted first by ductile NE-directed extensional
shear bands suggesting N-S to NNE-SSW directed
extension (Figs. 5.5a and 5.6). Towards the central
and northern parts of the Sierra de las Estancias the
ductile shear bands tend to gradually change orientation with associated extension directions turning to
ENE-WSW (e.g., near Puerto Lumbreras, Figs. 5.4
and 5.5b). This result is consistent with observations
by Platzman and Platt (2004) and Lonergan and Platt
(1995). Like the ductile extensional structures in the
Alpujarride rocks underneath, brittle extensional
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structures in outcrops of non-metamorphic rocks of
the Malaguide Complex near Puerto Lumbreras point
to an E-W to ESE-WNW direction of extension (Fig.
5.5b).
In some of the outcrops of the Alpujarride basement it is clear that structures have progressively developed from ductile shear bands into brittle low-angle normal faults. These low-angle normal faults,
which clearly overprint all earlier structures (Fig.
5.6), generally show northerly dips indicating N-S to
NW-SE directed extension (Fig. 5.5a and b). In this
context it is noted that along the strongly faulted
southern margin of the Huercal basin brittle
extensional structures in the Alpujarride and NevadoFilabride rocks of the Sierra de Almagro and Sierra de
los Filabres generally indicate NNE-SSW to NNWSSE directions of extension (Figs. 5.4, 5.5c-e and
5.6), i.e., the inferred extension directions seen along
the southern margin are somewhat more variable but
grossly consistent with the extension directions of the
brittle structures in the north.
In thin section, the main foliation is commonly a
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Figure 5.7. a) Outcrop of Alpujarride basement rocks along motorway E-15, northeast of Huercal Overa at Los Cabecicos (for location see figure 5.4) showing southwest and north-east dipping brittle extensional faults. b) Stereographic projection
(equal area, lower hemisphere) showing pertinent orientations of brittle faults and
associated lineations indicating NNE-SSW directed extension.
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differentiated crenulation cleavage with alternating
bands of muscovite plus rare biotite and quartz-rich
microlithons. Occasionally, relics of (a)symmetrical
microfolds are preserved. In places, this differentiated
crenulation foliation passes into a pervasive
schistosity (Fig. 5.8a). The main foliation is overprinted by ductile shear bands or extensional
crenulations (Fig. 5.8a), and by sub-vertical brittle
cracks filled with granular quartz. Furthermore, ubiquitous quartz veins have been stretched and
boudinaged.
Outcrops approximately 1.5 km north of the basin
margin, and structurally about 750 m below the
onlapping middle Miocene sediments, in places contain chloritoid, staurolite, garnet and andalusite (Fig.
5.8b-f) indicating amphibolite facies metamorphism.
Microstructural
relationships
between
the
deformational structures and porphyroblast growth
(Zwart, 1962; Passchier and Trouw, 1998) suggest
that garnet and part of the chloritoid formed pre- to
synkinematic with the main foliation. Small, mostly
euhedral grains of chloritoid and staurolite have
grown over the early (S1) schistosity in the limbs of
mainphase F2 microfolds, but in the samples studied
their timing with respect to development of the
mainphase crenulation foliation is somewhat unclear.
Staurolite, however, is frequently enclosed in (and
therefore predates) porphyroblasts of andalusite (Fig.

5.8c-f). These andalusites clearly overgrow the
mainphase structure and in places show slightly rotational inclusion patterns (Fig. 5.8c) suggesting that
they grew synkinematic with shearing on this foliation presumably related to the incipient development
of ductile shear bands. Chloritoid may occur as small
grains overgrowing the main foliation (Fig. 5.8g),
whilst chlorite may have developed in pressure shadows adjacent to the andalusite crystals, as well as
along shear bands.
The metamorphic assemblage is consistent with
metamorphic conditions evolving from uppergreenschist to amphibolite facies (300-400 MPa and
550-600°C), producing early chloritoid, garnet and
staurolite prior to and during development of the
mainphase foliation, via lower pressure amphibolite
facies conditions leading to andalusite growth, to
greenschist facies retrogression associated with ductile extension
Studies in Alpujarride rocks of the western Betics
as well as in the Sierra de las Estancias and Sierra
Cabrera in the eastern part of the Betic Zone and in the
Alboran Sea (e.g., Vissers et al., 1995; Azañón and
Goffé, 1997; Comas et al., 1999; Platt et al., 2005,)
have shown that part of the Alpujarride rocks were
initially deformed and metamorphosed at relatively
high-pressure conditions associated with a main
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contractional event in the Alpujarride Complex (c. 48
Ma; Platt et al., 2005) leading to the mainphase foliation. This was followed by a marked LP-HT overprint
leading to andalusite ± cordierite - sillimanite facies
series. The age of this LP-HT metamorphism has been
estimated at 22-20 Ma, i.e., an early Miocene,
Aquitanian age (e.g., de Jong, 1991 and references
therein; Comas et al., 1999), whilst zircon dating in
associated granitoids yields ages around 19 Ma (Platt
and Whitehouse, 1999).
The structures and microstructures described
above are fully consistent with those by Platzman and
Platt (2004) and earlier work in the Sierra de las
Estancias by de Vries and Zwaan (1967) who aside
andalusite also reported late-stage cordierite, and with
the structural and metamorphic studies of Alpujarride
rocks elsewhere in the Betics. On the basis of these
studies we infer that the early chloritoid, garnet and
staurolite associated with the main phase foliation in
the southern Sierra de las Estancias represent the early
contractional event, and that the andalusite and locally cordierite producing metamorphism in these
rocks is of the same early Miocene age as elsewhere in
the Betic Zone.
The above results imply that, prior to the deposition of the onlapping Tortonian conglomerates, more
than 10 km of Malaguide and Alpujarride rocks forming the overburden of the staurolite-andalusite bearing micaschists and phyllites must have been removed
in approximately 7 Myrs (from c. 19 to 12 Ma), whilst
the andalusite-bearing rocks cooled during that time
span from around 550-600°C rocks to near-surface
temperatures at a time-averaged rate of at least 80°C/
Ma. This result reinforces the conclusion of previous
workers, e.g., Lonergan and Johnson (1998), that
early and middle Miocene cooling rates in the Betic
crust were high. The exhumation must in part have
occurred via erosion, but it also had a component of
ductile to brittle thinning (Lonergan and Platt, 1995;
Lonergan and Johnson, 1998). On the basis of the
structures it is not possible to precisely quantify the
amount of extensional strain, hence to determine how

much exhumation was caused by tectonic thinning of
the overburden, but the brittle extensional structures
in a number of outcrops of the Alpujarride basement
in the southern Sierra de las Estancias point to approximately 22% and occasionally up to 74% of extension (β = 1.22 to 1.74) which pose lower bound
values to the magnitude of tectonic thinning.
Structures in the basin sediments
The basal continental conglomerates and breccias
of the Poudingue lie-de-vin (T1a), Brèche rouge
(T1b) and Conglomérats et limons rouges (T1c) units
show ubiquitous normal faulting. These extensional
structures are in general east-west trending planar
faults, however, fault trends vary from NE to SE. In
places, spectacular extensional structures such as
domino - type faults, have developed (Fig. 5.9 and
5.10). In the northern part of the Huercal Overa basin,
hanging-wall transport is in general towards the
south, while in the southern half of the basin transport
is in general towards the north. These extensional
structures indicate a NNE-SSW to N-S direction of
extension (Figs. 5.4 and 5.5f and g). However, outcrops of the basal deposits in the Puerto Lumbreras
basin display few NNE trending extensional structures with minor displacement suggesting approximately E-W directed extension. The amount of extension along these extensional structures varies across
the basin: in the northern half of the Huercal Overa
basin the faults show minor displacements (dm to m
scale; stretch factor β = 1.14 – 1.21). However, in the
Puerto Lumbreras basin extension in the basal conglomerates may reach values of 54% (β = 1.54), and
occasionally up to 101% (β = 2.01).
In the southern part of the Huercal Overa basin, the
Brèche rouge unit is exposed in the up to 50 m high
cliffs of the Rambla de Almajalejo, forming a 1.2 km
long outcrop with spectacular normal fault structures
(Fig. 5.11). In essence there are at least two sets of
faults, i.e., shallow dipping to even horizontal faults
(Fig. 5.11b) cut and displaced by younger steeply dip-

Figure 5.8. a) Photomicrograph showing pervasive schistosity that makes up main foliation, overprinted by ductile shear
bands. b) cm-scale crystals of andalusite in fine-grained micaschist. c) Photomicrograph (crossed nickols) and sketch of
fine-grained micaschist, showing pervasive schistosity defined by oriented mica and quartz, affected by isoclinal
microfolds. Note that axial trace of the microfolds runs parallel to the main foliation indicating that the main foliation is
in fact a crenulation cleavage. The main foliation is overgrown by porphyroblasts of andalusite and overprinted by
shearbands. Slightly rotational inclusion pattern in the andalusite suggests growth during slip along the foliation. d and
e) Photomicrograph (plane polarized light and crossed nickols) of same thin section as in (b), showing andalusite
porphyroblast grown over the main foliation, with the foliation and porphyroblast deformed by a shearband. f) Detail of
(d) showing staurolite enclosed in andalusite porphyroblast. Note chlorite developed along shear band and in pressure
shadow. g) Detail of (d) showing small chloritoid grains grown over the main foliation.
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Figure 5.9. Exposure of basal continental conglomerates of the Puerto Lumbreras basin, penetratively cut, displaced and
rotated by domino-type extensional normal faults. Kinematic analysis of these faults point to N-S to NNW-SSE directed
extension. Stretching estimates in this outcrop range from 54% up to 101%.
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bedd
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Figure 5.10. Exposure of lower Tortonian Brèche
rouge unit affected by domino-type faults, southern
part of the Huercal Overa basin. Kinematic
analysis suggests NNE-SSW to NE-SW oriented
extension. The exposure has unfortunately been
destroyed for recent road construction purposes.

ping ones, suggesting that progressive normal faulting
led to rotation of initially steep faults to flat-lying
orientations. The bedding, often difficult to identify in
the coarse breccia, concurrently rotates from relatively flat orientations in the northern part of the outcrop to steep orientations in the southern part. The resulting structure is a strongly faulted, moderately inclined anticline. Kinematic analysis on the steeply as
well as the shallowly dipping faults clearly point to an
ENE-WSW to NE-SW direction of extension (Fig.
5.11c). This large-scale structure in the Brèche rouge
unit near Almajalejo has previously been considered
by other workers as an anticline associated with compression or transpression (e.g., Poisson et al., 1999).
In view of the overwhelming evidence for normal
faulting, this interpretation seems untenable. Instead,
the Almajalejo structure is more appropriately interpreted as an extensional roll-over anticline above a
NE to ENE dipping listric normal fault that must have
accommodated a significant amount of displacement.
The Almajalejo structure is further complicated by a
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set of relatively young, NW trending normal faults
bounding the structure on the northern and southern
margins of the Brèche rouge. As a result, the anticlinal
structure of the Brèche rouge rocks is now exposed in
what is essentially a horst, and the amount of extension that must have occurred before the development
of the horst-bounding faults is difficult to quantify
because of the lack of structural information on the
precise position and orientation of the main fault
plane underlying the inferred roll-over.
Similar to the inferred stretching directions in the
Almajalejo section, normal fault structures in the
breccias of the Brèche rouge unit near Huercal Overa
and Zurgena in the southern part of the Huercal Overa
basin and near Purchena in the Almanzora Corridor
point to an ENE-WSW to NE-SW direction of extension (Figs. 5.5h to k).
The fluvial to shallow marine sediments of lower
Tortonian age (i.e., the Turbidites micacées (T1d),
Turbidites micacées et gypseuses (T1e), Pélites jaunes
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Figure 5.11. Structures and orientation data from the late Miocene rocks near Almajalejo (for location see figure 5.4). a) Cross section showing lower Tortonian Brèche rouge
deposits flanked by the upper Tortonian Turbidites micacées et gypseuses and Turbidites et Conglomérats jaunes units. In the Brèche rouge unit, shallowly dipping normal
faults are cut and displaced by younger steep ones, as also seen in (b). Towards the southwest, bedding in the Brèche rouge unit tilts progressively towards the south,
suggesting that the structure represents a roll-over anticline. The Turbidites micacées et gypseuses unit south of the Brèche rouge outcrop is pervasively faulted at smaller
scale, which probably accommodates extension in the overlying Turbidites et Conglomérats jaunes unit and the development of another roll-over anticline. b) Detail of the
Brèche rouge unit, showing horizontal fault, deformed to the left by younger steep faults. c) Stereographic projections (equal area, lower hemisphere) showing orientations
of faults and slip directions for the Brèche rouge, Turbidites micacées et gypseuses and Turbidites et Conglomérats jaunes units, with inferred extension directions (grey
arrows: early stretching, black arrows: younger stretching). Note that lower profile along western side of the Rambla de Almajalejo represents a mirror image of the actual
outcrop. For further explanation see text.
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Figure 5.13. Roll-over anticline in the Rambla de Guzmaina (for location see figure 5.4). Beds in the roll-over structure
are cut at the base of the cliff by a sub-horizontal detachment. In the middle part of the cliff, the structure is cut by another
detachment or possibly an unconformity.

(T1f), and Marnes à Huîtres (T1g) units) exposed in
the northern part of the Huercal Overa basin, in the
south-western part near Zurgena, in the Puerto
Lumbreras basin and in the Almanzora corridor near
Purchena (Fig. 5.4) have been pervasively cut and displaced by extensional normal faults. The geometry
and complexity of these extensional structures varies
from small and large-scale planar normal faults, to
complex fault structures comprising ramp-and-flat
fault plane geometries accommodated by layer-parallel slip and roll-over anticlines, such as shown in figures 5.12, 5.13 and 5.14.
In a section along the Rambla Tamborini (Figs. 5.4
and 5.12), two groups of normal faults are observed:
few steep to vertical N-S trending normal faults, with
down-dip to oblique senses of shear and minor (dm to
m scale) displacements, and a dominant group of ENE
and WNW trending normal faults which in general
show large displacements (up to 40 m of throw) and
hanging wall movements towards the SE to SW. This
dominant group of extensional faults at average suggest N-S to NNE-SSW directed extension. The magnitude of the extension in these fluvial – shallow marine deposits varies from place to place between low
values of ~17% (β = 1.17) up to 90% (β = 1.7 to 1.9)
in the southern part of the section (Fig. 5.12). A com-

plicated extensional structure is seen in an outcrop to
the west near the village of Santopetar (Fig. 5.14).
Restoration (Fig. 5.14b-c) of this structure, previously
studied by Briend (1981), Mora-Gluckstadt (1993)
and Augier (2004), reveals several hiatuses in the
footwall that provide evidence for syn-sedimentary
deformation. The calculated magnitude of extension
for this structure is slightly over 70% (β = 1.7), whilst
estimates of the extension on the basis of thickness
reduction assuming plane strain yields values up to
90% (β = 1.9).
Outcrops of the lower Tortonian fluvial to shallow
marine sediments near Almajalejo and Zurgena in the
southern part of the basin, and near Purchena in the
Almanzora Corridor, show in general two set of
extensional faults, i.e., a NW trending set pointing to
ENE-WSW directed extension, and another group of
E-W trending faults indicating NNE-SSW directed
extension (Figs. 5.5 l-o). Occasionally, there are clear
cross-cutting relationships between the two groups of
faults: faults of the second, E-W trending group cut
and displace faults that belong to the first, NW
trending set.
The upper Tortonian marine deposits (T2) are well
exposed in the central and southern part of the
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Figure 5.14. a) Roll-over anticline in the early Tortonian Turbidites micacées and Marnes à Huîtres unit near the village of Santopetar (for location see figure 5.4). Kinematic
indicators on the normal faults point to hanging-wall movement towards the S to SSW. b) Restored section of the roll-over structure showing flat-ramp-flat fault plane
geometry of main detachment fault. Hiatuses in footwall and hanging wall suggest syn-sedimentary faulting. Hiatuses in the hanging wall may mark the onset of footwall
collapse. c) Stereographic projection (equal area, lower hemisphere) showing orientations of extensional faults in the outcrop. For further details see text.
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basin, showing domino-type normal faults. Note geologist for scale. Estimates of the stretching in this outcrop yields
values up to 78%.
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Huercal Overa basin near Huercal Overa, Almajalejo
and Zurgena (Figs. 5.4, 5.11 and 5.15). In the central
part of the basin, the pertinent sediments are virtually
undeformed. Outcrops of these sediments along the
southern margin of the basin, on the other hand, contain dominantly ENE to WNW trending (syn-sedimentary) normal faults and few NNW trending normal faults, indicating NNE-SSW to NW-SE directed
extension (Figs. 5.5p-r). The scale and style of faulting varies from small-scale planar faults up to largescale roll-over structures and listric faults (Fig. 5.11),
as well as up to 20 meter wide, rotated “domino”
blocks (Fig. 5.15). The direction of hanging wall
transport is in general to the north. Again, the magnitude of the extension varies from a minimum of 25%
near Almajalejo and Zurgena up to 78% near Huercal
Overa (β = 1.25 to 1.78). Sedimentary off-lap with
concurrent progressive rotation of the bedding, and a
high influx of mass flow deposits in an obviously
starved basin suggest that extension in the Huercal
Overa basin was associated with tilting of the basin
during continuous basement uplift in the ranges.
The upper Tortonian marine sediments, strongly
faulted in the southern part of the Huercal Overa basin, are unconformably overlain by Messinian and/or
possibly early Pliocene fan conglomerates and marine
silts and marls (Figs. 5.4 and 5.16). These sediments
thus seal the extensional structures, which places a
lower bound to the age of the associated extension.
These observations are fully consistent with results of
seismic studies of the Alboran Sea equally showing
tilted and faulted Tortonian rocks unconformably
overlain by essentially undeformed Messinian and
Pliocene sediments.
The basin bounding faults along the southern margins of the Huercal Overa basin and Almanzora corridor form part of an ENE to NE trending en-echelon
network of NW dipping faults (Fig. 5.4). In the
Almanzora corridor these faults clearly show a single
set of indicators which point to dextral strike-slip motion (Fig. 5.5v). Near Huercal Overa and Zurgena,
however, a complex history of movements has resulted in different sets of overprinting kinematic indi-

cators. The basin bounding faults in these areas occasionally show a vague primary set of indicators suggesting dextral strike-slip, overprinted by a dominant
secondary and third set of kinematic indicators (Figs.
5.5s-u and 5.17). The secondary set of indicators point
to dip-slip motions associated with approximately
NNW-SSE directed extension. The first and secondary sets, i.e. the dextral and dip-slip motions, seem
consistent with respectively the ENE-WSW to NESW directed extension in the early Tortonian basal
continental deposits and the NNE-SSW to NW-SE directed extension in the early Tortonian fluvial – shallow marine and late Tortonian marine deposits. The
third set of indicators clearly demonstrates a latestage sinistral lateral motions indicating N-S to NNWSSE directed compression.
In the centre of the Huercal Overa basin, where the
Alhama de Murcia fault (Fig. 5.18a) passes into the EENE trending Albox fault, the Tortonian deposits are
folded in a large-scale east-west trending monocline
(Figs. 5.4 and 5.12) with a NNW dipping axial plane.
This structure seems part of the Albox fault system.
To the west, E-W trending steeply tilted Miocene
sediments show evidence of layer-parallel reverse and
dextral shear senses, consistent with vertical axis rotations at that location (Fig. 5.4). Southeast of the
monocline, thick Pliocene and Quaternary alluvial
and fluvial sediments have been deposited in the eastern part of the Huercal Overa basin. These sediments
are occasionally affected by south directed thrusts
(Fig. 5.18b; García-Meléndez et al., 2002 and 2003;
Soler et al., 2003; Masana et al., 2005). Like the late
lateral motion on faults of the fault-bounded southern
side of the basin, these compressional structures suggest NNW-SSE directed shortening. This late-stage
compressional deformation is discussed in more detail
in chapter 6.

Lorca basin
The Lorca basin is a rectangular basin with a NE
trending basin axis (Fig. 5.19). In cross-section, the
Lorca basin has a symmetric geometry of a 10 km

Figure 5.18. a) Exposure of the Alhama de Murcia fault northeast of Puerto Lumbreras, carrying Alpujarride rocks of the
Sierra de las Estancias towards the SE onto upper Tortonian marls. b and c) Trench exposure of Quaternary fan deposits
made and investigated by members of the University of Barcelona in the autumn of 2002 (Trench 3 of Masana et al.,
2005). The sediments are tilted, cut and displaced by low-angle south-directed thrusts which form part of the Albox fault.
d and e) Stereographic projections (equal area, lower hemisphere) showing orientations of thrusts and strike-slip faults in
(d) Miocene - Quaternary sediments and basement rocks in the Alhama de Murcia fault zone near Puerto Lumbreras and
(e) Miocene - Quaternary sediments of the Huercal Overa basin along the Albox fault.

107

4185000

4180000

Be

10

j

c

A

er

nt

15

I
tic

Sierra de
las Estancias

23 15

Embalse de
Puentes

Velez Rubio
Corridor

I

l
na

4175000

a

Fig 5.24

b

f

Fig 5.25

25

15

10

Fig 5.23

g

10

20

p

610000

30

o

San José

15

sa

C

Campico
Blanco

20

16

50

Guadalentin
basin

Lorca basin

e

n
Zo

k
Fig 5.21

10

30

10

10

ta

108
La
rra

Z
EB

no

Pi
q

1

Fig 5.28

Fig 5.22

70

2

25

Se

ic
et
bb
u
S

e

30

g
rid

6

Lorca

Fig 5.27

d

30

10

50

35

i

40

S

ra

de

m

85

n

620000

85

ne

ntin
ale
uad
G
Rio

82

Fig 5.29

o
lt z
fau
a
i
c
r

55

Umbria

25

u
eM
ad
am
Alh

80

a
ci

r
Te

25

la

Umbria

r
ie

e

B

0

45

40

60

Aledo

5/
E-1

40
N3

25

52

h

10

80

Fig 5.26

40

l

630000
UTM WGS84zone 30

4 km

Sierra de Espuña

Chapter 5

NW

Internal-External
Zone Boundary

?

?

NE
NW

0

500

1000

-2000

-2000

B

alluvial - fluvial deposits

vv

vv

v

a

9.3 km

vv

v

Sierra de la Tercia

Late Miocene mean
extension (1 and 2)
and compression (3)
directions. Roman
letter refers to stereographic projection plot
in figure 5.20.

?

Alhama de Murcia
Fault Zone

SE

Hanging wall transport
direction of Serrata
Gypsum Mb.

Late Miocene mean site
magnetic declination with
reference number

Sierra de la Tercia

1

SE

Figure 5.19. Geological map of the Lorca basin, after Kampschuur et al. (1972), Geel (1976), Montenat et al. (1990), Wrobel and Michalzik (1999), Wrobel (2000), and this
study. Paleomagnetic data from Dinares-Turell et al. (1997) and Krijgsman et al. (2000).

-1500

-1500

-1000

?

Rambla del
Guadalentin

Internal Zone

-1000

6.6 km

Sierra de la Tercia

16 km

External Zone

orientation of bedding

paleocurrent

folds

fault

Quaternary

-500

C

A

shallow marine deposits

Betic substratum
(External/Internal Zone)

45

-500

0

500

1000

SW

-2000

-1500

-1000

-500

0

500

1000

shallow marine, deltaic
and evaporitic deposits

marine deposits
(e.g., Umbria Fm.)

Late Tortonian (Hondo - Serrata Fm.)

alluvial - flood plain
deposits

alluvial continental
deposits

Early-Middle Miocene

alluvial - fluvial deposits

Messinian - Pliocene (Serrata El Prado Fm.)

shallow marine - flood plain
deposits

Early Tortonian (Soriana - Parilla Fm.)

Deformational structures in the Neogene basins

109

Chapter 5

b) Soriana - Parilla Fm.
(non-striated normal faults)

a) Malaguide - Alpujarride basement of
the Sierra de las Estancias
brittle low-angle normal faults

c) Soriana - Parilla Fm.

?

T

P

P

T

n=13

d) Soriana - Parilla Fm. western side of Sierra de la Tercia

?

n=79

n=26

P-axis 166/83
T-axis 242/06

e) Soriana - Parilla Fm. at northern side of Sierra de
la Tercia

P-axis 181/71
T-axis 075/06

f) Hondo Fm. at western side of the basin

T2’
P
T

P2’
P1
P
T1

T

set 1
P-axis 067/85 (P1)
T-axis 247/05 (T1)

n=15

P-axis 355/52
T-axis 252/15

n=52

P-axis 279/84
T-axis 073/07

n=27

set 2 after correction
for tilting
P-axis 002/55 (P2’)
T-axis 325/01 (T2’)
g) Hondo Fm. at southwestern side of the basin

h) Hondo Fm. at southeastern side of the basin
at the rambla de Lebor

i) Hondo Fm. at southwestern side of Sierra de la Tercia

Ps

fold axes

T

Pn
Ts

P
P

Tn

T

n=34

P-axis 218/79
T-axis 053/11

n=26

P-axis 068/77
T-axis 170/14

n=8

set 1 Normal faults
P-axis 036/60 (Pn)
T-axis 183/26 (Tn)
set 2 strike-slip faults
(overprint set 1)
P-axis 008/15 (Ps)
T-axis 279/03 (Ts)

Figure 5.20. Stereographic projections (equal area, lower hemisphere) showing the orientations of the main foliation and
stretchings lineations in basement rocks and brittle faults and lineations in basement rocks and basin sediments.
Locations of pertinent outcrops are shown in figure 5.19. P- and T-axes represent the mean axes of incremental shortening
and extension.

110

Deformational structures in the Neogene basins

k) basin-bounding fault at southwestern side of basin

j) basin-bounding fault at western side of basin

l) basin-bounding fault at eastern side of basin

T
T
P
P

P
T

P-axis 269/82
T-axis 226/06

n=12

P-axis 170/53
T-axis 057/03

n=15

m) Alhama de Murcia fault near Lorca exposure of gouge zone

P-axis 325/75
T-axis 065/04

n=6

n) Alhama de Murcia fault near Lorca thrusts at basement - basin contact

P

P
e

lan

ed
Ri

el

sh

ea

rs

p
Y-

T
T
P-foliation

P-axis 004/07
T-axis 282/02

n=39

P-axis 344/03
T-axis 097/64

n=15

p) Fault planes, bedding parallel detachments and
lineations in the Serrata Gypsum Mb. and at the base
of the unit

o) Fault planes, bedding parallel detachments and
lineations in the Serrata Gypsum Mb. and at the base
of the unit

q) Fault planes, bedding parallel detachments and
lineations in the Serrata Gypsum Mb. and at the base
of the unit

fold axes

fold axes

T

fold axes
el
ed
Ri

el
ed
Ri

P

P
P

T
T

n=13

P-axis 180/87
T-axis 194/08

fold axes
n=6

P-axis 173/81
T-axis 326/17

fold axes
n=26

P-axis 305/83
T-axis 140/08

111

112

Betic External Zone

Figure 5.22. Panoramic view of the southern side of the Sierra
de la Tercia and Alhama de Murcia fault zone, seen along strike
of the Alhama de Murcia fault zone (for location see figure 5.19).
The Tortonian sediments of the Soriana, Parilla and Hondo
formations in the northwestern part of the Sierra de la Tercia
clearly dip shallowly to the northwest. In the Alhama de Murcia
fault zone, Miocene sediments in the distance mostly dip to the
southeast, whilst Miocene - Pliocene deposits in the foreground
show dips towards the northwest and southeast.
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Figure 5.21. Panoramic view of the Lorca basin from the
southwest (for location see figure 5.19) showing general
northwestward tilt of the upper Miocene Hondo and Serrata
formations at the south-eastern side of the basin. MessinianPliocene sediments of the El Prado formation exposed around
La Pinosa in the north (to the left) lie sub-horizontal or dip
gently towards the southeast.
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scale, open synform (Montenat et al., 1990b; Wrobel
and Michalzik, 1999; see Figs. 5.19 and 5.21). The
stratigraphically lowermost basin deposits are exposed along the basin margins, and the youngest
sediments are seen in the centre of the basin. The basin is dominated by late Miocene to Quaternary
sediments, but the basin fill suggests a Tortonian age
for the initiation of the basin (chapter 4). The northeastern part of the Lorca basin is covered by Quaternary alluvial deposits. Along the north-western basin
margin, the contact between the Internal and External
Zone is defined by the Internal-External Zone Boundary (IEZB, Lonergan et al., 1994). This early Miocene
contact is sealed by middle and late Miocene
sediments of the Lorca basin (chapter 4). The southeastern basin margin is characterized by folds and
faults that belong to the Alhama de Murcia fault zone
(e.g., Montenat et al., 1990b; Martínez-Díaz and
Hernández-Enrile, 1992; Fig. 5.22). The south-western and north-eastern margins are dominated by a network of extensional faults (e.g., Montenat et al.,
1990b; Wrobel and Michalzik, 1999; Wrobel 2000) or
are considered part of, respectively, oblique-dextral
and oblique-sinistral fault zones (Guillén Mondéjar et
al., 1995). Because of its geometry, and in view of the
structure and kinematics of the basins-bounding
faults, the Lorca basin is commonly interpreted as a
rhomb-graben (pull-apart basin) located at a relay position between two parallel running strike-slip faults
(e.g., Montenat et al., 1987; Wrobel, 2000). This interpretation is discussed in detail in chapter 6. Below
we focus on (brittle) structures in the basement and in
the overlying and adjacent sediments exposed along
the south-western and south-eastern basin margins.
The Alpujarride and Malaguide basement rocks of
the Sierra de las Estancias forming the south-western
margin of the Lorca basin show clear evidence of
semi-ductile and brittle extension, as evidenced by
spectacular low-angle normal faults (Fig. 5.23). These
structures dominantly indicate an ENE-WSW to NESW direction of extension. On the basis of the structures in the outcrop shown in figure 5.23, the magnitude of the extension in the Malaguide basement rocks
may be as high as 120% (β = 2.2). The inferred direction of extension is consistent with studies by
Lonergan and Platt (1995) and Booth-Rea et al.
(2002) of ductile-brittle extensional structures at the
Malaguide – Alpujarride contact and at different levels in the Malaguide and Alpujarride basement in the
Sierra de las Estancias and Sierra de la Tercia. In the
basement rocks of the Sierra de la Tercia, Booth-Rea

et al. (2002) found two groups of low-angle normal
faults: an early group with hanging-wall transport directions towards the NW to NNW, and a second group
showing hanging wall transport towards the WSW.
The second group of extensional structures partially
overprints the first group. Fission track cooling ages
suggest that extension and exhumation of the
Malaguide and Alpujarride basement occurred during
the early and middle Miocene (Lonergan and Platt,
1995; Lonergan and Johnson, 1998) and coincided
with motions along these ductile-brittle extensional
faults. Moreover, the extensional structures in the
basement are in general sealed by Serravallian Tortonian sediments (Booth-Rea et al., 2002).
Exposures of the continental and shallow marine
deposits along the south-western part of the basin that
make up the base of the basin stratigraphy (Soriana
and Parilla Fm., chapter 4) display ubiquitous
extensional structures, indicating a NE-SW to ENEWSW oriented extension direction (Fig. 5.20b-e). The
sediments of the Soriana and Parilla formations (Fig.
4.7) are pervasively cut and displaced by faults. Some
of these faults have syn-sedimentary characteristics,
i.e. they have developed as growth-faults (Fig. 5.24).
Outcrops of the sediments of the Umbria and Soriana
formations fringing the Sierra de la Tercia show (synsedimentary) extensional structures that similarly
point to NE-SW to ENE-WNW directed extension
(Fig. 5.20d-e). However, some outcrops show two
groups of (syn-sedimentary) extensional structures:
one group indicating approximately a NW-SE to N-S
directed extension, and a dominant second group, superimposed on structures of the first group, pointing
to ENE-WSW directed extension. The extension in
the sediments in outcrops of the Soriana formation
along the south-western side of the Lorca basin and at
the north-western side of the Sierra de la Tercia may
reach values up to 22 - 29% (β = 1.22 – 1.29) and 19%
(β = 1.19), respectively.
Like the underlying sediments, outcrops of the
stratigraphically higher, fluvial - marine Hondo formation along the south-western part of the Lorca basin show abundant evidence of syn-sedimentary
extensional structures, such as shown in figure 5.25.
These structures again indicate ENE-WSW to NESW directed extension (Fig. 5.20f-g). The sediments
of the Hondo formation southeast of Lorca and at the
eastern side of the Lorca basin south of Aledo, however, show clear evidence of (syn-sedimentary)
NNW-SSE to N-S directed extension (Fig. 5.20h-i). A
spectacular outcrop along the Rambla de Lebor shows
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Figure 5.23. a) Outcrop of Malaguide basement rocks in
the Sierra de las Estancias at the southwestern side of the
Lorca basin (for location see figure 5.19) showing
northeast-dipping low-angle normal faults. b)
Stereographic projection (equal area, lower hemisphere)
showing orientations of faults and slip directions in
Malaguide - Alpujarride basement of the Sierra de las
Estancias indicating ENE-WSW to NE-SW directed
extension.
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Figure 5.24. Exposure of lower Tortonian shallow marine silts and marls of the Parilla Fm. in the south-western part of
the Lorca basin (for location see figure 5.19), deformed by NE and SW dipping extensional normal faults. Differences in
thickness of the beds in the foot- and hanging wall suggest syn-sedimentary faulting. Note compass for scale.
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Figure 5.25. Outcrop of upper Tortonian shallow marine silts and marls of the Hondo Fm. in the western part of the
Lorca basin (for location see figure 5.19). The outcrop shows E and W-dipping extensional normal faults. Some of the
faults are sealed by overlying beds, indicating syn-sedimentary faulting. The extensional faults are associated with
ENE-WSW directed extension.
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Figure 5.26. a) Cliff exposure along the Rambla de Lebor,
southeastern Lorca basin, adjacent to the Alhama de
Murcia fault (for location see figure 5.19), showing
stratigraphic expansion of Tortonian sediments, in part
accommodated by normal faults. Note that some of the
faults are sealed by internal unconformities indicating that
these faults were active during deposition of the expanding
sequence. The structure strongly suggests that during the
Tortonian the adjacent Alhama de Murcia fault initiated as
a growth fault. b) Stereographic projection (equal area,
lower hemisphere) showing orientations of extensional
normal faults, Riedel fractures (dashed lines) and slipvectors of the outcrop shown in (a). Note two sets of faults,
i.e., a dominant set of ENE to NE trending faults suggesting
N-S extension, and a second set of N-S trending steep
faults.
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a marked stratigraphic expansion of marine sediments
(Fig. 5.26), adjacent to a fault consequently interpreted as a growth fault, i.e., the sediments were deposited during progressive normal faulting. The extension in sediments of the Hondo formation reaches
values of up to 47% (β = 1.47) in the eastern part of
the Lorca basin, and smaller values around 7% (β =
1.07) in the south-western part of the basin.
The basin-bounding faults along the south-western
and north-eastern margins of the Lorca basin dominantly show dip-slip kinematics, however, some sets
of indicators suggest oblique and lateral motions as
well. The geometry of the fault planes and the dominant slip directions indicate an ENE-WSW to NE-SW
direction of extension (Fig. 5.20 j-l). These results are
consistent with the fault structures and associated extension directions in the early Tortonian continental
and marine sediments (Soriana, Parilla and Hondo
formations). It is, however, unclear what the amount
of displacement along the basin-bounding faults is,
and how the extension on these faults and on those in
the basin sediments is accommodated in the basement
at depth (Fig. 5.19, profile C).
Both in the Lorca basin proper and along the
southern margin of the Sierra de la Tercia, the early
Tortonian sediments and parts of the basin-bounding
faults such as near Aledo are unconformably overlain
by the evaporitic and fluvio-deltaic Serrata and fluvial
El Prado formations, thereby sealing the early
Tortonian extensional structures (see Fig. 5.27). In the
western and eastern parts of the Lorca basin, the fluvial sediments of the Serrata and El Prado formations
do not show any appreciable deformation. In the Serrata ridge along the north-western side of the Sierra de
la Tercia, however, the diatomites and evaporites are
clearly deformed showing ubiquitous extensional as
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well as compressional structures. The diatomites and
evaporites of the Serrata ridge are tilted towards the
northwest, i.e., orthogonal to the trend of the ridge, at
an average dip of around 30° (Fig. 5.28 a). Near the
crest of the ridge, the evaporites are intensely
stretched through abundant ductile shears and brittle
extensional faults (Fig. 5.25 b, c). In places, smallscale shear bands locally interact such as to produce a
boudinaged structure. In thin section, the microstructure of the sheared evaporites is marked by bands of
elongate gypsum grains (Fig. 5.25 d), sometimes with
a distinct lattice preferred orientation indicating genuinely ductile, crystal-plastic flow. The outcrop-scale
extensional faults and shears often curve into parallelism with the bedding (Fig. 5.25 b) indicating that the
extensional deformation is transferred along layerparallel evaporite horizons. Towards the north, near
the top of the evaporite unit at the north-western side
of the Serrata ridge, a complex system occurs of
thrusts and folds clearly suggesting compression (Fig.
5.25 e). Kinematic analysis of the extensional structures and of the folds and thrusts indicate that the allied extension and shortening directions are both oriented orthogonal to the Serrata ridge (Fig. 5.20o-q),
which strongly suggests that these structures were
formed during large-scale slumping. It should be
noted that these structures are not syn-sedimentary,
but that they clearly developed after deposition of the
diatomites and evaporites. In addition, the contact between the evaporites and the underlying diatomites is
often marked by a thin but distinct clayey gouge layer,
and by slickensides and grooves, and is affected by
Riedel-type normal faults indicating movement of the
hanging wall evaporites to the NW. In addition, immediately above the contact there are ubiquitous dm
to 1m scale folds and small accommodating faults. All
of these features clearly show that the contact is a de-

~150 m

Figure 5.27. Field sketch of upper Tortonian marine sediments of the Hondo Fm. at the southwestern side of the Sierra de
la Tercia immediately east of Lorca (for location see figure 5.19), cut and displaced by northwest dipping extensional
normal faults, and unconformably overlain by evaporites of the Gypsum Mb. At the south-eastern end of the section, these
same evaporites are deformed and isoclinally folded along NE-ENE trending fold axes, indicating NW-SE tot NNW-SSE
directed shortening.
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formed, rather than an undeformed stratigraphic contact as suggested in earlier studies (e.g., Geel, 1976;
Montenat et al., 1990b; Rouchy et al., 1998;
Krijgsman et al., 2000). This may have important
consequences for the inferred age of the Serrata
evaporites recently dated as late Tortonian (Krijgsman
et al., 2000). The ubiquitous evidence for intense deformation of the evaporites and for movements along
the basal contact suggests that the Serrata evaporite
body represents a km-scale slump-like (tectonic)
slide. This raises the distinct possibility that the Serrata gypsum has cut down in the direction of transport
(i.e., to the NW) into the underlying diatomites, such
that un uncertain amount of underlying sediments
may have been excised during sliding, entirely similar
to the smaller-scale excisions seen in the outcrop of
Fig. 5.25b. In view of the absence of any confirmed
Tortonian age of the overlying sediments, the possibility therefore exists that the evaporites are essentially Messinian, resting now with a tectonic contact
on undoubtedly Tortonian sediments underneath. The
cause of the internal deformation and sliding of the
evaporites is not unambiguous, but in view of the geometry of the Lorca basin (Figs. 5.19 and 5.21), uplift
of the Sierra de la Tercia allied with movements on the
Alhama de Murcia fault as discussed below seems the
obvious candidate.
The southeastern margin of the Sierra de la Tercia
is flanked by a narrow zone of intensely deformed late
Miocene sediments, which forms part of the Alhama
de Murcia fault zone (Fig. 5.22). The basement-sediment contact forming the sharply defined northern
edge of the Alhama de Murcia fault zone is a steep
tectonic contact. Kinematic indicators on the pertinent
faults suggest transport of the Malaguide and
Alpujarride basement towards the south and southeast
(Fig. 5.20m-n), placing these basement rocks on top
of steeply inclined Tortonian sediments in the
footwall. The inferred motion along the basement-

sediment contact may vary along strike from sinistralreverse to reverse. The Tortonian sediments in the
footwall form part of a km-scale open footwall
syncline (Fig. 5.29), whilst the entire Sierra de la
Tercia forms part of a 5 km-scale asymmetric
antiformal structure in the hanging wall of the Alhama
de Murcia fault system (Fig. 5.19). On outcrop-scale,
the Tortonian sediments in the footwall comprising
continental, marine and evaporitic deposits of the
Soriana, Parilla, Hondo and Serrata formations, are
strongly folded and faulted, and some of the normal
faults in the Hondo sediments have been reactivated
as strike-slip or reverse faults. At the south-western
end of the Sierra de la Tercia, sediments belonging to
the Soriana and Parilla formations have been faulted
by approximately ESE trending, dextral strike-slip
faults and NNE trending sinistral faults, which clearly
overprint early Tortonian (syn-sedimentary)
extensional structures.
The structures and slipvectors on fault planes
along different parts of the Alhama de Murcia fault
zone suggest a N-S to NW-SE direction of shortening,
which is consistent with earlier studies of, e.g., Rutter
et al. (1986), Silva et al. (1992) and Martínez-Díaz et
al. (2002). These compressional structures must have
developed after the deposition of the Miocene
sediments, because the extensional structures in the
Miocene sediments are either overprinted or reactivated whilst evidence for Miocene syn-sedimentary
compressive and strike-slip deformation is clearly
lacking. The absence of any Miocene compression
and strike-slip deformation is supported by the fact
that paleomagnetic sections of the marls and
diatomites of the Hondo formation do not show any
appreciable rotation of magnetic declination and inclination (Krijgsman et al., 2000; Rouchy et al., 1998;
Dinares-Turell et al., 1997).
On the basis of the above data we infer that uplift
of the Sierra de la Tercia and Sierra de las Estancias
started during the latest Miocene and continued into

Figure 5.28. Structures and fabrics in the evaporates of the Serrata ridge. a) Diagrammatic cross-section across the
Serrata ridge (for location see figure 5.19). b) Exposure of the Varied and Gypsum members in abandoned quarry,
southeastern side of the Serrata ridge. Marls and diatomites of the Varied Mb. in base of the cliff are relatively
undeformed. Basal part of the Gypsum Mb. above detached contact shows 1 m scale folds with NE trending fold axes. Note
listric normal faults and shears higher in cliff. Circle: geologist for scale. c) Detail of (b) showing strongly deformed and
boudinaged evaporite affected by small-scale shear bands. d) photomicrograph of gypsum rock from (c), showing
microstructure dominated by elongate grains suggesting crystal-plastic ductile flow. e) Detail of deformed basal contact
of the Gypsum Mb. approximately 500 m southwest of quarry in (b), showing listric normal fault with Riedel fracture
orientation displacing faulted (detached) contact (Y-planes). f) Strongly folded gypsum laminae and silt beds near top of
the Gypsum Mb., north of the Serrata crest as shown in (a). g) Stereographic projections (equal area, lower hemisphere)
showing orientations of fault planes and bedding-parallel detachments (plain greatcircles), Riedel fractures (stippled)
and associated lineations (dots). Fold axes shown as crosses. P and T axes refer to extensional structures.
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the Quaternary. This uplift may well have produced
the slope instability required for downward sliding
and slumping of the Serrata evaporites.

Fortuna basin
In map view, the Archena-Mula - Fortuna basin
has an elongate shape and a NE trending basin axis. In
cross-section, the northern half of the basin shows an
up to 7 km wide, open synformal geometry (Poisson
and Lukowski, 1990; Fig. 5.30). South of the town of
Fortuna and the Sierra Abanilla – Crevillente, however, the sediments dip almost consistently towards
the south. The basin is dominated by the marls of the
Los Baños formation in the centre and by the continental conglomerates of the Rambla Salada formation
in the southeast.
The northern margin of the Archena-Mula Fortuna basin is defined by the Crevillente fault (e.g.,
De Smet, 1984; Leblanc and Olivier, 1984; Sanz de
Galdeano 1983; see inset of Fig. 5.30), however others have referred to this structures as the North Betic
Fault (e.g., Leblanc and Olivier, 1984; Montenat and
Ott d’Estevou, 1996). Furthermore, the basin is diagonally transected by the Alhama de Murcia fault zone.
It is unclear if and how the Alhama de Murcia fault
zone is connected in the eastern part of the basin with
the Crevillente fault. In spite of the complexity of the
main faults, it is generally believed that the ArchenaMula - Fortuna basin was formed as a strike-slip-generated basin, partly developed as an extensional imbricate fan system or “Queue de cheval” and partly as
a pull apart basin or “Sillon sur décrochement” (e.g.,
Montenat et al., 1987). This aspect is further discussed in chapter 6 below.
Early basin sediments that allow study of the early
basin history are exclusively exposed along the basin
margins, in particular those north and northeast of
Fortuna and Abanilla. In this study we focus on the
sediments and structures in this north-eastern part of
the Archena-Mula - Fortuna basin (Fig. 5.30) and refer to this area as the Fortuna basin proper.
In the northern and northeastern part of the
Fortuna basin, the Miocene sediments overly
Mesozoic and early Tertiary rocks of the Betic External Zone exposed along the northern margin of the
basin and in the Sierra Abanilla – Crevillente. The
rocks of the External Zone comprise a sequence of
Triassic evaporites and Jurassic to Paleocene-Eocene
limestones, which, in particular in outcrops near
Macisvenda and Capres, show clear evidence of fold-

ing and thrusting with NE to ENE trending fold axes
and north-directed thrusts (Fig. 5.32). These
compressive structures point to a NNW-SSE to NWSE direction of shortening, which is consistent with
observations in the External Zone of, e.g., De Ruig et
al. (1987), Ott d’Estevou et al. (1988) and with results
of this study presented in chapter 3. The Mesozoic and
early Tertiary rocks are unconformably overlain by
Tortonian shallow marine and continental deposits.
These sediments seal the earlier, pre-Tortonian compressional structures in the External Zone rocks.
Both the Tortonian shallow marine – continental deposits and the underlying Mesozoic and early
Tertiary basement rocks have been subject to extension. The pertinent structures are particularly well developed in three areas along the basin margin near
Capres, Macisvenda and Abanilla. In the area near
Capres, ENE to NNE trending syn-sedimentary normal faults and outcrop scale growth-faults are observed in early Tortonian shallow marine and continental sediments (Brechique, Calcarenitique and
Rouge units), as shown in figures 5.31b and 5.33.
These extensional faults cut and displace earlier
compressive structures, such as thrust planes, in the
Mesozoic rocks underneath. In turn, the extensional
faults are in part unconformably overlain, hence
sealed, by Tortonian reefs and marls of the Los Baños
formation (Lukowski and Poisson, 1988; Poisson and
Lukowski, 1990; Fig. 5.30). Near Macisvenda and
Abanilla, mostly W to NW trending (syn-sedimentary) normal faults developed in the early Tortonian
shallow marine and continental deposits of the
Calcarenitique and Rouge units as well as in the marine silts and marls of the Los Baños formation. Kinematic analyses of these faults indicate NNE-SSW to
NE-SW oriented extension directions (Figs. 5.31c-e).
Like in the region of Capres, the silts and marls of the
Los Baños formation lie unconformably on tilted and
faulted continental conglomerates of the Rouge unit.
Exposures of the basement-basin contact south of
the village of Macisvenda shows an excellent example of a genuinely extensional structure (Fig. 5.34). In
this area, a 100 m scale south dipping extensional detachment separates strongly tilted Tortonian continental and marine sediments above from the underlying
Triassic evaporites and Cretaceous and Paleogene
limestones. The displacement along this extensional
detachment is estimated at perhaps hundreds of meters and appears to be largely accommodated by the
Triassic evaporite horizon (Profile A in Fig. 5.30).
On the basis of drastic and abrupt stratigraphic
thickness variations in the Tortonian sediments west
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(b) Normal faults in late Miocene marine and continental
deposits at Capres

(a) Thrusts and normal faults in Cretaceous - Paleogene limestones at Macisvenda
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Figure 5.31. Stereographic projections (equal
area, lower hemisphere) showing the
orientations of the brittle faults and lineations
in basement rocks and basin sediments.
Locations of pertinent outcrops are shown in
figure 5.30. P- and T-axes denote mean axes
of incremental shortening and extension.

Figure 5.32. a) Outcrop of Mesozoic-Paleocene rocks of the Betic
External Zone east of Macisvenda (for location see figure 5.30)
showing folds with NE - ENE trending fold axes and north-directed
thrusts. Some beds in the hanging wall have been boudinaged or cut by
small extensional faults. b) Stereographic projection (equal area, lower
hemisphere) showing orientations of thrusts and normal faults, with
inferred NNW-SSE directed shortening and extension, respectively.

~2m

n=6

Pt

Tt

P-axis Pt 346/05
T-axis Tt 239/71

fold
axis

n=2

Tn

Pn

P-axis Pn 138/79
T-axis Tn 354/09

Deformational structures in the Neogene basins

125

Chapter 5
La Mesa
S

W

SW
reefs

Sierra de los Baños
bedding

bed

din

g

Capres

Figure 5.33. Panoramic view of Tortonian shallow marine and fluvial deposits overlain by reef limestones, northern side
of the Fortuna basin near Capres. Road outcrop contains (syn-sedimentary) normal faults indicating NE-SW directed
extension. Overlying reef deposits interfinger to the south with the Fortuna marls.
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Figure 5.34. Structures along the northern margin of the
Fortuna basin. a) Exposure near Macisvenda of red
conglomerates and sandstones of the Rouge formation
resting unconformably on Triassic evaporites (SW part of
the outcrop). The conglomerates and underlying Triassic
evaporites have been strongly faulted and tilted, in part
accommodated by faults running along and into the
evaporites. b) Intraformational unconformity defined by
conglomerate seals fault and allied tilted beds in
underlying reddish sandstone, and is itself faulted,
indicating syn-sedimentary stretching.

Deformational structures in the Neogene basins
of Capres, Poisson and Lukowski (1990) have suggested the presence of a similar extensional structure
along the northern basin margin, roughly parallel to
the western part of the Crevillente fault.
The extension in the sediments of the Calcarenitique unit at Capres reaches values as high as
78% (β = 1.78) in the lower parts of the outcrop but
decreases upwards in the deposits of the Rouge unit (β
= 1.06). The magnitude of extension in the shallow
marine and continental sediments of the Rouge and
Los Baños formations in the northeasten part of the
Fortuna basin near Macisvenda shows low values of 3
to 20% (β = 1.03 to 1.20) in the south, but clearly increases towards the basin bounding fault in the north
where it may reach values up to 100% (β = 2.0).
Unfortunately, the marls of the Los Baños formation in the central part of the Fortuna basin are poorly
exposed. Along the southern margin of the Sierra
Abanilla – Crevillente, however, few NE trending
(syn-sedimentary) extensional faults with minor (cm
to dm scale) displacements occur in the marine
sediments of the uppermost part of the Los Baños formation, pointing to N-S to NW-SE directed extension
(Fig. 5.31f). The extensional faults are sealed by the
uppermost marine conglomerates and reefs of the Los
Baños formation. The evaporites and diatomites of the
Chicamo formation and the continental sediments of
the Rambla Salada formation, which lie conformable
on the sediments of the Los Baños formation, do not
contain any extensional structures and appear to seal
all earlier extensional structures in the sediments underneath.
In summary, the early Tortonian shallow marine
and continental sediments were progressively affected by (syn-sedimentary) extensional normal faults
showing ENE to NE trends near Capres and W to NW
trends near Macisvenda and Abanilla. As these structures along the northern basin margin are essentially
coeval, it is suggested that these variable fault
orientations reflect local heterogeneities possibly related to the structure of the underlying basement
rather than a progressive rotation of the regional
stretching direction through time.
In the northwestern part of the study area, between
Capres and Campules, the Triassic evaporites and the
overlying Tortonian sediments affected by
extensional normal faults are exposed in a km-scale
NE trending open antiform (Fig. 5.30). The antiform
forms the continuation of structures further southwest
that make up the western part of the Crevillente fault
or North Betic fault. The antiformal structure termi-

nates against a NW-SE trending deflection of the
basement-basin contact. This deflection may be
caused by a strike-slip fault but because of poor outcrop this interpretation remains uncertain. In any case,
the large-scale fold structure indicates NW-SE directed shortening, that must postdate the extensional
structures preserved in the folded sediments.
Along the southern margin of the Sierra de
Abanilla and Sierra de Crevillente, Tortonian
sediments are steeply tilted towards the southeast and
are, in part, tectonically overlain by Mesozoic limestones. This structure delineating the southern margin
of the Sierras represents the Crevillente fault proper,
and runs from Abanilla towards the northeast (Fig.
5.35). Along strike, the nature of the structure varies
from reverse fault to thrust fault (Fig. 5.36), however,
there is also local evidence of sinistral strike-slip motion (Fig 5.31g). The trends of the fault planes vary
along strike from ENE near Abanilla to more variable
orientations around Monte Alto (Fig. 5.31h-j), whilst
slip-vectors on the fault planes are variable as well. As
a whole, however, the geometry and structure of the
Crevillente fault, and the direction of hanging wall
transport are consistent with a N-S to NW-SE directed
shortening.
Unfortunately, it is unclear if and how the western
and eastern segments of the Crevillente fault are connected. The map pattern in fact suggests an ‘en echelon’ arrangement of the two segments. The largescale antiform between Capres and Campules and the
Crevillente fault at Abanilla both affect the entire
(stretched) Tortonian basin stratigraphy which is
folded and/or tilted, and the structures may well be
contemporaneous in their development. We argue that
folding and thrusting initiated not until after the deposition of the Tortonian and perhaps Messinian
sediments. This timing is substantiated by two facts:
(1) the 7.71±0.11 Ma old volcanic deposits (Kuiper et
al., 2006) southeast of Fortuna have rotated anticlockwise after their intrusion (Calvo et al., 1997), and (2)
the paleomagnetic sections of the late Tortonian
evaporitic unit (7.8-7.6 Ma; Krijgsman et al., 2000) of
the Chicamo formation do not show any progressive
rotation in the magnetic declination and inclination
(Dinarès-Turell et al., 1999; Krijgsman et al., 2000;
Garcés et al., 2001), such that the sampled sediment
package must have rotated and/or tilted as a whole after sedimentation.
Poisson and Lukowski (1990) have suggested that
the Capres-Campules antiform and the development
of the Crevillente structure were associated with continued thrusting in the External Zone, contemporane127
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Figure 5.35. Structure of the Crevillente Fault near
Abanilla. a) Panoramic view of the Sierra de Abanilla. b)
View of the southern side of the Sierra de Abanilla showing
Mesozoic limestones of the Betic External Zone thrusted
along a NW-dipping fault onto upper Miocene sediments.
c) Outcrop at Abanilla of the steep faulted contact between
Mesozoic rocks of the Sierra de Abanilla and upper
Miocene marls of the Los Baños Formation. d)
Stereographic projection (equal area, lower hemisphere)
showing orientations of fault planes and slip vectors
observed on the Crevillente fault at Abanilla. An early set
of sub-horizontal lineations and Riedel fractures is
overprinted by a second set of steeply plunging lineations
and Riedel fractures. The first set of structures point to
sinistral-reverse motion, the second set suggests reverse
motions.

Deformational structures in the Neogene basins
ous with extension and sedimentation in the basin during the Tortonian, hence that the Fortuna basin developed in essence as a piggy-back basin. Our structural
observations preclude this interpretation, first because
several of the extensional structures such as south of
Macisvenda can hardly be consistent with an essentially compressive setting, and secondly because deformation along the Crevillente structure is essentially post-Tortonian.

Vertical motions of the basins
Like in earlier studies (e.g., Kenter et al., 1990;
Cloetingh et al., 1992; Rodríguez-Fernández et al .,
1999; Garcés et al., 2001; Hanne et al., 2003), tectonic subsidence curves for the Huercal Overa, Lorca
and Fortuna basins have been calculated adopting local or “Airy” isostasy. The assumption of local
isostasy is clearly an oversimplification. As emphasized by Cloetingh et al. (1992) the assumption of local isostasy can be justified by the presence, in the
easternmost part of the Betic Cordillera, of thin and
weak crust and lithosphere beneath the Miocene basins (Banda and Ansorge, 1980; Cloetingh et al.,
1992). However, in this context it is important to note
that thrusting of the Internal Zone onto the Iberian
margin likely started in the latest Oligocene - early
Miocene as evidenced by the development of the
IEZB backthrust structure. This structure is sealed by
Langhian sediments (chapter 4), which implies that, at
the onset of the late Miocene, the Internal Zone crust
was well on its way being carried onto thinned Iberian
crust. Restoration of the thrust structure in the
Prebetics suggests a late Miocene position of the Betic
Internal Zone some 50 to 60 km further southeast with
respect to the Iberian plate (see also chapter 3). During the late Miocene the Subbetic Zone and the continuously extending Betic Internal Zone became further emplaced onto Iberia.
The above constraints on the setting of the late
Miocene basins raise the possibility that the tectonic
subsidence of the basins contains a signal of the
flexural response of the Iberian plate, albeit that geophysical modelling of the strength of the Iberian plate
beneath the Betics suggests a conspicuously low
value for the present-day flexural rigidity (van der
Beek and Cloetingh, 1992). In addition, Cloetingh et
al. (1992) and Van der Beek and Cloetingh (1992)
conclude that the combined load of the Subbetic and
the Betic Zone is insufficient to explain the flexure of
the Iberian crust and lithosphere as observed today,

i.e. a considerable load is missing. It follows that the
tectonic subsidence of the late Miocene basins in the
Betic Cordillera may reflect the combined effect of
flexural behaviour of the Iberian lithosphere and
mechanisms related to ongoing stretching of the crust
and lithosphere of the Alboran Domain discussed in
chapter 7.
Figure 5.38 shows the mean basement (or total)
and tectonic subsidence curves, calculated using the
average of minimum and maximum porosity-depth
relationships for the different stratigraphic units. The
analysis included attempts to correct for eustatic sea
level changes and paleobathymetry, but these corrections hardly exert influence on the tectonic subsidence
curves. An important factor, though, concerns the details of the stratigraphic column, in particular the
stratigraphic thickness of the different units, chosen to
represent the basin. In case of the Huercal Overa and
Lorca basins, sufficient data (chapter 4) was available
to construct a composite stratigraphic column considered representative for the basin as a whole. In the
case of the Fortuna basin, our stratigraphic study
(chapter 4) has been limited to its north-eastern basin
margin, and the stratigraphic column analyzed represents the stratigraphy of the Fortuna basin around
Fortuna and Abanilla rather than the Archena-Mula –
Fortuna basin as a whole.
From the subsidence curves it is clear that the basins initiated at the onset of the Tortonian, marked by
a gradual tectonic subsidence in the Lorca and
Fortuna basins, and more rapid tectonic subsidence in
the Huercal Overa basin. From respectively 9.5 and 9
Ma, the rate of subsidence in the Fortuna and Lorca
basin increased, and continued until ~7.8 Ma, which
was followed by a period of uplift during the latest
Tortonian and a second episode of subsidence from
the latest Tortonian until the late Messinian (~6 and
5.5 Ma, respectively). The Huercal Overa basin, on
the other hand, shows continuous subsidence until
~6.5 Ma. Since the late Messinian, the Fortuna, Lorca
and Huercal Overa basins all show continuous uplift.
The Huercal Overa basin reached a maximum tectonic subsidence of up to 1500 m, whilst the Lorca
and Fortuna basins show lower values of around 900
and less than 500 m, respectively. This latter lower
value may be due to the choice of the stratigraphic
column analyzed which, in the present case, represents the northern marginal area rather than the entire
Archena-Mula – Fortuna basin. The tectonic subsidence curves presented here confirm the main trends of
the subsidence curves from previous studies in the
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Deformational structures in the Neogene basins
Betic basins (e.g., Cloetingh et al., 1992; RodríguezFernández et al., 1999; Garcés et al., 2001; Augier,
2004; see Fig. 5.38). The subsidence curves of these
earlier studies, however, show slightly different ages
of the ‘spikes’, i.e., the switches from subsidence to
uplift, like for example in tectonic subsidence curves
for the Fortuna basin by Cloetingh et al. (1992) and
Garcés et al. (2001). These discrepancies probably result from the use, in these previous studies, of versions of the Neogene time scale that predate the recently improved stratigraphic ages used in this study.

Discussion and conclusions
The large-scale structure of the Huercal Overa basin is that of a half-graben, whilst the Lorca and
Fortuna basins show more symmetric geometries. The
basins are dominated by a late Miocene to Quaternary
basin fill, which points to a late Miocene age of initiation of these basins. However, some of the basins in
the Internal Zone preserve relics of the pre-Tortonian
stages of basin sedimentation (chapter 4). The pertinent early-middle Miocene sediments now occur as
small remnants underneath the latest Serravallian Tortonian sediments, whilst most of these basins experienced uplift and erosion during the middle
Miocene (e.g., Kenter et al., 1990; Sanz de Galdeano
and Vera, 1992; Cloetingh et al., 1992; Hanne et al.,
2003). The Huercal Overa and Lorca basin, and possibly also the Fortuna basin, may thus have had an earlier history, but most of that history was obliterated
during pre-Tortonian uplift and erosion prior to the
latest Serravallian - Tortonian subsidence.
The basement beneath the Fortuna and northern
part of the Lorca basins is made up of rocks of the
External Zone, exposed in the ranges north of the basin. Thrusting and folding of the Mesozoic and
Paleogene rocks of the External Zone basement occurred in the early and middle Miocene (Lonergan et
al., 1994; Geel and Roep, 1998; chapter 4) and involved N-S to NW-SE directed shortening. The
Tortonian sediments unconformably cover and seal

the pre-Tortonian compressional structures in the External Zone rocks along the northern margins of the
basins.
The basement underlying the Huercal Overa and
Lorca basins is largely made up of rocks of the
Malaguide and/or Alpujarride Complex of the Internal Zone as exposed in, e.g., the Sierra de las
Estancias, Sierra de la Tercia and Sierra Espuña. The
structural and metamorphic data from the Alpujarride
basement rocks of the Sierra de las Estancias indicate
that they became exhumed from synmetamorphic
depths of around 12 km to near-surface conditions between 19 and 12 Ma. Exhumation of the basement involved a component of erosion, but also a tectonic
component of pervasive ductile to brittle extension
and concomitant thinning. This ductile to brittle extension was initially associated with ENE-WSW extension directions, consistent with observations in
other Malaguide and Alpujarride rocks in the northern
and central parts of the Sierra de las Estancias away
from the basins (Lonergan and Platt, 1995; Platzman
and Platt, 2004).
Some of the extensional normal fault structures in
the basement of the Huercal Overa and Lorca basins
were sealed by basal latest Serravallian-Tortonian
sediments, others most likely remained active as extension in the basin progressed during sedimentation
as evidenced by the syn-sedimentary structures in
these basins. The basal deposits contain extensional
structures which, like the early set of brittle-ductile
extensional structures in the basement rocks, point to
an early ENE-WSW to NE-SW direction of extension. We envisage that, at that stage, the basin-bounding faults along the southern margin of the Huercal
Overa basin acted as transfer faults. During the
Tortonian, in the Huercal Overa and southern part of
the Lorca basins the direction of extension must have
turned to NNE-SSW to NNW-SSE, as evidenced by
the dominant set of E-W trending structures in the late
Tortonian sediments and by the second set of mostly
brittle extensional structures in the basement rocks
and basal conglomerates. In other parts of the Lorca
basin the direction of extension remained ENE-WSW,

Figure 5.36. Panoramic view of the Sierra de Abanilla (for location see figure 5.30) showing Mesozoic limestones of the
External Zone emplaced on upper Miocene marls as well as on Triassic evaporites. In places, the Crevillente fault dips
steeply towards the NNW, but also flattens up-dip, defining a ramp-flat geometry. The Triassic evaporites form part of the
footwall and lie structually beneath the upper Miocene sediments. Both the Crevillente fault and faults in the Triassic and
Miocene deposits of the footwall contain clear evidence of south directed reverse motion.
Figure 5.37. Panoramic view of the southern flank of the Sierra de Crevillente (for location see figure 5.30). Miocene
sediments south of the mountain range dip to the south and gradually steepen towards the mountain range and Crevillente
fault, i.e. the sediments delineate an open syncline in the footwall.
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while in the Fortuna basin the direction of extension
varied between NW-SE and NNW-SSE near Capres
to NE-SW near Macisvenda and Abanilla.
The style of faulting and the magnitude of extension vary over the basins. The style of faulting seems
largely related to lithological heterogeneity of the basins sediments. The magnitude of the extension measured in outcrops of faulted sediments shows a range of
values in the different stratigraphic units of the basins,
but there is no clear increase nor decrease of the
stretching values with stratigraphic level. Occasionally, structures in outcrops close to the basin bounding
faults show in general high magnitudes of extension,
such as e.g. at Macisvenda in the Fortuna basin, at the
rambla de Lebor in the Lorca basin (Fig. 5.26) and the
southern half of the Huercal Overa basin.
It follows that extension in the basin sediments
must in part have been accommodated at depth by
ductile to brittle extension of the underlying basement
rocks as outlined above, however, it is unclear in how
far extension in the basin was accommodated by localized deformation along major detachments deeper
in the Betic crust. The frequent occurrence of gypsum
blocks and boulders in the basal conglomerates in the
southern part of the Huercal Overa basin (chapter 4)
may point to tectonic activity along Triassic
evaporites of the Alpujarride Complex now exposed
in the Sierra Almagro and nearby north-eastern Sierra
de los Filabres. On the basis of the present study, however, it is difficult to ascertain if any large-scale detachment like the crustal-scale Betic Movement Zone
(Platt and Vissers, 1989; Vissers et al., 1995) actively
accommodated for the stretching seen in the Huercal
Overa basin. In the Fortuna basin near Macisvenda,
on the other hand, extension appears to have been accommodated in particular by the extreme ductility of
the underlying Triassic evaporates.
The initial basin subsidence in the early Tortonian
coincides with in general NE-SW directed extension,
at least in the Lorca and Huercal Overa basins, and a
gradual deepening of the basins. The onset of rapid
tectonic subsidence in the Tortonian corresponds with
a continental-marine facies change and marine transgression which is synchronous in the basins studied
(chapter 4), and with a change of the dominant extension direction from roughly NE-SW to N-S.

The rapid subsidence of the marine basins was followed by an initial and relatively short period of uplift
which coincides with a second but diachronic transition from marine to continental conditions in the
Lorca and Fortuna basins in the late Tortonian. The
uplift and deposition of the evaporitic and continental
deposits seem to have occurred during a period of
relative tectonic “quiescence”, i.e. the clearly
extensional deformation in the basins had ended. This
uplift and associated facies change occurred at an earlier stage in the Fortuna basin in the east and progressed with time via the Lorca basin to the Huercal
Overa basin to the southwest (chapter 4).
In a more recent, presumably latest Messinian early Pliocene to Quaternary stage, the Miocene
sediments became folded and faulted, normal faults
were reactivated as reverse and strike-slip faults, and
the Sierra de la Tercia and Sierra de las Estancias were
uplifted due to deformation along the Alhama de
Murcia fault zone. This uplift may well have triggered
large-scale sliding in the Lorca basin of the Serrata
gypsum towards the NW. The folding and reverse and
strike-slip motions along the faults relate to N-S to
NW-SE directed crustal shortening.
Since the late Messinian, the Huercal Overa, Lorca
and Fortuna basins show continuous uplift which
more or less coincides with the initiation of compression in the basins and inversion of faults at the basin
margins. A similar uplift since the Pliocene has also
been documented in other basins in the Betic
Cordillera (e.g., Kenter et al., 1990; Cloeting et al.,
1992; Rodiguez-Fernández et al., 1999; Garcés et al.,
2001), which stresses the regional nature of this event.
Note, however, that in earlier studies the onset of uplift and concomitant crustal shortening is inferred to
have occurred slightly earlier, i.e., at the Tortonian –
Messinian boundary (e.g., Cloeting et al., 1992;
Rodiguez-Fernández et al., 1999).
In conclusion, the large scale geometry of the
Huercal Overa, Lorca and Fortuna basins, the above
extensional structures and analysis of their subsidence
history clearly suggests that these basins initially developed as a genuinely extensional basins in the
Tortonian and part of the Messinian, and were modified since the latest Miocene – earliest Pliocene by
NW-SE directed shortening.

Figure 5.38. Basement and tectonic subsidence curves of the Huercal Overa, Lorca and Fortuna basins, including
tectonic subsidence curves of previous studies by Cloetingh et al. (1992), Garces et al. (2001) and Augier (2004). The
shaded area marks the error in subsidence limited by the subsidence curves of the minimum and maximum porosity-depth
relationships. See text for explanation of the figure.
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6
The Alhama de Murcia and Crevillente Faults (Betic
Cordillera, SE Spain) and their relationship with
Miocene basin development*.
Abstract
The Alhama de Murcia and Crevillente faults in the Betic Cordillera of southeast Spain form part of a
network of prominent faults, bounding several of the late Tertiary and Quaternary intermontane basins. Current
tectonic interpretations of these basins vary from late-orogenic extensional structures to a pull-apart origin
associated with strike-slip movements along these prominent faults. A strike-slip origin of the basins, however,
seems at variance both with recent structural studies of the underlying Betic basement and with the overall basin
and fault geometry. We have studied the structure and kinematics of the Alhama de Murcia and Crevillente
faults as well as the internal structure of the late Miocene basin sediments, to elucidate possible relationships
between the prominent faults and the adjacent basins. The structural data lead to the inevitable conclusion that
the late Miocene basins developed as genuine extensional basins, presumably associated with the thinning and
exhumation of the underlying basement at that time. During the late Miocene, neither the Crevillente fault nor
the Alhama de Murcia fault acted as strike-slip faults controlling basin development. Instead, parts of the
Alhama de Murcia fault initiated as extensional normal faults, and reactivated as compressional faults during
the latest Miocene - early Pliocene in response to continued African-European plate convergence. Both prominent faults presently act as reverse faults with a clear movement sense towards the southeast, which is clearly at
variance with the commonly inferred dextral or sinistral strike-slip motions on these faults. We argue that the
prominent faults form part of a larger scale zone of post-Messinian shortening made up of SSE and NNW
directed reverse faults and NE to ENE trending folds including thrust-related fault-bend folds and fault-propagation folds, transected and displaced by, respectively, WNW and NNE trending, dextral and sinistral strike-slip
(tear or transfer) faults.
* In slightly modified form this chapter has been submitted and accepted for publication as: Meijninger, B.M.L., Vissers, R.L.M., in press, Miocene
extensional basin development in the Betic Cordillera (SE Spain) revealed through analysis of the Alhama de Murcia and Crevillente Faults. Basin
Research.

Introduction
The Betic Cordillera of southern Spain, together
with the Rif and Tell Mountains in Morocco and Algeria, form the arc-shaped western end of the Alpine
orogenic belt (inset of Fig. 6.1), developed since the
early Tertiary due to collision of the African and Eurasian plates. The belt can be divided in a non-metamorphic External Zone and a dominantly metamorphic
and intensely deformed Internal Zone (Fig. 6.1). The
External Zone represents the Mesozoic rifted margin
of Iberia (García Hernández et al., 1980; Peper &
Cloetingh, 1992), which became folded and thrusted
towards the northwest onto the Iberian foreland from
possibly the late Oligocene or early Miocene up to the
late Miocene (García-Hernández et al., 1980; Banks
& Warburton, 1991; Beets & De Ruig, 1992; van der
Straaten, 1993; Geel, 1996; Geel & Roep, 1998, 1999;

Platt et al., 2003; Guerra et al., 2005). The Internal
Zone of the Betic Cordillera has a “Basin and Range”
type morphology made up of elongate mountain
ranges of mainly metamorphosed Palaeozoic and
Mesozoic rocks (e.g., Egeler & Simon, 1969, Platt &
Vissers, 1989), which are separated by narrow, elongate basins filled with Neogene to recent continental
siliciclastics and marine mixed siliciclastic /carbonate
facies, marls and evaporites (e.g., Sanz de Galdeano,
1990; Fig. 6.1).
A notable feature of the south-eastern part of the
Betic Cordillera is a NE trending network of prominent major faults with a marked morphological expression, i.e. from NE to SW: the Crevillente fault, the
Alhama de Murcia fault, the Palomares fault and the
Carboneras fault (Figs. 6.1 and 6.2), which bound
several of the late Tertiary (Miocene-Pliocene) and
Quaternary basins. Some parts of these faults, i.e. the
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The Alhama de Murcia and Crevillente Faults
Alhama de Murcia, Carboneras and Palomares faults,
have been studied in detail and their geometry and
kinematics have been documented (e.g., Bousquet &
Montenat, 1974; Gauyau et al., 1977; Bousquet,
1979; Rutter et al., 1986; Martínez-Díaz & Hernández
Enrile, 1992a; Silva et al., 1992; Keller et al., 1995;
Jonk & Biermann (2002), Booth-Rea et al., 2003;
Faulkner et al., 2003). Despite these studies, the timing of the initial movements and amounts of displacement on these faults, as well as their relationship with
the Neogene basin development, are still a matter of
debate.
Several recent studies of the metamorphic rocks
from the Internal Zones have provided evidence for
rapid exhumation and associated extension of a previously thickened crust (Platt & Vissers, 1989; Jabaloy
et al., 1992; Vissers et al., 1995), which started in the
late Oligocene – early Miocene and continued well
into the Miocene (Monie et al., 1994; Johnson et al.,
1997; Lonergan & Johnson, 1998; de Jong, 2003;
Platt et al., 2005). Seismic studies of the Granada
(Morales et al., 1990; Ruano et al., 2004) and
Fortuna-Guadalentin basins (Amores et al., 2001 and
2002), and detailed structural and sedimentological
studies, e.g., of the Huercal Overa basin (MoraGluckstadt, 1993) demonstrate the existence of late
Miocene half graben structures. Seismic surveys in
the Alboran Sea have shown similar structures in the
Miocene sediments (Comas et al., 1992; Mauffret et
al., 1992; Watts et al., 1993). The simultaneous exhumation and thinning of the metamorphic middle to
upper crust and the deposition of upper Miocene
sediments in an extensional setting suggest a dynamic
link: the extensional intermontane basins in fact developed on top of a previously thickened, collapsing
or stretching continental crust. In essence, two different models have been proposed to explain the lateorogenic extension in the Internal Zone: removal of a
thickened subcontinental lithosphere, either by convection (e.g., Platt & Vissers, 1989) or by lithospheric
delamination (e.g., García Dueñas et al., 1992), and
subduction roll-back followed by slab-detachment
(e.g., Morley, 1993; Lonergan & White, 1997;
Spakman & Wortel, 2004). It is emphasized here that
the resulting crustal thinning occurred within an overall setting of continuous slow convergence of the African and Eurasian plates.
Montenat et al. (1987), Montenat & Ott d’Estevou
(1990, 1996 and 1999) and De Larouzière et al.
(1988), on the other hand, have suggested that the late
Miocene intermontane basins, such as the Lorca,
Vera, Huercal Overa and Fortuna basins are in fact,

respectively, pull-apart, wrench furrow, and compressional and extensional imbricate fan basins (rhombgraben, “Sillon sur décrochement” and “Queue de
cheval” structures at compressional and extensional
ends of strike-slip faults), which developed as a result
of sinistral movements along the NE trending Alhama
de Murcia (Bousquet & Montenat, 1974) and the N
trending Palomares (Bousquet et al., 1975) faults, respectively. Both Bousquet and Montenat (1974),
Bousquet et al. (1975), Gauyau et al. (1977),
Bousquet (1979), Silva et al. (1997), Martínez-Díaz et
al. (2001), Soler et al. (2003) and Masana et al.
(2004) have shown evidence for intense deformation
of Quaternary sediments close to these faults, which
demonstrates recent activity of the Alhama de Murcia,
Palomares and Carboneras faults. According to, e.g.,
Bousquet (1979) and Masana et al. (2004) such activity may very well be associated with the present-day
convergence of the African plate towards Eurasia.
The interpretation, however, of the late Miocene
basins as strike-slip controlled pull-apart or compressional basins raises some problems as follows. First,
from a structural point of view, many of the late
Miocene depocentres such as for example the Huercal
Overa, Sorbas, Vera, and Mazaron basins are not located on releasing or restraining bends (Woodcock &
Schubert, 1994; Sylvester, 1988) on these faults, as is
obvious from comparison of the basin and fault
geometries shown in Fig. 6.3.
Secondly, the N-S to NE-SW directed extension
implied by extensional normal fault structures in the
late Miocene basins as described by, e.g., Balanyá &
García-Dueñas (1991), García-Dueñas et al., (1992),
Mora-Gluckstadt (1993), Vissers et al. (1995),
Poisson et al. (1999), Augier (2004) and in chapter 5,
are in direct conflict with the approximately N-S directed compression that should be associated with a
sinistral sense of shear along the Alhama de Murcia
and Palomares faults (Figs. 6.3 and 4).
Thirdly, the first-order geometry of the basins at
the inferred releasing bends differs from any typical
pull-apart basin geometry, and in general the characteristic fault step-over structure (Sylvester, 1988;
Dooley & McClay, 1997) seen, e.g., along the San
Andreas fault zone, the Dead Sea fault zone or the
Abarán basin in the External Zone of the Betics (van
der Straaten, 1993), is lacking (Figs. 6.3).
Fourthly, the Lorca basin for example, interpreted
as a pull-apart basin by several workers (e.g.,
Montenat et al., 1990b; Guillén Mondéjar et al., 1995;
Krijgsman et al. 2000; Vennin et al., 2004), certainly
has a rhomboidal shape (Figs. 6.1 and 6.4). Along its
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south-eastern margin, however, the basin is bounded
by the Alhama de Murcia fault, which is a continuous
fault zone that does not terminate at any of the basin
corners (Bousquet, 1979; Silva et al., 1992; MartínezDíaz & Hernández Enrile, 1992a,b). For the northern
margin, De Larouzière et al. (1988), Montenat et al.
(1990b) and Guillén-Mondéjar et al. (1995) have suggested that the basin is bound by the NE trending
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North Betic fault, which they interpret as a sinistral
strike-slip fault. On the other hand, according to, e.g.,
Leblanc & Olivier (1984) and Guillén-Mondéjar et al.
(1995) the North Betic fault has a dextral sense of
shear as opposed to the sinistral movement sense of
the Alhama de Murcia fault (Fig. 6.4). Aside the fact
that these inferred movement senses are as yet poorly
substantiated by structural studies, the opposing

The Alhama de Murcia and Crevillente Faults
movement senses of the faults at the northern and
southern sides of the basin are at variance with the
motions expected for a pull-apart fault system. In addition, the inferred North Betic fault (NBF) is virtually continuous with the south directed thrusts of the
Internal External Zone Boundary (IEZB; Figs. 6.1 and
6.4), and this structure is unconformably sealed by
middle Miocene to Quaternary sediments such that it
cannot have played an active role in the development
of the Lorca basin during the late Miocene (Lonergan
et al., 1994; Geel & Roep, 1998 and 1999).
Finally, a fifth problem concerns recent paleomagnetic data from upper Miocene basin sediments
and volcanic deposits suggesting that no rotations occurred during the late Miocene (Krijgsman & Garcés,
2004 and Fig. 6.4) or at least not until after the
Tortonian (Calvo et al., 1994 and 1997 and Fig. 6.4),
whilst field studies as well as analog and numerical
modelling (e.g., Hall, 1981; Ron et al., 1984;
Garfunkel and Ron, 1985; Schreurs, 1994; Waldron,
2004) suggest that such rotations are to be expected in
sediments deposited in a strike-slip tectonic setting.
Recent structural studies of the major fault systems
in SE Spain have so far mainly focussed on the
Carboneras (Rutter et al., 1986; Keller et al., 1995;
Bell et al., 1997, Scotney et al., 2000; Reicherter &
Reiss, 2001; Faulkner et al., 2003) and Palomares
faults (Weijermars 1987; Jonk & Biermann, 2002;
Booth-Rea et al., 2003). Except for few detailed studies of a small segment of the Alhama de Murcia fault
by Rutter et al. (1986), Martínez-Díaz & Hernández
Enrile (1992a) and Martínez-Díaz (2002), there are
virtually no structural data documented from the
Crevillente and Alhama de Murcia faults. Aside the
allegedly dextral Crevillente fault (e.g., De Smet,
1984), it has been generally accepted that most of the
major faults in the SE Betics represent sinistral strikeslip faults, that they are part of a crustal-scale
transcurrent shear zone (Montenat et al., 1987; De
Larouzière et al., 1988), and that they essentially controlled the development of the late Miocene basins.
Alternatively, Vissers et al. (1995) and Calvo et al.
(1997) have suggested that the activity on these faults
is essentially latest Miocene to Quaternary, i.e. after
most of the Miocene basins had ceased to be active
depocentres, and that motion on these faults largely
reflects the recent stages of ongoing Africa-Europe
convergence.
In this paper we focus on the geometry and kinematics of the prominent faults and on the late
Miocene basin fill and basin structure, with the aim to
elucidate the relationship between Miocene basin de-

velopment and the development of the prominent
faults. The three basins of interest, the Huercal Overa,
Lorca, and Fortuna basins, are situated, respectively,
at the end of the Alhama de Murcia fault, alongside
the Alhama de Murcia fault and in between the
Alhama de Murcia and Crevillente faults. We summarise previous and new data on the basin fill and its
structure in each of the three basins, with emphasis on
the geometry, kinematics and structural history of the
major faults. We conclude that during the Miocene
(late Serravallian – late Tortonian) the Huercal Overa,
Lorca and Fortuna basins developed as extensional
basins, presumably associated with the thinning and
exhumation of the underlying basement. During the
Tortonian, neither the Crevillente fault nor the
Alhama de Murcia fault acted as strike-slip faults controlling basin development. Instead, parts of the
Alhama de Murcia fault came into existence as
extensional faults, and these were reactivated as oblique contraction faults in the latest Miocene - early
Pliocene, in response to the continued African-European plate convergence. Both prominent faults presently act as reverse faults with a clear movement sense
towards the southeast, as opposed to the generally assumed dextral or sinistral strike-slip motion. We argue
that these reverse faults form part of a larger scale
zone of post-Messinian shortening made up of SSE
and NNW directed thrusts and NE to ENE trending
folds including thrust-related fault-bend folds and
fault-propagation folds, displaced by NNE trending
sinistral and (mostly outcrop-scale) W to WNW
trending dextral strike-slip (tear or transfer) faults, respectively.
In order to determine the sense of shear of faults in
the Miocene basins and the kinematics of the prominent Crevillente and Alhama de Murcia faults we have
studied both structures on fault planes (such as tensile
fractures, Riedel fractures, striations) and shear structures in fault gouges (Riedel, P, Y, R2 and X shears and
striations on these shear planes) as described by e.g.,
Logan et al. (1979), Rutter et al. (1986), Gamond
(1987), Hancock (1987), Petit (1987), Means (1987),
Sylvester (1988), and Woodcock & Schubert (1994).

Basin stratigraphy
The Miocene and Pliocene stratigraphy of the
Fortuna, Lorca and Huercal Overa basins and the geometry of the Lorca and Huercal Overa basins in particular have been thoroughly studied and documented
(Geel, 1976; Briend, 1981; Briend et al., 1990;
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Montenat et al., 1990b; Lukowski & Poisson, 1990;
Poisson & Lukowski, 1990; Mora-Gluckstadt, 1993;
Geel & Roep, 1998; Rouchy et al., 1998; Geel &
Roep, 1999; Wrobel & Michalzik, 1999; Krijgsman et
al., 2000; Wrobel, 2000; Vennin et al., 2004; Augier,
2004; chapter 4). In map view, the Fortuna, Lorca and
Huercal Overa basins have a rhomboidal shape with
an ENE trending basin axis (overview in Fig. 6.1, details in Figs. 5.4, 5.19 and 5.30). In cross-section, the
Fortuna and Lorca basins have a symmetric geometry
of a 10 km scale, very open synform (Montenat et al.,
1990b; Poisson & Lukowski, 1990; Wrobel &
Michalzik, 1999). The Huercal Overa basin, however,
shows a clearly asymmetric (half-graben) geometry
with mostly south-dipping strata. The Fortuna basin is
fault-bounded at its northern and southern sides
(Lukowski & Poisson, 1990). The Huercal Overa and
Lorca basins are fault-bounded at their southern sides,
whilst at their northern margins the Miocene
sediments lie unconformably on basement rocks of,
respectively, the Internal and the External Zone
(Briend 1981; Mora-Gluckstadt, 1993; Geel, 1976).
Within the basins studied here, early Miocene
sediments are only exposed along the northern margin
of the Lorca basin, which have been deposited prior to
the development of the Lorca basin (Geel & Roep,
1998 and 1999). These deposits include Aquitanian
and Burdigalian marine sediments that are cut by a
low-angle, south directed thrust of the IEZB and are
tectonically overlain by Mesozoic limestones of the
External Zone (Lonergan et al., 1994).
The lower Miocene sediments and the basement
rocks of the External and the Internal Zone along the
northern Lorca basin margin are unconformably overlapped by middle Miocene (upper Langhian and
Serravallian) marine sediments deposited in a
prograding delta system (Geel & Roep, 1999).
Stratigraphically upwards, these sediments pass into a
thick series of continental alluvial fan and playa/
sabkha deposits. As compared to the lower Miocene
sediments, the detritus of these continental deposits is
markedly polymict and includes material derived
from both the External and the Internal Zone. The precise age of the continental deposits is unknown, but
part of the metamorphic detritus in the Lorca and
Huercal Overa basins clearly originates from the Sierra de los Filabres in the Internal Zone (Fig. 6.1). According to Johnson et al. (1997) the greenschist facies
metamorphic rocks of the Sierra de Los Filabres
cooled to near-surface temperatures during the midSerravallian (12±1 Ma), which is consistent with a
late Serravallian to early Tortonian age for the conti142

nental sediments containing this Filabride detritus.
Both lower-middle Miocene sediments and Internal-External Zone basement rocks are unconformably
overlain by Tortonian transgressive marine sediments.
Along the margins of the basins, prograding reefs and
submarine fans interfinger with marine pelagic marls
and turbidites in the central parts of the basins (Geel,
1976; Briend, 1981; Briend et al., 1990; Lukowski &
Poisson, 1990; Vennin et al., 2004).
In the Fortuna and Lorca basins the upper
Tortonian marine sediments change stratigraphically
upwards into a regressive sequence of mixed continental alluvial and lacustrine/shallow marine
diatomite-evaporitic deposits of late Tortonian to
early Pliocene age (Lukowski & Poisson, 1990,
Poisson & Lukowski, 1990; Rouchy et al., 1998;
Krijgsman et al., 2000; Garcés et al., 2001). In the
Huercal Overa basin, marine conditions persisted well
into the early Messinian, and were followed by a rapid
shallowing (Briend, 1981; Briend et al., 1990). Uppermost Miocene - Pliocene continental alluvial and
shallow marine deposits partly cover and fill a late
Miocene paleorelief (Briend, 1981; Briend et al.,
1990; García-Meléndez et al., 2003).
Both Miocene and Pliocene sediments are covered
by Quaternary continental alluvial fans and travertine
deposits and have been subsequently incised by Quaternary rivers (Briend, 1981; Briend et al., 1990;
Stokes & Mather, 2003).

Basin structure and geometry and kinematics of
the prominent faults
Middle and upper Miocene sediments unconformably overlie lower Miocene deposits and thus
seal lower Miocene compressional structures
(Lonergan et al., 1994). The upper Serravallian to upper Tortonian sediments of the Fortuna, Lorca and
Huercal Overa basins contain clear evidence for synsedimentary extensional tectonics in the form of a variety of structures at outcrop as well as at larger scales,
including large-scale roll-overs and growth-fault
structures (chapter 5). The extensional structures in
the upper Serravallian to upper Tortonian basin
sediments, as well as the fault-bounded southern side
of the Huercal Overa basin show sets of dip-slip shear
indicators (Fig. 5.17). Moreover, in the eastern part of
the Lorca basin in the Rambla de Lebor, a marked
stratigraphic expansion of Tortonian sediments, in
part accommodated by normal faults, occurs towards
the Alhama de Murcia fault (Fig. 5.26). The
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orientations of the extensional structures in the
Miocene basins vary, but lineations and shear senses
are in general consistent with a NNE to ENE extension direction (Figs. 5.4, 5.19 and 5.30). The faulted
upper Miocene sediments are unconformably overlain
by uppermost Miocene and Pliocene sediments,

which poses a lower bound to the age of the extensional deformation.
In the surrounding basement rocks of both the Internal and External Zones, earlier (ductile)
deformational structures are overprinted by brittle
extensional structures. Like the extensional structures
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The Alhama de Murcia and Crevillente Faults
in the upper Miocene sediments, these latter brittle
structures are consistent with an approximately ENE
to NE or NE to NNE directed extension (MoraGluckstadt, 1993; García-Dueñas et al., 1992; Vissers
et al., 1995; Booth-Rea et al., (2002); Platzman &
Platt, 2004; Augier, 2004; chapter 5).
As opposed to these extensional structures, the geometry and kinematics of the morphologically prominent faults bounding the Fortuna, Lorca and
Guadalentin-Hinojar basins indicate that they are in
fact thrusts or reverse faults (Fig. 6.5). Lineations on
fault surfaces as well as shear senses in fault gouges
associated with these prominent faults systematically
indicate hanging wall transport directions towards the
S to SE (Crevillente and Alhama de Murcia faults;
Fig. 6.6a-e) or the N (Hinojar fault; Fig. 6.6h), which
is largely consistent with observations of, e.g., Rutter
et al. (1986), also shown in Fig. 6.5. Segments of the
Alhama de Murcia and Crevillente faults, for example, accommodate a southward movement of the
hanging-wall basement of respectively the Sierra de la
Tercia and the Sierra de Crevillente on steeply northdipping reverse faults (Fig. 5.29 and 5.35). Along the
northern sides of these ENE trending ranges, upper
Miocene sediments lie unconformably on the basement rocks but are now tilted to the north. Upper
Miocene sediments in the footwall are steeply tilted to
the south and are folded along a NE to ENE trending
fold axis associated with an ENE trending footwall
syncline. The (syn-sedimentary) extensional structures in the upper Miocene sediments are tilted and
folded or, in the footwall, have been reactivated as reverse faults. Balanced cross-sections of the essentially
asymmetric antiformal Sierra de la Tercia and Sierra
Crevillente suggest that their main structure is in fact
thrust-related: a fault propagation fold in case of the
Sierra de la Tercia and a fault-bend fold in case of the
Sierra de Crevillente. We estimate that these thrustrelated fold structures accommodated at least 1600 m
of shortening in the Sierra de la Tercia, and at least
1000 m shortening in the Sierra de Crevillente.
In the Fortuna basin, and between the city of
Murcia and the Lorca basin, the Alhama de Murcia
and Crevillente faults are in fact fault zones that consist of a series of en-echelon stepping or parallel running thrusts and folds (see also Bousquet and
Montenat, 1974; Gauyau et al., 1977; Bousquet,

1979; Silva et al., 1992; Martínez-Díaz & Hernández
Enrile, 1992a,b; Amores et al., 2001 and 2002). These
compressional structures are discontinuous along
strike, and the shortening is transferred via small and
large-scale NNE trending sinistral and mainly smallscale WNW trending dextral strike-slip faults that act
as tear or transfer faults (Sylvester, 1988). These latter
faults notably show slip vectors that deviate from the
transport direction on the main fault (Fig. 6.5). Aside
these outcrop data, a seismic profile across the
Fortuna basin and the Alhama de Murcia fault southwest of Murcia (Amores et al., 2001; Fig 6.7) clearly
shows a series of NW-dipping reverse faults that mark
the position of the Alhama de Murcia fault zone. This
seismic profile shows three other important aspects of
the Alhama de Murcia fault zone, i.e., (1) a listric geometry of the faults of this fault zone, (2) a conspicuous
thickening of middle and late Miocene sediments in
the hanging wall towards the fault zone, and (3) intraformational unconformities, all indicating that the
Alhama de Murcia fault initially acted as an
extensional structure, i.e., as a growth fault.
Along the southern margin of the Lorca basin and
along the Sierra de las Estancias, the Alhama de
Murcia fault is a morphologically sharp, NE trending
linear structure (Bousquet & Montenat, 1974; Fig.
6.2) associated with the contact of basement and Quaternary basin sediments, and defined by a steep NW
dipping fault (Figs. 6.6c-d and 5.18). Kinematic indicators consistently indicate a sinistral reverse movement on this fault. Scarce outcrops of steeply tilted
Miocene sediments of the footwall, oriented parallel
to the main fault, reveal both layer-parallel reverse
and sinistral shear senses and are cut and displaced by
NNE trending sinistral and WNW trending dextral
strike-slip faults.
The Huercal Overa basin straddles the south-western end of the Alhama de Murcia fault (Figs. 6.1 and
6.2), where the fault passes into a ENE to E trending
morphological structure in the central part of the basin, which is considered part of the Albox fault
(Masana et al., 2005; Figs. 5.12 and 6.6e). Here, upper Miocene sediments are folded in a 100 meter scale
monocline with a NNW dipping axial plane. To the
west, E-W trending steeply tilted Miocene sediments
reveal layer-parallel reverse and dextral shear senses.
Southeast of the monoclinic fold, thick Pliocene and

Figure 6.6. Stereographic projections (equal area, lower hemisphere) of faults and lineations in outcrops, and in
particular at the basin-basement contacts, along the Crevillente, Alhama de Murcia, Palomares and Hinojar fault zones.
For locations see Fig. 6.5. P- and T-axes denote the principal axes of incremental shortening and extension inferred from
fault plane orientation, lineations on the fault plane and slip direction, following Marrett and Allmendinger (1990).
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Quaternary sediments have been deposited in the eastern part of the Huercal Overa basin. These sediments
are occasionally affected by south directed thrusts
(García-Meléndez et al., 2002 & 2003; Soler et al.,
2003, Masana et al., 2005; Fig. 5.18). Importantly,
dip-slip shear sense markers on exposed fault surfaces
of the fault-bounded southern side of the Huercal
Overa basin are clearly overprinted by kinematic indicators pointing to a sinistral strike-slip motion (Figs.
5.17 and 6.6f).
Segments of the Palomares fault on the eastern
margin of the Vera basin are vertical, N to NNE
trending sinistral strike-slip faults, as evidenced by
kinematic data illustrated in Fig. 6.6g (see also BoothRea et al. 2003 and 2004). The Palomares fault passes
into the NE to E trending Hinojar fault along the
southern margin of the Guadalentin-Hinojar basin
(Fig. 6.6h).

Discussion
In this study we question current interpretations of
the Miocene basins in SE Spain as strike-slip controlled pull-apart or compressional basins. As outlined
above, such interpretations are faced with problems
regarding the overall geometry of the basins and adjacent bounding faults, as well as with conflicting structural data.
The largely syn-sedimentary extensional structures in the upper Miocene basin sediments are either
unconformably sealed by uppermost Miocene to
Pliocene sediments, or they have been reactivated
since as reverse faults. This interpretation is strongly
supported by seismic profiles both onshore (Amores
et al., 2001 and 2002; Fig. 6.7) and offshore (Watts et
al., 1993; Bourgois et al., 1992; Comas et al., 1992;
Woodside & Maldonado, 1992). Evidence of deformed Quaternary sediments close to the Alhama de
Murcia and Palomares faults (Bousquet and
Montenat, 1974; Bousquet et al., 1975; Gauyau et al.,
1977; Bousquet, 1979; Silva et al., 1997; MartínezDíaz et al., 2001; Soler et al., 2003; Masana et al.,
2004; Fig. 5.18) demonstrate recent activity of these
faults.
Our structural data indicate that the basins discussed here developed their rhomboidal geometry
from the late Serravallian to the late Tortonian in response to approximately N to NE directed extension.
This stage of Miocene basin development thus represents a precursor stage to the present-day “Basin and
Range” type morphology of the region. We emphasize
146

that the average N to NE oriented extension direction,
inferred from extensional faults in the basins and in
the underlying basement, is entirely inconsistent with
sinistral motion on main faults such as the Alhama de
Murcia fault. Consequently, and in view of the various other problems surrounding pull-apart or imbricate fan interpretations of the late Miocene basins as
outlined above, we suggest that these basins developed as genuinely extensional basins (half-grabens)
until the latest Miocene, a process presumably associated with thinning and exhumation of the underlying
basement prior to inversion of both basins and faults.
This raises the question in how far prominent
faults such as the Alhama de Murcia and Crevillente
faults, or their precursors, played a role in late
Miocene basin development. As outlined above, the
Alhama de Murcia and Crevillente faults in fact define a fault zone (deformation zone) running from
Alicante towards the Huercal Overa basin (Fig. 6.5).
This deformation zone embraces a number of discontinuous, ENE to NE trending morphologically prominent reverse faults and thrusts, which bound the northern and/or southern margins of the Miocene-Quaternary basins, as well as folds (mainly in the Fortuna
and Alicante basins) and thrust-related folds (Huercal
Overa basin, Sierra de la Tercia and Sierra de
Crevillente). Similar structures have been observed
on seismic profiles onshore and offshore Alicante
(Alfaro et al., 2002a,b: the Bajo Segura fault) and the
Alboran Sea (Comas et al., 1992). Segments of the
Alhama de Murcia and Crevillente faults unequivocally reveal a reverse sense of movement on ENE
trending, steeply NNW-dipping faults, accommodating hanging wall movements to the S to SE (Fig. 6.6).
These compressional structures are clearly discontinuous along strike, and the associated shortening is
transferred via small and large-scale NNE-trending
sinistral, and mostly small-scale WNW-trending dextral strike-slip faults (tear or transfer faults). The
NNE-trending sinistral Palomares fault is the clearest
and largest-scale example of such a transfer fault, as
already suggested by Booth-Rea et al. (2003). The
Palomares fault connects the compressive structures
along the southern margin of the Vera basin and/or the
Carboneras fault zone with the Hinojar fault at the
southern margin of the Guadalentin-Hinojar basin.
The existence of such transfer faults is also supported
by counter clockwise and clockwise paleomagnetic
rotations in the Fortuna (Krijgsman & Garcés, 2004)
and Huercal Overa basins (Mora-Gluckstadt, 1993),
respectively (Fig. 6.5).
An important notion to be emphasized here con-
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cerns the age of the structure. The Huercal Overa,
Guadalentin-Hinojar, Fortuna and Alicante basins
form a large ENE to NE trending synclinal depocentre
of Plio-Quaternary age, bound by compressive structures along its northern and southern margins (Fig.
6.5). This depocentre was syn-tectonically and progressively filled with Pliocene and Quaternary
sediments as demonstrated by Briend (1981), Briend
et al. (1990), Alfaro et al. (2002a,b) and GarcíaMeléndez et al. (2002, 2003). The activity of the
strike-slip tear/transfer faults started not earlier than
the latest Miocene - early Pliocene as substantiated
with paleomagnetic data (Calvo et al., 1994 and 1997;
Krijgsman & Garcés, 2004), although Booth-Rea et
al. (2003) suggest a latest Tortonian age for the initial
activity of the Palomares fault. In other words, the
Alhama de Murcia, Crevillente and Palomares faults
clearly form part of a compression zone that initiated
at the end of the Miocene or onset of the early
Pliocene.
It follows that there are in essence two problems
arising from the structural data. First, the late Miocene
motions on extensional faults in and adjacent to the
late Miocene sediments are inconsistent with sinistral
strike–slip on the main faults. Secondly, the geometry
and kinematics of most of these main faults are consistent with NNW-SSE directed shortening rather
than genuine strike-slip, albeit that the Alhama de
Murcia Fault certainly has a component of sinistral
strike-slip motion. But more importantly, these main
faults became active (or reactivated) in the latest
Miocene or early Pliocene, hence motions on these

faults postdate late Miocene basin development.
Our inference, that the main faults in fact represent
a zone of shortening rather than a strike slip corridor,
is consistent with independent observations. First,
earthquakes are clearly abundant and distributed over
the south-eastern part of the Betic Cordillera (Buforn
et al., 1995; Sanz de Galdeano et al., 1995; López
Casado et al., 2001; Stich et al., 2003; Buforn et al.,
2004; Masana et al., 2004), but the characteristic
marked localisation of earthquake epicentres along
strike-slip faults, such as seen, e.g., along the North
Anatolian fault in northern Turkey or the Dead Sea
fault in the Middle East, is lacking, albeit that this localisation along these main faults clearly concerns the
large-magnitude earthquakes. Moreover, the absence
of earthquakes in the eastern offshore as well as the
lack of any strike-slip related submarine morphological structures suggests the absence of any continuation of the Crevillente fault as a strike-slip structure
offshore Alicante. Secondly, the orientations and kinematics of the ENE trending thrusts, reverse faults,
folds and thrust related faults, and the NNE trending
sinistral and WNW trending dextral strike-slip faults
are remarkably consistent with a N to NW direction of
compression (Giménez et al., 2000; Figs. 6.5 and 6.6),
which is supported by fault-plane solutions of recent
earthquakes (Buforn et al., 1995; López Casado et al.,
2001; Stich et al., 2003; Buforn et al., 2004; Masana
et al., 2004) showing a NW to NNW trending compression axis and allied orthogonal extension. This
suggests that the present-day, as well as Pliocene to
Quaternary, crustal deformations in the Betic
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Cordillera are mainly driven by the NW directed convergence of Africa-Eurasian plates (Dewey et al.,
1989, DeMets et al., 1994; Mazzoli & Helman, 1994;
Jimenez-Munt et al., 2001; Stich et al., 2003).
All available data indicate that the prominent
faults such as the Alhama de Murcia fault did not act
as sinistral strike-slip faults during the late Miocene,
and that their latest Miocene to Quaternary motion
was reverse, in places with a sinistral component of
motion. An important remaining question, however,
concerns the possible role of these faults during the
late Miocene. In this context we emphasize the
marked stratigraphic expansion of the late Miocene
strata seen in the Lebor section near the NE termination of the Sierra de la Tercia as well as in the seismic
profile across the Fortuna basin (Figs. 5.26 and 6.7),
clearly suggesting that during sedimentation the
Alhama de Murcia Fault acted as a growth fault,
hence a normal fault. Likewise, the moderately dipping main bounding fault of the Huercal Overa basin
separating the basin sediments from the Sierra
Almagro to the south (Fig. 5.17) clearly shows a multiple slip history, with early dip-slip, normal fault
displacements overprinted by younger kinematic indicators pointing to sinistral strike-slip motion.
On the basis of these data we conclude that the
prominent faults may have been active during late
Miocene basin development, however, that they did
not act as strike-slip faults but principally as normal
faults accommodating N to NE directed extension.
The basins were thus not generated as strike-slip controlled pull-apart or compressional basins but as truly
extensional structures. Many of the prominent faults,
commonly referred to as strike-slip faults may indeed
have a strike-slip component but are dominated by a
reverse component related to latest Miocene to Quaternary shortening. The Palomares fault, however,
acted as a transfer fault and is probably one of the very
few indisputable strike-slip faults.
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Conclusions
We conclude that the late Miocene basins are truly
extensional basins developed on an extending underlying crust and lithosphere. This notion is clearly at
variance with prevailing interpretations of these basins in the south-eastern Betic Cordillera as pull-apart
or compressional basins related to alleged strike-slip
motions on the Alhama de Murcia and Crevillente
faults. The syn-sedimentary extensional fault structures seen in the late Serravallian to late Tortonian
sediments as well as in the underlying basement of the
Internal Zone point to approximately NE directed extension, which is in conflict with N-S directed compression necessarily associated with a sinistral sense
of shear on the Alhama de Murcia fault. In fact, during
the late Serravallian to the late Tortonian, neither the
Crevillente fault nor the Alhama de Murcia fault acted
as strike-slip faults controlling basin development. Instead, parts of the Alhama de Murcia fault zone initiated as extensional faults, and these were reactivated
as oblique contraction faults in the early Pliocene,
presumably in response to continued African-European plate convergence. Our structural data indicate
that both prominent faults are at present reverse faults,
with a clear movement sense of their hanging walls
towards the southeast, i.e., they show movement
senses that clearly differ from the commonly quoted
dextral (Crevillente fault) or sinistral (Alhama de
Murcia fault) strike-slip motion. These reverse faults
form part of a larger scale zone of post-Messinian
shortening, made up of SSE and NNW directed
thrusts and NE to ENE trending folds including
thrust-related fault-bend folds and fault-propagation
folds, displaced by WNW and NNE trending dextral
and sinistral strike-slip (tear or transfer) faults, respectively.

7
Synthesis
Introduction
The geometric, kinematic and age data obtained in
this study of the south Spanish Neogene basins invite
to evaluate the development of these basins in a largescale geodynamic context. As outlined in the foregoing, the structural and kinematic data from the basins
and adjacent basin-bounding faults clearly preclude
interpretations of the basins as being the result of progressive deformation in a crustal-scale transcurrent
shear zone as suggested by Montenat et al. (1987),
Montenat and Ott d’Estevou (1990, 1996 and 1999)
and De Larouziere et al. (1988). Instead, the evidence
presented in chapters 5 and 6 indicates that the pertinent large-scale fault network includes reactivated
(normal) faults as well as younger faults that in essence post-date the onset of late Miocene basin development. The question therefore remains how the development of the Miocene basins in the Betic Internal
Zone can be understood in terms of a large-scale process involving late-orogenic extension in a region
dominated by slow, but continuous, plate convergence.
Below we first summarize the main characteristics
of the Betic-Rif-Tell orogenic arc and Alboran domain. We then proceed to shortly review current hypotheses concerning the geodynamics of the western
Mediterranean and their predicted consequences.
Model predictions and comparison with key geological observations form the basis for differentiation between the contending hypotheses. This is followed by
a tectonic history of the Alboran region from a basin
geology perspective, and a discussion of main geological aspects and their geodynamic significance.

First-order aspects of the Alboran system
Main characteristics
The Betic-Rif-Tell orogenic arc of south-western
Europe (Fig. 7.1) shows the following characteristics
(e.g., Platt and Vissers, 1989; Comas et al., 1999). The
arc is defined by the Pre- and Subbetic rocks of southern Spain, the External Rif in Morocco and the Tell

Mountains of north-western Algeria, representing the
remnants of the Iberian and African MesozoicCenozoic passive margins, strongly deformed since
the latest Oligocene into an arc-shaped fold-andthrust belt. Tectonic transport occurred towards the
NW in the eastern Betics, towards the W in the western Betics, towards the WSW and SW in the Rif and
towards the S to SSE in the Tell Mountains (e.g.,
Frizon de Lamotte et al., 2000, Platt et al., 2003 and
references therein), i.e., roughly orthogonal to the
main trend of the arc. The internal part of the arc
comprises the Internal or Betic Zone of southern
Spain and the Internal Rif in northern Morocco. The
pertinent rocks are largely metamorphic, with evidence for Mesozoic to early Tertiary high-pressure
low temperature metamorphism suggesting a stage of
crustal thickening, pervasively overprinted since the
latest Oligocene by ductile and brittle extensional deformation, in part localized along major low-angle
detachments that separate higher grade rocks below
from low-grade rocks above (e.g., Vissers et al.,
1995). The onset of extension was accompanied by
the emplacement, into the collisional edifice, of solid
bodies of lherzolite at up to asthenospheric temperature, whilst at several localities evidence is found for
intermediate to low pressure, high temperature metamorphism of early Miocene age. The eastern Internal
Zone of the Betics in particular has a pronounced Basin-and-Range type morphology of elongate mountain ranges of mostly metamorphic rocks flanked by
Neogene intramontane basins. The Alboran basin in
the centre of the system is marked by thin continental
crust (13-20 km) including metamorphic rocks entirely similar to those exposed onland in the Internal
Zones, a mostly E-W trending horst and graben morphology, and scattered Neogene mafic, intermediate
and silicic volcanism. Since the middle Miocene, the
basin underwent between 2 and 4 km of subsidence.
At first inspection, the arc seems roughly symmetric,
but the Internal Zone rocks are unevenly distributed,
with virtually no onland exposure east of the Internal
Rif.
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Synthesis
First-order kinematics
Paleogeographic and tectonic reconstructions of
the Alboran region place the Alboran domain and
Betic and Rif Internal Zones near the Oligocene Balearic margin (e.g., Sanz de Galdeano, 1990; Lonergan
and White, 1997; Geel and Roep, 1998; Rosenbaum et
al., 2002a; Meulenkamp and Sissingh, 2003). These
reconstructions have been based primarily on striking
similarities of the geology of the Betic, Rif and
Kabylie Internal Zones, in particular of the Malaguide
rocks and the Oligocene – early Miocene sediments,
with parts of Calabria, Sicily and Sardinia. The reconstructions imply that the Betic – Alboran – Rif system
was transported at least 400 km and possibly as much
as 900 km towards the west to its present location
(e.g., Sanz de Galdeano, 1990; Lonergan and White,
1997; Spakman and Wortel, 2004). A palinspastic reconstruction using restored sections of the Betic and
Rif fold and thrust belt (Platt et al., 2003) places the
Internal Zone of the system at least 250 km but possibly 400 km back to the east, which substantiates significant westward transport of the Internal Zones as
envisaged in the reconstructions.
External boundary conditions
Analysis of the Africa-Eurasia (Iberia) plate convergence history based on plate motion reconstruction
models outlined in chapter 2, and comparison of these
results with geological data leads to the following
three main conclusions. First, Africa-Iberia plate convergence slowed down and possibly came to a halt
during the Neogene in the same period in which the
western Mediterranean region began to develop
through opening of the Algerian basin and the westward migration of the Betic-Alboran-Rif Internal
Zone. Secondly, there is a marked discrepancy between the magnitude of Africa-Iberia plate convergence since the late Oligocene - early Miocene and
the amount of shortening documented in the external
parts of the Betic-Rif-Alboran system: 150 km up to
possibly more than 400 km of shortening in the External Betics and Rif is not accounted for in the plate
motion reconstruction models. It follows that the excess shortening must in some way be compensated by
extension known to have taken place in the internal
parts of the system during the late Oligocene and early
Miocene. Thirdly, since the late Miocene the Alboran

region is dominated by NW directed Africa-Iberia
plate convergence.

Geodynamic models for late-orogenic extension in
the Alboran Domain
The complicated history and allied geometry and
kinematics of the orogen developed along the AfricaEurasia plate boundary has been subject of debate and
controversy leading to numerous and occasionally
contradictory models, including, e.g., an upwelling
mantle diapir (van Bemmelen, 1969; Loomis, 1975;
Weijermars et al., 1985), and the westward motion of
an Alboran microplate (Andrieux et al., 1971). More
recently, two competing classes of lithosphere-scale
dynamic models have been proposed to explain the
Neogene geology of the Betic Rif arc and Alboran
Sea: removal of a thickened subcontinental
lithosphere, either by (1a) convection (Platt and
Vissers, 1989; Houseman, 1996; Fig. 1.2a) or by (1b)
lithospheric delamination, leading to extensional collapse of previously thickened crust (e.g., García
Dueñas et al., 1992; Docherty and Banda, 1995; Seber
et al., 1996; Calvert et al., 2000; Fig. 1.2a), and (2)
subduction roll-back followed by slab-detachment
(e.g., Morley, 1993; Zeck, 1996; Lonergan and White,
1997; Spakman and Wortel, 2004; Fig. 1.2b). As discussed below, these models predict Neogene extension in the Internal Zone and the coeval development
of the Miocene basins, including the Alboran basin, as
respectively “collapse basins” or back-arc basins.
They can also account for the fact that Neogene extension and thinning of the Internal Betic and Alboran
crust were largely coeval with outwardly directed
thrusting in the surrounding fold-and-thrust belt,
while Africa and Europe converged slowly, hence that
extension must have been driven within the system.
Models for late-orogenic extension
The models which can largely explain the lateorogenic extension and the formation of the Alboran
basin can be summarised as follows:
(1a) Extension was the result of convective removal in the latest Oligocene of the relatively cold,
hence gravitationally unstable lithospheric root of a
pre-Miocene collision zone developed in response to

Figure 7.1. Geological map of the Alboran region modified after Sanz de Galdeano et al. (1995). CrF - Crevillente fault,
AMF - Alhama de Murcia fault, PF - Palomares fault, CF - Carboneras fault. (1) Ronda basin, (2) Guadalhorce Corridor,
(3) Granada basin, (4) Guadalentin-Hinojar basin (5) Huercal Overa basin, (6) Lorca basin, (7) Fortuna basin, (8)
Pontones - Santiago de la Espada basin.

151

Chapter 7
Africa-Eurasian plate convergence (Platt and Vissers,
1989; Houseman, 1996). The removed lithospheric
part of the root was replaced by hot asthenosphere,
resulting in surface uplift of the relatively buoyant
and thickened crust and increase of the gravitational
potential energy of the remainder lithospheric column, driving (radial) extensional collapse followed
by subsidence of the Betic-Alboran crust.
(1b) Extension was a consequence of delamination
(or “peeling”) of the lithosphere from beneath the
Alboran-Betic crust (e.g., García Dueñas et al., 1992;
Docherty and Banda, 1995; Seber et al., 1996; Tandon
et al., 1998; Calvert et al., 2000). This mechanism,
initially proposed by Bird (1978), can be expected to
have a similar but more pronounced effect in that in
this model removal of the lithospheric mantle occurs
at the crust-mantle boundary. In the case of the
Alboran region, geological data including seismic
profiles and borehole data as well as geophysical data
led several authors to suggest a westward migrating
delamination process (e.g., García Dueñas et al.,
1992; Seber et al., 1996; Calvert et al., 2000), whilst
others (e.g., Docherty and Banda 1995; Tandon et al.,
1998) have suggested (south)eastward delamination.
(2) Extension was the result of roll-back of a slab
of passively subducting oceanic lithosphere. Forces at
the retreating subduction zone are transmitted to the
overriding plate resulting in back-arc extension. In the
case of the western Mediterranean it is suggested that
subduction of oceanic crust and lithosphere of the
Alp-Tethys ocean initiated in the latest Oligocene
near the Balearic Islands and Sardinia to the east.
Roll-back of the slab during the Miocene, accommodated by slab detachment and lithosphere tearing
along the Balearic margin and African plate boundary,
is thought to have occurred to the west-southwest towards the present position of the Betic-Rif arc (e.g.,
Lonergan and White, 1997; Spakman and Wortel,
2004).
Both mantle delamination and subduction rollback have received particular attention in the last few
years, in view of recent tomography results, surface
velocity data (GPS) and seismic surveys west of Gibraltar as follows. Seismic tomography studies of the
Alboran region (Blanco and Spakman, 1993; Calvert
et al., 2000; Gutscher et al., 2002; Spakman and
Wortel, 2004) have provided clear evidence for an
east-dipping velocity anomaly beneath Gibraltar and
the western Alboran Sea, which turns beneath the
Betic Cordillera to an ENE strike and a dip to the
southeast. This velocity anomaly is interpreted as a
slab of relatively cold subducted oceanic lithosphere
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and thinned continental crust and lithosphere that belonged to the Alp-Tethys (or Ligurian) ocean and pertinent continental margins. According to Spakman
and Wortel (2004), the dimensions of this Betic –
Alboran slab (200 km wide by 700-800 km long)
agree well with the size and geometry of the western
part of the Alp-Tethys (or Ligurian) Ocean in many of
the tectonic reconstructions of the Western Mediterranean region (e.g., Rosenbaum et al., 2002a). In addition, tomographic images suggest that below the eastern and central part of the Betic Cordillera the Betic –
Alboran slab may have been detached.
Recent studies of surface displacements, derived
from global positioning (GPS) surveys, show that the
western part of the Alboran region (Gibraltar and part
of the Rif) moves towards the west and southwest (~34 mm/yr) relative to respectively Iberia and Africa,
(Fadil et al., 2006; Fernandes et al., 2006), which is
interpreted in terms of a combination of African –
Eurasian plate convergence and ongoing westward
delamination or roll-back in the western part of the
Alboran region. Moreover, seismic surveys offshore
in the Gulf of Cadiz and west of Gibraltar show clear
evidence of Miocene to recent westward thrusting in
the accretionary wedge (Maldonado et al., 1999;
Gutscher et al., 2002; Medialdea et al., 2004), which
confirms the westward motion of the western part of
the Alboran region.
Predicted consequences of the models
Each of the large-scale geodynamic models outlined above explains the tectonics of the western
Mediterranean in terms of transient changes in the
upper mantle structure of the African-Eurasian convergence zone that seem impossible to test directly.
The models each involve a switch from early Tertiary
crustal thickening to late-orogenic extension in the
late Oligocene – early Miocene and are, at least qualitatively, capable of explaining the overall geometry of
the arc, the exhumation of early high pressure rocks in
an extensional setting, the development of a large marine basin, and the coeval development of a peripheral
fold-and-thrust belt. The models, however, also lead
to diverse predicted consequences with regard to, e.g.,
vertical motions, thermal structure of the lithosphere
and the nature and distribution of Neogene volcanism
that can be compared with geological and geophysical
observations. These aspects, discussed in detail by,
e.g., Comas et al. (1999) can be summarized as follows.
Convective removal of part of the lithosphere and
complete delamination of the lithospheric mantle
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along the crust-mantle boundary have many similarities in their predicted consequences for vertical uplift,
thermal state of the lithosphere and magmatism, but
the effects are more extreme for the case of
delamination. Both mechanisms lead to significant
surface uplift which, depending on initial thickness
and composition of the lithosphere may be as high as
3000 m for the case of delamination, and to heating of
the crust and high-temperature metamorphism. Again,
heating of the crust can be expected to be more extreme in the case of delamination where it should inevitably lead to widespread crustal melting, possibly
enhanced by the ascent of basaltic melts due to decompression
melting
of
the
underlying
asthenosphere. Roll-back models on the other hand
are expected to show much similarity with passive
stretching models in which the thermal structure results essentially from stretching unless there is a significant heat input from magmatism. Depending on
crustal thickness at the onset of extension, the allied
vertical motion is likely to be mainly subsidence, although local uplift may occur in the footwalls of major faults. Coeval magmatism should have a clear subduction signature.
Comparison with model predictions: the Alboran system
Evaluation of the above models on the basis of
their predicted thermal and magmatic consequences
clearly lies beyond the scope of the present study, and
for these aspects the reader is necessarily referred to
other workers (e.g., Platt et al., 1998 and 2003; Comas
et al, 1999; Turner et al., 1999; Duggen et al., 2004).
It is noted, however, that analysis of the Neogene
magmatism has as yet led to conflicting conclusions,
in that the geochemistry of the magmatic rocks has
been considered as being best explained by convective removal by Turner et al. (1999) whilst these same
magmatic rocks are interpreted by Duggen et al.
(2004) as being exclusively consistent with a slab
roll-back scenario. The early Miocene high-temperature metamorphism, however, seems difficult to explain without the heat input expected from convective
removal or delamination (e.g., Comas et al., 1999;
Platt et al., 2003), albeit noted that the heat input expected from complete delamination of the lithospheric
mantle would probably lead to a much higher degree
of crustal melting than observed in the rocks of the
Internal Zone.
From a basin geology perspective, the predicted
vertical motions clearly provide a basis to discriminate between the above models. A crucial observation

in this respect concerns the nature of the early and
middle Miocene sediments of the Alboran basin and
the onland basins of the Internal Zone. The marked
uplift of a collisional ridge in response to either convective removal or delamination in the latest
Oligocene should by necessity lead to widespread
continental conditions, whilst the early and middle
Miocene sediments are almost exclusively marine
(see, e.g, Sanz de Galdeano and Vera, 1992;
Rodríguez-Fernández et al, 1999; chapter 4). In addition, the late Miocene diachronic marine to continental transition in the eastern Betic basins identified in
this study (chapter 4) seems fully consistent with the
progressive westward tearing of an underlying slab as
interpreted in recent mantle tomography. In view of
these basin stratigraphy data, taking the tomography
results into account suggesting a coherent east and
southeast-dipping slab beneath the Alboran region,
and noting the asymmetric distribution of the Internal
Zones conveniently explained by slab tearing along
the north African margin, we favour to view the history of the late Miocene basins outlined below in a
roll-back scenario as envisaged by Lonergan and
White (1997) and Spakman and Wortel (2004).

Tectonic history of the Neogene basins
Betic External Zone
Shortening in the External Zone probably initiated
in the late Oligocene – early Miocene, close to the Internal – External Zone boundary. The onset of thrusting thus marks the collision of the Betic-Alboran crust
with the thinned Iberian continental crust of the External (Subbetic) Zone. Thrusting in the External Zone
was mainly directed to the NW and WNW. During the
Miocene, the growing fold and thrust belt progressively migrated outward towards the peripheral parts
of the External Zone (e.g., Platt et al., 2003; see also
chapter 3). Most of the shortening in the External
Zone as well as the observed clockwise rotations
about vertical axes occurred during the early and middle Miocene (e.g., Allerton et al., 1993; Lonergan and
White, 1997; Platt et al., 2003; Krijgsman and Garcés,
2004; Osete et al., 2004; Platzman and Platt, 2004).
As shown in chapter 2, African – Eurasian plate convergence during the early and middle Miocene was
slow or possibly came to a halt, and the amount of
convergence by itself cannot account for the shortening seen in the Betic and Rif External Zones: at least
150 up to possibly 400 km of shortening cannot be
explained by African – Eurasian plate convergence.
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However, simultaneous with the opening of the oceanic Algerian basin during the early and middle
Miocene, the Alboran Domain shows evidence of
large-scale east-west directed extension and associated cooling and exhumation of metamorphic rocks of
the Internal Zone (e.g., Comas et al., 1999). We therefore envisage that extension and concomitant westward migration of the Internal Zone together with the
opening of the Algerian basin are directly related to
the excess shortening documented in the External
Zones of the system. The early Miocene compressional structures at the Internal - External Zone
Boundary are sealed by middle-late Miocene
sediments.
Prior to late Miocene folding and thrusting in the
peripheral part of the External Zone, a large marine
basin made up the northern connection between the
Atlantic Ocean and the Mediterranean (the North
Betic Strait). Abrupt subsidence of this basin and its
development into a genuine foredeep basin during the
middle Miocene most likely occurred in response to
the forward migrating load, exerted on the Iberian
plate by the growing and migrating thrust system.
Shallowing of the basin in the late Miocene was immediately followed by the onset of folding and NW
directed thrusting in the western Prebetics. The structures addressed in chapter 3 clearly show that the
Miocene basins in the Prebetics developed in a
compressive setting. Progressive thrusting led to segmentation of the North Betic Strait into smaller basins, gradual incorporation in the growing and migrating Betic fold and thrust belt, and closure of the northern Atlantic-Mediterranean connection in the late
Tortonian – early Messinian. Since the Tortonian, the
Prebetics have accommodated 50-60 km of NW directed shortening, whilst the Neogene basin
sediments have experienced up to 1500 m of uplift.
Internal Zone and Alboran Sea
The bulk of the extension and crustal thinning in
the Internal Zone and Alboran crust occurred (intermittently) during the early and middle Miocene (e.g.,
Docherty and Banda, 1992; Watts et al., 1993;
Rodríguez-Fernández et al., 1999; Hanne et al.,
2003). This resulted in a weakened and thinned BeticAlboran crust and a rapid tectonic subsidence of different parts of the Alboran basin. In total, up to 7 km
of predominantly (deep) marine, Miocene to recent
sediments have been deposited in the Alboran basin.
Albeit that the trends and geometries of the
extensional structures in the basement and Miocene
basins of the Internal Zone and Alboran Sea floor are
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diverse and complex, there is general consensus that
the dominant early-middle Miocene structures reflect
E-W to NE-SW directed extension (e.g., Platt and
Vissers, 1989; García-Dueñas et al., 1992; Jabaloy et
al., 1992; Mauffret et al., 1992; Mauffret et al., 2004).
Paleomagnetic declinations, however, of early
Miocene mafic dikes in the Malaguide Complex in the
western and eastern parts of the Betics point to large
clockwise rotations (50° up to 134°; Platzman et al.,
2000; Platzman and Platt, 2004) during the early and
middle Miocene, indicating that extension in the Internal Zone during this period was in places also
NNE-SSW directed (Platzman and Platt, 2004).
Whilst extension at the end of the middle Miocene
continued, and the Alboran basin continued to subside
(albeit at a slower rate, e.g., Watts et al., 1993;
Rodríguez-Fernández et al., 1999; Hanne et al.,
2003), the basins of the Betic Internal Zone experienced large-scale uplift and widespread erosion (Sanz
de Galdeano, 1990). A new geometry of extensional
basins started to develop in the late Serravallian –
early Tortonian. A notable aspect of these new,
intramontane basins is that the majority of these basins are located in the eastern part of the Betic
Cordillera. The intramontane basins, in particular the
Huercal Overa and Sorbas – Tabernas basins, were
initially filled with large amounts of coarse-clastic
continental deposits. These sudden continental conditions seem to have coincided with a marked eustatic
sea level drop. The fault structures in the intramontane
basins clearly show that the basins initially developed
as genuinely extensional basins, probably associated
with the thinning and exhumation of the underlying
basement at that time (chapter 5). The initiation of the
intramontane basins may have occurred synchronically, however, accurate age constraints on the pertinent
sediments are lacking. The (syn-sedimentary)
extensional structures in the early Tortonian continental basin sediments and in the surrounding basement
generally indicate ENE-WSW to NE-SW directed extension and a gradual basin subsidence.
During the early Tortonian, the continental basins
gradually changed into marine basins. In the Huercal
Overa and Lorca basins, a clear basin-wide dominance of marine conditions does not occur until approximately 10 Ma, which probably also holds for the
Guadix-Baza, Fortuna and Murcia-Cartagena basins.
In the Vera and Sorbas-Tabernas basins, however,
marine transgression seems to have occurred earlier.
This marine transgression coincides with a eustatic
sea level rise, however, the observed basin subsidence
can only in part be explained by a changing sea level,
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because the lower to upper Tortonian deposits in the
Huercal Overa and parts of the Lorca and Fortuna basins show evidence of (syn-sedimentary) faulting
pointing to NNE-SSW to NW-SE directed extension
and a concomitant sudden increase in basin subsidence, which call for a tectonic explanation. Note again
that this extension is coeval with ongoing late
Tortonian thrusting in the External (Prebetic) Zone
From approximately 7.8 Ma (late Tortonian) till
the late Messinian, the eastern Betic basins show a
diachronic change, from marine to continental conditions, which progressively migrated towards the
southwest (Fig. 4.12). In the Fortuna basin, the transition is marked by the deposition of late Tortonian
diatomites and evaporites (referred to as the Tortonian
Salinity Crisis, Krijgsman et al., 2000), which coincides with cessation of the dominantly extensional
deformation in the basin and a short period of abrupt
basin uplift. The Lorca basin shows progressive
shallowing during the latest Tortonian, but the precise
age of the marine to continental transition remains
unclear because of localized deformation affecting the
contact between the diatomites and overlying
evaporites (chapter 5). In contrast, the Huercal Overa
basin as well as the Vera and Sorbas-Tabernas basins
to the southwest show clear evidence for continued,
relatively open marine conditions and basin subsidence during the late Tortonian and early Messinian
(Fig. 4.12).
During the Messinian, the Lorca and Fortuna basins continued to act as slowly subsiding, continental
depocenters whilst in the Huercal Overa and Vera basins most of the Messinian is absent. From the late
Messinian onwards these basins experienced rapid
uplift. The Sorbas and Tabernas basins, on the other
hand, remained marine basins until the late Messinian
(5.60-5.54 Ma; Krijgsman et al., 2001), when massive
evaporites mark the onset of a marine-continental
transition. This transition coincides with a drastic late
Messinian (~5.5 Ma) eustatic sea level drop. The
Miocene basins (e.g., Ronda and Quadalquivir basins)
and corridors (e.g., Guadalhorce corridor) in the western part of the Betics are the last areas from which the
marine waters receded during the latest Miocene and
Pliocene (e.g., Serrano Lozano, 1980; Soria et al.,
1999; Martín et al., 2001) most likely due to a combination of uplift and eustatic sea level fall.
The late Miocene to recent history of the offshore
Alboran basin seems to be somewhat variable, i.e., in
some parts of the Alboran basin extension continued
during the late Miocene whilst in other parts extension had ceased (e.g., Bourgois et al., 1992; Comas et

al., 1992; Tandon et al., 1998; Hanne et al., 2003).
Subsidence curves in general show decreasing subsidence of the basins from the late Miocene to recent
(e.g., Docherty and Banda, 1992; Watts et al., 1993;
Rodriquez-Fernández et al., 1999). The Messinian of
the Alboran basin is marked by a distinct
unconformity indicating that the basin emerged due to
the sea level drop associated with the Messinian Salinity Crisis (e.g., Comas et al., 1992; RodriquezFernández et al., 1999).
From the Pliocene onward, the Betic basins show
uplift (e.g., Cloetingh et al., 1992; RodriquezFernández et al., 1999; Braga et al., 2003; Martín et
al., 2003; Sanz de Galdeano and Alfaro, 2004) and
receive continental, alluvial and fluvial sediments.
However, some basins such as the Huercal Overa
Vera, and Fortuna basins may have experienced a
short marine incursion in the earliest Pliocene, which
consequently may have coincided with a Pliocene
eustatic sea level rise, and was shortly followed by
again continental conditions. The Alboran basin, on
the other hand, was re-flooded in the Pliocene and has
since remained a marine basin.
During the latest Miocene to Pliocene, there is a
marked change in the Internal Zone and Alboran domain from an overall extensional tectonic setting to
roughly NW-SE directed shortening. Onland, the
Alhama de Murcia and Crevillente faults initiated or
reactivated during the late Messinian – early Pliocene
as contractional faults with a clear movement sense
towards the southeast. These prominent faults form
part of a larger-scale zone of post-Messinian shortening made up of SSE and NNW directed reverse faults
and NE to ENE trending folds, transected and displaced by respectively WNW and NNE trending, dextral and sinistral strike-slip (tear or transfer) faults
(chapter 6). In the Alboran basin, Miocene sediments
are folded, strike-slip faults developed, and some of
the Miocene extensional faults became inversed (e.g.,
Campos et al., 1992; Comas et al., 1992, Alfaro et al.,
2002). The data seem to indicate that during the latest
Miocene the extensional domain in the internal part of
the arc became progressively smaller, and that crustal
shortening started to dominate. The trends of the compressional structures and the directions of the slipvectors on the pertinent strike-slip and reverse faults,
as well as fault plane solutions of the abundant earthquakes in the Internal Zone and Alboran basin (e.g.,
Buforn et al., 1988, 1995 and 2004; Stich et al., 2003)
point to NW-SE directed shortening, presumably in
response to continued NW-SE directed African-European plate convergence.
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Discussion and conclusions
An important aspect in the discussion of the
intramontane basins and their large-scale geodynamic
context concerns the position of the basins during the
late Miocene. Reconstructions of the Alboran region
at the onset of the late Miocene place the Alboran basin and the Betic and Rif Internal Zones close to their
current position (e.g., Sanz de Galdeano, 1990;
Lonergan and White, 1997; Geel and Roep, 1998;
Rosenbaum et al., 2002a; Meulenkamp and Sissingh,
2003; Spakman and Wortel, 2004). This interpretation
is supported by the fact that extension in the Alboran
domain largely ceased in the late Tortonian. The large
clockwise rotations about vertical axes in the Betic
External and Internal Zones (Lonergan and White,
1997; Platt et al., 2003 and references therein) occurred during the early and middle Miocene, whilst
late Miocene sediments in the basins show no evidence for late Miocene rotations about vertical axes
(Krijgsman and Garcés, 2004). Furthermore, since the
Tortonian (~10 Ma), approximately 50 to 60 km of
NW-directed shortening has been accommodated in
the western Prebetics which, in view of the cessation
of extension in the Internal Zone and Alboran domain
since the latest Miocene, is most likely related to ongoing African-Eurasian plate convergence. The above
implies first that the motions of the Betic crust were
NW-directed with respect to the Iberian plate, and
secondly that at the onset of the late Miocene the Internal Zone with its developing intramontane basins
was located 50 to 60 km southeast of its present position, i.e., south of what is currently considered as the
“edge” of the Iberian plate.
Geodynamic setting in the late Micoene
We assume that by the late Miocene, slab roll-back
and concomitant E-W extension and westward migration of the Alboran domain had proceeded to a stage
that the retreating suture formed an arc-shaped structure close to the present position of the Betic Rif arc.
The inferred upper mantle structure envisaged for the
Tortonian is shown in Figure 7.2. The Tortonian position of the retreating slab and overlying BeticAlboran domain largely explains the cessation of extension in large parts of the Alboran basin, whilst
NNE-SSW to NW-SE directed extension, i.e., approximately orthogonal to the arc, continued to affect
the Betic Internal Zone and northern and western parts
of the Alboran basin.
The Internal Zone, as opposed to the Alboran basin, shows uplift and erosion at the end of the middle
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Miocene, removing most of the early-middle Miocene
sediments prior to the initiation of the late Miocene
intramontane basins. It is emphasized again, that the
peripheral parts of the Internal Zone already collided
with the Subbetic crust in the early Miocene and that,
at the onset of the late Miocene, the Internal Zone
crust was well on its way being carried onto thinned
Iberian crust. We suggest that the Betic crust, while
extension continued, became further emplaced onto
the Iberian plate during the late Serravallian – early
Tortonian. The intramontane basins thus started as
emerged continental extensional basins, whilst a
roughly coeval eustatic sea level drop enhanced the
transition from previously marine to continental conditions. The intramontane basins initially show evidence for ENE-WSW to NE-SW directed extension
during the Tortonian, however, in the Fortuna basin,
the southern part of the Lorca basin and the Huercal
Overa basin the direction of extension changed towards NNE-SSW to NW-SE. This rotation of the extension direction coincides with a marine transgression and a rapid basin subsidence. The marine transgression can only in part be accounted for by a
eustatic sea level rise, i.e., the subsidence is clearly
related to a lithospheric process. In view of the inferred position of the eastern Betics above the progressively retreating slab, also supported by geophysical models of the strength of the Iberian crust
and lithosphere beneath the Betics indicating a missing load (Cloetingh et al., 1992; Van der Beek and
Cloetingh, 1992), the observed change towards a
NNE-SSW to NW-SE oriented extension direction
and the rapid subsidence of the basins may result from
arc-normal pull (e.g., Meijer and Wortel, 1996; ten
Veen and Meijer, 1998), due to the slab attached to the
Iberian plate beneath the Betics.
Late Miocene slab-detachment
An aspect of particular importance in the above
context is the inference made from recent mantle tomography (Spakman and Wortel, 2004) that the slab
underneath the eastern Betics has been detached along
a southwestward propagating tear (Fig. 7.2). Such a
lateral propagation of slab detachment may be accompanied by a conspicuous signal of vertical motions in
the overriding lithosphere, including first a marked
subsidence followed by uplift whilst the tear propagates further along strike (Wortel and Spakman,
2000). The marked change from continental to fullmarine conditions in the Fortuna, Lorca and Huercal
Overa basins (Fig. 4.12), and the associated marked
tectonic subsidence (Fig. 5.38) may thus reflect the
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early stages of detachment of the slab underneath the
basins in question. The available age data are, unfortunately, not diagnostic to reveal any diachrony in the
continental-marine transition, expected for the case of
lateral propagation of slab detachment, although the
spikes marking maximum tectonic subsidence may
indicate that the process occurred later in the Huercal
Overa basin than in the Fortuna and Lorca basins. The
observed diachronic marine to continental transition,
on the other hand, ranging from late Tortonian in the
easterly Fortuna basin to the early Messinian in the
Huercal Overa basin and late Messinian in the Sorbas
basin further southwest, lends clear support to southwest-directed propagation of slab detachment beneath
the Betics. A similar process has been observed and
modelled in other parts of the Mediterranean region
(Meijer and Wortel, 1996, Van der Meulen et al.,
2000). The strong (and local) response of the overriding plate on lithospheric processes such as slab-pull
and slab-detachment can be explained by the fact the
Betic and Alboran crust and lithosphere have been
extremely stretched and thinned during the Miocene,
resulting in a weakened crust (low elastic strength)
underlain at that stage by hot asthenosphere at shallow depth (R. Govers and M.J.R. Wortel, pers.
comm.).
The diachronic transition from marine to continental conditions roughly coincides with cessation of extension, the onset of late Messinian – Pliocene uplift,
inversion of the basins and basin bounding folds, and
folding of the Miocene basin deposits. The continu-
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ous uplift since the late Messinian - Pliocene may in
part be a result of flexural rebound of the Iberian plate
after detachment of the slab. The development of the
latest Miocene to recent compressional structures
seems directly related to ongoing African-Eurasian
plate convergence, since subduction zone rollback
and slab detachment no longer control the dynamics
of the Internal Zone and eastern part of the Alboran
basin.
In conclusion, the late Miocene intramontane basins in the eastern part of the Betics developed as
genuinely extensional basins in the later stages of a
late Oligocene - Miocene lithospheric process. Both
geological and geophysical data suggest westward
subduction-zone rollback as the mechanism driving
extension in the Betics and Alboran basin. The tectonic history of the intramontane basins is consistent
with progressive, southwestward directed detachment
of a east-northeast trending slab underneatch the
Betics. A tantalizing problem, however, remains the
early Miocene emplacement of the upper mantle
peridotites in the crustal nappe stack of the Internal
Zone, and the early Miocene low pressure, high temperature event documented in Alpujarride basement
rocks of the Internal Zone and Alboran sea floor. In
view of the early Miocene ages, these features should
in some way be related to the hitherto poorly documented initiation of the rollback process in late
Oligocene times.
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Samenvatting in het Nederlands
(Summary in Dutch)
Halverwege de vorige eeuw heeft binnen de aardwetenschappen een ware revolutie plaatsgevonden
met de intrede van het concept van de plaattektoniek,
welke heeft geleid tot een beter inzicht in de
ontwikkeling van gebergten. Een gebergte wordt nu
gezien als het gevolg van de botsing van twee naar
elkaar toe bewegende platen of schollen, waarbij een
van de twee platen onder de andere schuift. Dit proces
wordt subductie genoemd. Van de onderschuivende
(subducerende) plaat wordt over het algemeen het
bovenste deel afgeschraapt en opgenomen in de
overschuivende plaat. De rest van de onderschuivende plaat duikt de mantel van de aarde in.
Met de botsing van twee platen vormt zich over het
algemeen een verdikking van de korst (een gebergte)
in het gebied waar de twee platen elkaar treffen (de
collisie zone). Het zo ontstane gebergte is een
topografisch hoog gebied, met daaronder een zogenaamde wortel welke in de diepere mantel van de
aarde steekt, hetgeen in principe te vergelijken is met
een ijsberg. Een gebergte is in essentie een instabiel
systeem, omdat de zwaartekracht tegen de vorming
van een topografie inwerkt. Zolang de platen naar
elkaar toe bewegen wordt het gebergte verder op- en
uitgebouwd, maar zodra de spanningen (druk) tussen
de platen verminderen of zelfs wegvallen, omdat
bijvoorbeeld de platen niet langer naar elkaar toe
bewegen of hun relatieve bewegingsrichting veranderd is, kan een gebergte uiteen zakken of zelfs uit
elkaar getrokken worden.
Vanaf ongeveer 120 miljoen jaar geleden (in de
tijdsperiode van het Krijt) heeft zich een brede
gebergtegordel ontwikkeld welke zich uitstrekte van
het westelijke deel van het Middellandse Zee gebied
(de Pyreneeën, de Betische Cordillera, de Atlas, de
Alpen) naar het oosten (de Karpaten, de Helleniden,
de Tauriden) tot aan de Himalaya. Dit Alpiene
gebergte ontwikkelde zich als gevolg van de botsing
van de Afrikaanse en Indische platen met de
Euraziatische plaat, waarbij de tussenliggende Tethys
Oceaan gesloten werd. De op- en uitbouw (orogenese)
van deze gebergtegordel, met als meest opvallende
gebergten de Alpen en de Himalaya, gaat nog steeds

door als gevolg van de continu naderende beweging
van de Afrikaanse en Euraziatische platen. Op een
aantal plaatsen echter, zoals bijvoorbeeld in het
westelijke Middellandse Zee gebied, is dit gebergte
uiteen gezakt (laat-orogene extensie). Het uiteen
zakken van dit deel van het gebergte begon ongeveer
20 miljoen jaar geleden (begin van de tijdsperiode van
het Mioceen), maar dit proces stopte aan het einde van
het Mioceen (~10 miljoen jaar geleden) of in het
Plioceen (~5 miljoen jaar geleden).
Op dit moment is het meest westelijke deel van het
Middellandse Zee gebied gekenmerkt door een
hoefijzervormige gebergteketen welke bestaat uit de
Betische Cordillera in het zuiden van Spanje, het Rif
gebergte in Marokko en het Tell-Kabylies gebergte in
Algerije en Tunesië. Deze gebergteketen omsluit het
meest westelijke deel van de Middellandse Zee, ook
aangeduid als de Alboran Zee. De binnenzijde van
deze hoefijzervormige gebergteketen en de bodem
van de Alboran Zee vormen samen de Interne Zone
van de keten. Deze Interne Zone bestaat uit
metamorfe gesteenten welke zich oorspronkelijk op
grote diepte bevonden en door het uiteenzakken en uit
elkaar trekken van het oude gebergte aan de
oppervlakte zijn gekomen (exhumatie). De buitenzijde van de keten (de Externe Zone) bestaat uit op
elkaar gestapelde restanten (sedimenten) van de
Tethys oceaanbodem, welke nu verdwenen is. Deze
restanten zien we nu in een sterk vervormde zone die
in de geologie een plooings- en overschuivingszone
genoemd wordt. Een belangrijk aspect van dit
gedeelte van het gebergte is, dat het onstaan van deze
plooings- en overschuivingszone gelijktijdig plaatsvond met het uiteenzakken van de Interne Zone, het
opengaan van de Alboran Zee en de westelijke
Middellandse Zee, en met de vorming van de hoefijzer geometrie van de huidige Betische, Rif, Tell en
Kabylies gebergteketen.
Met het uiteenzakken van het gebergte zijn
domeinen in de aardkorst opengetrokken welke
vervolgens werden gevuld met sediment. Zulke
domeinen worden in de geologie sedimentaire bekkens genoemd. De grootste bekkens worden gevormd
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door de huidige westelijke Middellandse en Alboran
Zee, maar een aantal relatief kleine bekkens bevindt
zich nu op land met name in de Betische Cordillera
van zuid Spanje. De bekkens zijn voor het merendeel
gevuld met afbraak produkten (erosie materialen)
afkomstig van het omringende uiteenzakkende
gebergte, en de sedimenten in de bekkens hebben het
uiteenzakken van dit gebergte als het ware gedocumenteerd.
Een opvallend en ogenschijnlijk contrasterend
gegeven is dat het uiteenzakken van het oorspronkelijke gebergte gebeurde terwijl de Euraziatische en Afrikaanse platen naar elkaar toe bleven
bewegen. In de afgelopen decennia zijn een aantal
scenario’s ontwikkeld welke de gebeurtenissen, zoals
boven beschreven, kunnen verklaren. Eén scenario
wijt de geologische ontwikkeling in het westelijke
Middellandse Zee gebied toe aan het loskomen van de
wortel van het oor-spronkelijke gebergte en het
wegzinken van deze wortel in de diepere mantel.
Omdat de topografie van het gebergte niet meer in
evenwicht is met de wortel van het gebergte, zakt het
gebergte onder de invloed van zwaartekracht in elkaar
en spreidt vervolgens uit elkaar. Een tweede scenario
schrijft het uiteenzakken van het oorspronkelijke
gebergte en de vorming van het huidige westelijke
Middellandse Zee gebied toe aan het terugwaarts
migreren (terugrollen) van de subductie zone waar de
Afrikaanse plaat onder de Euraziatische plaat schuift.
Doordat bijvoorbeeld de convergentiesnelheid tussen
de Afrikaanse en Euraziatische platen afneemt wordt
het effect van de zwaartekracht op de subducerende
Afrikaanse plaat groter, waardoor deze steiler naar
beneden gaat duiken en de subductie zone zich terug
gaat trekken, met als gevolg dat de overschuivende
Euraziatsche plaat uit elkaar wordt getrokken. Deze
scenario’s worden in hoofdstuk 1 in enig detail
uiteengezet.
Deze studie richt zich op een specifiek deel van het
westelijk Middellandse zeegebied, namelijk het
oostelijke deel van de Betische Cordillera in het
zuiden van Spanje, en de in dit gebied gevormde sedimentaire bekkens. Dit gebied wordt gecompliceerd
door een netwerk van breuken met horizontale
verplaatsing langs verticale breukvlakken (“strikeslip” breuken). Er wordt over het algemeen aangenomen dat deze strike-slip breuken een belangrijke
rol hebben gespeeld in de ontwikkeling van met name
het oostelijke deel van de Betische Cordillera en de
vorming van de bekkens in dit gebied, een hypothese
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die in deze studie grondig wordt onderzocht.
Omdat de ontwikkeling van het westelijk
Middellandse Zee gebied gecompliceerd wordt door
de simultane werking van processen binnen het
systeem (zoals het uiteenzakken van het gebergte) en
door processen werkend van buitenaf op het systeem
(zoals plaatbewegingen tussen Afrika en Europa)
wordt als eerste gekeken naar de processen werkend
van buitenaf op het systeem, teneinde te bepalen in
welke mate deze van invloed zijn geweest op de
geologische ontwikkeling binnen het systeem. In
hoofdstuk 2 wordt dit gedaan door in detail te kijken
naar veranderingen in de richting en snelheid van de
relatieve plaat bewegingen tussen Afrika en Europa
voor het westelijke Middellandse Zee gebied in de
afgelopen 33 miljoen jaar, en deze te vergelijken met
het ontstaan van vervormingsstructuren in de
plooing- en overschuivingszone (Externe Zone) van
de Betische Cordillera, het Rif gebergte en de TellKabylies gebergten. Er kan geconcludeerd worden dat
het oorspronkelijke gebergte in het westelijke
Middellandse Zee gebied uiteen begon te zakken op
het zelfde moment (ongeveer 20 miljoen jaar geleden)
dat de snelheid en richting van de Afrikaanse plaat ten
opzichte van Europa drastisch veranderde. Een
tweede conclusie is dat de ontwikkeling van de
deformatie structuren in de Externe Zone voor een
deel het gevolg kan zijn van de convergerende
beweging tussen de Afrikaanse en Euraziatische
platen, maar voor een deel ook het gevolg moet zijn
geweest van processen werkend binnen het systeem.
In hoofdstuk 3 worden twee bekkens in de
Betische plooings- en overschuivingszone (Externe
Zone) bestudeerd. In deze bekkens zijn rekstructuren
ontwikkeld welke contrasteren met het duidelijk
samendrukkende (compressie) karakter van de
plooings- en overschuivingszone. Het blijkt dat de
ontwikkeling van deze rekstucturen inherent is aan de
ontwikkeling van compressieve structuren in de
plooings- en overschuivingszone, en los staat van de
laat-orogene extensie in de Interne Zone op slechts
enkele tientallen kilometers ten zuiden hiervan. Een
tweede belangrijke observatie is, dat terwijl de Interne
Zone van de Betische Cordillera uiteen zakte, deze op
de zuidelijke rand van het Spaanse continent schoof
en zo een van de bestaande verbindingen tussen de
Atlantische Oceaan en de Middellandse Zee afsloot.
In de navolgende hoofdstukken (4, 5 en 6) ligt de
focus op de bekkens in het zuidoostelijke deel van de

Betische Cordillera (de Interne Zone). De sedimenten
in deze bekkens hebben zoals gezegd het uiteen
zakken en spreiden van de fragmenten van het
oorspronkelijke gebergte zowel als bewegingen langs
de grote “strike-slip” breuken gedocumenteerd.
Studie van deformatie structuren (breuken) in de
sedimenten en het bepalen van het tijdstip waarop
deformatie van de sedimenten en gesteenten gebeurde
verschaft inzicht in de ontwikkeling van de bekkens
door de tijd, maar ook in de ontwikkeling van het
omringende gebergte en de onderliggende aardkorst,
hetgeen een sleutel vormt tot de plaattektonische
processen die daar mogelijk aan ten grondslag liggen.
Als eerste wordt de sedimentaire opeenvolging (de
stratigrafie) van een aantal bekkens beschreven en
met elkaar vergeleken (hoofdstuk 4). Dit is van
belang in verband met de vraag of het ontstaan van
een gegeven bekken en de daarop volgende gebeurtenissen in dat bekken (bijvoorbeeld veranderingen in
het leef milieu) gelijktijdig (synchroon) of niet
gelijktijdig (diachroon) met een soortgelijke verandering in een naast gelegen bekken plaatsvond. Het
tijdstip van ontstaan van een bekken of een
gebeurtenis in een bekken kan onder meer bepaald
worden aan de hand van fossielen in de sedimenten.
Met name microscopisch kleine fossielen (foraminiferen) in mariene sedimenten zijn geschikt om te
dateren, maar ook om af te leiden wat de levensomstandigheden waren en om te bepalen of het een
diep of ondiep milieu was. De reconstructie van de
diepte van een bekken door de tijd geeft de
mogelijkheid om verticale bewegingen in een bekken
te reconstrueren. Voor het onderzoek zijn deels
bestaande datasets (ouderdommen van sedimenten)
gebruikt, waar nodig en mogelijk uitgebreid en
verbeterd aan de hand van nieuw verzameld en
bestudeerd gesteentemateriaal. Een belangrijke
conclusie in dit hoofdstuk is dat de onderzochte
bekkens in het oostelijke deel van de Betische
Cordillera gelijktijdig (synchroon) ontstonden en zich
in het vroegere deel van hun geschiedenis (de
tijdsperiode van het Tortoon) ontwikkelden tot
mariene bekkens. Een daarop volgende grote
ommezwaai in het leef milieu in het latere deel van de
geschiedenis (de tijdsperiode van het laatste deel van
het Tortoon en het Messinien) ging gepaard met
omhoog komen en verlanding van de bekkens. Dit
gebeurde echter niet gelijktijdig in de verschillende
bekkens, maar verliep diachroon van de meer
noordoostelijke naar de meer zuidwestelijk gelegen
bekkens. Dit diachroon omhoog komen en verlanden

van de bekkens in de Betische Cordillera kan niet
gerelateerd worden aan bijvoorbeeld een zeespiegel
verandering, maar moet het gevolg zijn geweest van
een tektonisch proces.
In hoofdstuk 5 worden de deformatie structuren in
de sedimenten van de verschillende bekkens en in de
metamorfe gesteenten van de omringende gebergten
beschreven met het doel de tektonische geschiedenis
van het bekken maar ook van de omringende Betische
Cordillera zo veel mogelijk te ontrafelen. Het type
deformatie structuren (rek- of compressie breuken)
geeft informatie over het tektonische regime
(verkorting of rek en de bijbehorende richtingen)
tijdens de ontwikkeling van deze structuren. De mate
en aard van de waargenomen verplaatsingen langs de
breukvlakken geeft daarbij informatie over de
horizontale bewegingen in de aardkorst. In combinatie met de ouderdommen van de sedimenten kan
zelfs de duur van een deformatie fase bepaald worden.
Samen met de diepte reconstructie van een bekken
geven de deformatie structuren een volledig beeld van
de verticale en horizontale bewegingen van een
bekken, welke direct gekoppeld zijn aan bewegingen
in de onderliggende aardkorst en dus inzicht kunnen
geven in de grootschalige (plaat-) tektonische
processen. De deformatiestructuren in de bekkens
wijzen er duidelijk op dat de bekkens echte extensie
bekkens zijn. De structuren in de oudste bekkensedimenten wijzen erop dat het ontstaan van de
bekkens het gevolg was van ruwweg noordoostzuidwest gerichte rek in de Betische korst, gelijktijdig
met het aan het oppervlak komen (exhumatie) van de
metamorfe gesteenten in het omringende gebergte. De
structuren in de jongere bekkensedimenten wijzen
erop dat de rekrichting door de tijd heen veranderde
naar een meer noord-zuid georiënteerde rekrichting
hetgeen gepaard ging met een snelle verdieping van
de bekkens. Daarop volgde de diachrone ontwikkeling in het oostelijke deel van de Betische
Cordillera zoals beschreven in hoofdstuk 4 waarbij de
bekkens verlandden terwijl zij omhoog kwamen.
Deze diachrone gebeurtenis lijkt niet gepaard te gaan
met belangrijke bewegingen langs breuken. Pas in een
relatief recent stadium lijken de sedimenten als
gevolg van een jong compressief tektonisch regime
opnieuw gedeformeerd te worden, waarbij oude
breuken zijn gereactiveerd.
In hoofdstuk 6 wordt de relatie tussen bekkenontwikkeling en bewegingen langs een aantal van de
grote breuken in het oostelijke deel van de Betische
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Cordillera nader onderzocht. De hoofdconclusie van
dit hoofdstuk is dat het ontstaan van de sedimentaire
bekkens in het onderzochte gebied niet het gevolg
was van strike-slip activiteit langs deze grote breuken,
maar dat deze breuken deels jong en deels gereactiveerde structuren zijn, samenhangend met de
meest recente geschiedenis van de Betische Cordillera
onder invloed van een compressief tektonisch regime,
waarschijnlijk als gevolg van de convergerende plaatbeweging tussen Afrika en Europa.
In het laatste hoofdstuk (hoofdstuk 7) worden een
aantal eerste-orde aspecten van het gebied rondom de
Alboran Zee samengevat en vergeleken met
voorspellingen van de eerder genoemde modellen
(hoofdstuk 1). Vanuit het perspectief van de laatorogene bekken ontwikkeling in het oostelijke deel
van de Betische Cordillera wordt de keuze gemaakt
voor het westwaarts terugrollen van een subductie
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zone als een plausibele verklaring voor de
geologische geschiedenis van het gehele systeem. Het
onstaan van de bekkens en het vroegere deel van hun
ontwikkeling kan in verband worden gebracht met het
gewicht van de onderduikende plaat en het effect
hiervan op de overschuivende Interne Zone van de
Betische Cordillera. De markante diachrone gebeurtenis in de latere geschiedenis van de bekkens kan
verklaard worden met het van noordoost naar
zuidwest losscheuren en wegzinken van de subducerende plaat in de mantel onder de Betische
Cordillera, waardoor het effect van het gewicht op de
overschuivende plaat wegvalt. De reactivatie van
breuken en de jonge vervorming van sedimenten
gedurende de recentste geschiedenis van de Betische
Cordillera wordt hier toegeschreven aan de voortgaande convergerende plaatbeweging van Afrika en
Eurazië, een proces dat blijkens veelvuldige lichte
aardbevingen tot op heden voortduurt.
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