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AbStrAct. The Betic Cordillera of southern Spain forms a clear example of a collisional orogen that has undergone large-scale late-orogenic 
extension while convergent motion of the bounding plates continued. The orogen provides a unique opportunity to study the tectonics of the 
system at different lithospheric levels. At shallow levels in the crust, fault-bounded intramontane basins, formed during the early to middle 
Miocene, contain coarse continental sediments heavily affected by normal faulting, followed by a less deformed late Miocene marine succession. 
Extension was accommodated by coeval shortening in thin-skinned fold-and-thrust belts in the periphery of the system, and much of the region 
has now subsided to form a large marine basin, the Alboran basin. The thermal and deformational record of these processes is preserved in 
rocks from deeper crustal levels in the internal zone of the Betic Cordillera. These rocks were metamorphosed down to 50 km depth and 
are now exposed beneath major low-angle detachment zones that separate them from heavily faulted low-grade rocks above. Cooling ages 
of associated mylonites indicate that these detachments were active during the early to middle Miocene. Peridotite massifs in the western 
Betics emplaced in the early Miocene provide coherent outcrops of subcontinental upper mantle that allow insight in coeval processes in the 
mantle lithosphere. The peridotites record evidence for exhumation in several stages from asthenospheric depths to the surface. Early stages of 
exhumation probably occurred during Mesozoic rifting. Cooling at mid-lithospheric depths possibly reflects early crustal thickening, followed 
by extension and subsequent heating. A sudden rise of ambient temperatures in the mantle rocks by about 400 °C suggests loss of most of the 
underlying lithosphere and ascent of asthenosphere, whilst the final stages of exhumation in early Miocene time reflect extensional collapse. 
All of these phenomena can be explained by some form of removal of the lithospheric root beneath a Paleogene collisional orogen, leading to 
large-scale extension followed by thermal subsidence of the center of the system. The processes inferred here for the Alboran region are in all 
likelihood not unique, as many similarities can be identified with the geology of the Tibetan Plateau, but also with domains in the Variscan and 
the Pan-African orogenic belts where extensional processes and associated LP/HT metamorphism and magmatism can be shown to equally have 
occurred in a convergent tectonic setting.

KEyWorDS: Late orogenic extension, Betic Cordillera, Alboran, convective removal

1. Introduction

The Betic Cordillera of southern Spain forms the northern branch of an 
arc-shaped mountain belt that continues across the Strait of Gibraltar 
in the Rif Mountains of Morocco, surrounding the western end of the 
Mediterranean or Alboran Sea (Fig. 1). The arc forms the western 
termination of the Alpine orogenic system of southern Europe and 
developed during, and partly in response to, late Mesozoic to Tertiary 
convergence between Africa and Iberia. It is difficult to locate a plate 
boundary between these two continents, however. Instead, the present-
day seismicity is scattered over the whole region (Buforn and Udías, 
1991). The arc and the Alboran Sea thus seem to form a domain of 

distributed intracontinental deformation comparable in some respects 
to those found elsewhere in the Alpine-Himalayan system.

The Betic Cordillera is commonly divided into an external and 
an internal zone. The external zone consists of nonmetamorphic 
Mesozoic and Tertiary sediments of the former southern margin of 
Iberia, strongly shortened by thin-skinned thrusting and folding during 
the Miocene (García-Hernandez et al., 1980; Banks and Warburton, 
1991; Platt et al., 2003a). The internal or Betic Zone to the south is 
made up of Paleozoic and Mesozoic rocks, most of which have been 
penetratively deformed under a variety of metamorphic conditions 
and are now exposed in elongate ranges typically 15 to 30 km wide, 
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Figure 1. Sketch map of the Alboran 
Sea and surrounding chains, slightly 
modified after Vissers et al. (1995). 
High P/T series include glaucophane 
schist, eclogite, high-P greenschist 
and amphibolite facies rocks of 
Nevado Filabride Complex. Low 
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and low to intermediate P/T rocks of 
Internal Rif and the Alpujarride and 
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Comas et al. (1999): star – DSDP 
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represent ODP Leg 161 sites. Filled 
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Carboneras Fault, CrF Crevillente 
Fault, IEZB Internal External Zone 
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trending roughly parallel to the belt as a whole. These ranges are 
separated by intramontane basins showing a highly variable record of 
continental and marine sediments of Neogene and Quaternary age. In 
the western Betics, mantle peridotites occur tectonically interleaved 
among metamorphic rocks of crustal origin. 

The internal or Betic Zone of the Betic Cordillera is only a small 
part of what is often called the Alboran Domain. The Alboran Domain 
comprises the internal zones of the Betic Cordillera and Rif and the 
crust underneath the Alboran Sea. The presently marine part of the 
Alboran Domain is characterized by thin (13-20 km) continental crust 
(Fig. 2; Banda et al., 1983; Watts et al., 1993; Comas et al., 1999) and 
a rugged subsea morphology. Some areas contain as much as 8 km of 
Neogene sediment beneath up to 1300 m of water (Watts et al., 1993), 
whereas the Alboran ridge is locally emergent and exposes volcanic 
rocks on Alboran Island. The region is characterized by elevated heat 
flow (Albert-Beltrán, 1979) and is underlain by anomalously low-
velocity mantle (Banda et al., 1983; Blanco and Spakman, 1989; 
Spakman and Wortel, 2004). The area now occupied by the Alboran 
Sea was a marine basin during the Mesozoic and includes the sites of 
deposition of the continental margin sequences of the external Betic 
and Rif mountains, as well as the so-called flysch sequences that now 
occur as allochthonous thrust sheets between the internal and external 
zones mainly in the western part of the Betic-Rif arc. This marine 
basin, which may have been in part oceanic, closed progressively 
during the Paleogene, and by the end of the Oligocene it had been 
largely replaced by an emergent collisional orogen (Platt and Vissers, 
1989). The present basins in the Alboran Sea, together with the 
onshore Neogene basins, were created by extension and subsidence 
in the early to middle Miocene (Watts et al., 1993), accompanied by 
mixed mafic to silicic volcanism (Hernandez et al., 1987). Until the 
end of the Tortonian, the internal Betic Cordillera would not have been 
obviously distinguishable from the rest of the Alboran Domain: the 
whole region consisted of elongate mountainous islands surrounded 
by marine basins. From Messinian time onward the Betic Cordillera 
became progressively uplifted, whereas the present Alboran Sea 
continued to subside. During this period the whole region was affected 
by a combination of strike-slip and compressional tectonics (Watts et 
al., 1993; Meininger and Vissers, 2006).

Classical studies of the Betic Cordillera focussed on the occurrence 
of nappe structures in the mainly metamorphic rocks of the Betic Zone 
and intuitively interpreted these structures in terms of crustal shortening 
(Brouwer, 1926; Fallot et al., 1960; Egeler and Simon, 1969). The 
Neogene basin sediments were considered to be posttectonic (e.g., 

Egeler and Simon, 1969). More recently, several authors have tried 
to interpret the Betic-Rif arc in terms of plate tectonic processes, 
involving the westward motion of an “Alboran plate” (comprising the 
internal zones of the Betic and Rif mountains together with the floor 
of the Alboran Sea) between Africa and Iberia (e.g., Andrieux et al., 
1971; Leblanc and Olivier, 1984). These interpretations emphasized 
the importance of major strike-slip faults, shown in Fig. 1, such as the 
dextral Crevillente fault in the external Betic Cordillera (De Smet, 
1984) and the sinistral Jebha and Nekkor faults in the Rif (Leblanc 
and Olivier, 1984). These ideas have been difficult to reconcile with 
the evidence that the Alboran Sea basin is young and extensional in 
origin. This has stimulated a variety of explanations, including the 
hypothesis of mantle diapirism developed by Van Bemmelen (1969) 
and Loomis (1975), which they associated with the emplacement of 
the Ronda and Beni Bousera peridotite massifs and the gravitational 
emplacement of the Betic nappes, and more recently the hypothesis 
of back arc spreading behind a westwardly migrating subduction zone 
(Torres-Roldán et al., 1986; Royden, 1993; Lonergan and White, 
1997; Gutscher et al., 2002, Wortel and Spakman, 2000; Spakman and 
Wortel, 2004). On the basis of a growing data set of map, kinematic, 
seismic, and age data, the role of large-scale extension in the Neogene 
evolution of the Betic Zone and Alboran Sea has become widely 
recognized (Aldaya et al., 1984; Comas et al., 1992; Galindo-Zaldivar 
et al., 1989; García-Dueñas et al., 1988; Jabaloy et al., 1993; Platt et 
al., 1983; Platt, 1986; Platt and Behrmann, 1986; Watts et al., 1993, 
Martínez-Martínez and Azañón, 1997), and increasing emphasis has 
been placed on late orogenic extensional collapse as an explanation of 
these phenomena (Dewey, 1988; Platt and Vissers, 1989). 

This paper summarizes previous and new stratigraphic, structural, 
and metamorphic data for each of the main structural levels exposed in 
the Betic Zone. We review in turn the shallow structure of the system, 
the partly metamorphosed (mid-crustal) rocks, and the peridotites of 
the western Betics which provide a record of the tectonic history of 
the upper mantle beneath the Alboran system, emphasizing structural 
and time relationships between these different levels in the Betic 
lithosphere. We then discuss the data in the light of current hypotheses 
for the tectonics of the Betic Cordillera and Alboran Sea.

2. Shallow tectonics of the Alboran system

In this section we inspect the main features of the Betic Alboran 
system at shallow crustal levels. We summarize the first-order 
characteristics of the External Zone, of the Internal or Betic Zone, 
and of the Alboran Sea floor, to arrive at geological constraints on 
geodynamic interpretations of the Alboran system.

2.1. Structure of the External Zone

In the eastern part of the Betics, the External Zone of the Betic 
Cordillera includes a shallow marine, carbonate-dominated platform 
to shelf sequence of the Prebetic Zone and, more internally, deeper 
marine rocks of the Subbetic Zone. These sediments of Mesozoic 
and Tertiary age, deposited on the former southern passive margin 
of Iberia, were strongly shortened by thin-skinned thrusting and 
folding during the Miocene (García-Hernandez et al., 1980; Banks 
and Warburton, 1991; Allerton et al., 1993; Platt et al. 2003a) as 
illustrated in  Figs 3 and 4a. A Miocene age of thrusting is evidenced 
by the emplacement, in the Prebetic zone, of Mesozoic limestones on 
top of Tortonian sediments (Meijninger and Vissers, 2007), as well 
as by backthrusting of Subbetic Mesozoic rocks onto rocks of early 
Miocene age, in turn emplaced on rocks of the Betic Zone (Figs 3, 4b). 
In the northwestern part of the Lorca basin further east, these lower 
Miocene sediments, the backthrusted rocks of the External Zone, and 
rocks of the Internal Zone are unconformably overlapped by middle 
Miocene (upper Langhian and Serravallian) marine sediments (Geel 
& Roep, 1999; Meijninger and Vissers, 2006). This constrains the 
backthrusting to the early Miocene. Thrusting in the eastern part of 
the External Zone occurred in a NW to NNW direction, but at the 
scale of the entire Betic-Rif arc thrust directions vary from NW in the 
Betic Cordillera to W in the Gibraltar region and to WSW and S in the 
Rif (Platt et al. 2003a, and references therein).

2.2. Intramontane basins of the Betic Zone

The present surface of the Internal or Betic Zone is characterized by 
a “Basin and Range” type morphology, particularly in the east, with 
up to 3000 m high mountain ranges of mainly metamorphic rocks, 
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separated by Neogene intramontane basins (Fig. 5). The stratigraphy 
of the basins, illustrated in Fig. 6, is somewhat variable (e.g., Sanz 
de Galdeano and Vera, 1992), but commonly includes mutually 
discordant, continental scree and debris flow deposits of probable 
middle and late Miocene age, deposited in narrow fault-bounded 
basins. These pass via fan-delta (Mora-Gluckstadt, 1993) and playa-
lake sediments with local continental intercalations (Fig. 4c) into 
Tortonian sequences of marine reefs and submarine fans (Fig. 4d). 
In some of the basins, the Tortonian sediments are followed by 
Messinian conglomerates, reef limestones and evaporites, and by 
Pliocene marls (Fig. 6). All of these sediments are followed by late 
Pliocene to Recent alluvial fans. The onset of marine sedimentation in 
the basins seems to have occurred earlier (Burdigalian to Langhian) in 

the south; the transition to continental sedimentation at the end of the 
cycle took place earlier (late Tortonian) in the north, with a tendency 
to be also diachronous from ENE to WSW (Meijninger, 2006) 

Many of the basins are markedly asymmetric, with strongly 
faulted southern margins and unconformable contacts with the 
metamorphic rocks on the northern margins. This suggests that these 
basins may have originated as tilted half grabens or be floored by tilted 
basement blocks. A seismic survey of the Granada basin by Morales 
et al. (1990) shows half graben structures at a 5 km scale. A detailed 
structural and sedimentological study of the Huercal-Overa basin by 
Mora-Gluckstadt (1993) and Meijninger (2006) demonstrates the 
existence of several pre-Tortonian half graben structures developed at 
a similar scale, within an overall half graben geometry of the basin as 
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Figure 4. Field aspects of the Betic External Zone and of the Miocene basins in the Betic Zone of SE Spain. (a) Panoramic view of part of the Sierra de Cazorla 
looking approximately NE, showing repeated imbrication of Jurassic platform limestones in a NW directed thrust stack, see also Fig. 3. (b) Scenery around  
Velez Rubio looking NNW. An overturned sequence of Malm limestones and underlying Cretaceous rocks are backthrusted (i.e. moved towards the observer) 
onto poorly exposed lower Miocene sediments, in turn backthrusted against rock of the Internal Zone. (c) Field aspect of Langhian-Tortonian redbeds in 
the Huercal Overa basin passing upwards into yellow coloured lacustrine and shallow marine sediments, with carbonate reefs upper right (see also Fig. 6). 
(d) Tortonian marine massflow deposits, turbidites and marls near Tabernas. (e) Exposure of domino-style normal faults in Tortonian marine mass flow sediments 
east of Huercal Overa. Note relatively shallow dips of normal faults and associated backtilting of the bedding. Height of exposure about 30 m. (f) Exposure 
in cliff face south of Huercal Overa showing faulted and tilted Tortonian sediments unconformably overlain by Messinian conglomerate. Height of cliff face 
on photograph approximately 10 m.
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a whole (Fig. 7). Similar structures have been imaged seismically in 
the Alboran Sea (Watts et al., 1993; Comas et al., 1999). A southward 
expansion of the stratigraphy occurs in the Sorbas basin towards the 
heavily faulted contact with the Sierra Alhamilla (Ott d’Estevou and 
Montenat, 1990), and a same tendency is seen in the Lorca basin, 
again suggesting a half graben origin of these basins.

Extension directions are about NE-SW in the Granada basin, 
NNE-SSW in the Huercal-Overa basin, and NE-SW in the Lorca 
and Fortuna basins. Limited exposures of continental scree breccias 
in the Huercal Overa basin affected by complicated geometries 
of successive normal faults suggest that extension may have been 
considerable (Vissers et al., 1995, Meijninger, 2006), with estimated 
values for the associated stretching between 50 and 100%. The 
younger marine sediments of Tortonian age commonly show steeply 
to moderately dipping normal faults only (Fig. 4e) and the entire 
succession is covered by an essentially flat-lying and undeformed 
Messinian conglomerate sealing moderately dipping normal faults in 
the Tortonian deposits underneath, as illustrated in Fig. 4f (Briend, 
1981; Mora-Gluckstadt, 1993; Meijninger, 2006).

Montenat et al. (1987), de Larouzière et al. (1988) and Montenat 
and Ott d’Estevou (1990, 1999) have suggested that the Neogene basins 
in the eastern Betic Cordillera are related to a prominent set of N to 
NE trending sinistral strike-slip faults such as the Alhama de Murcia, 
Palomares and Carboneras Faults (Figs 1 and 5), which they interpret 
in terms of N-S Africa-Iberia convergence. The basins, however, are

not, in fact, systematically located on releasing bends on these faults, 
and activity on the faults is essentially late Miocene to Quaternary, 
i.e., after most of the basins had ceased to be active depocenters. In 
addition, the areal extent of the basins and the amount of extension 
suggested by their internal structure appear to require significant 
crustal thinning during their formation. In a detailed study of the the 
prominent N to NE trending faults, Meijninger and Vissers (2006) 
conclude that the Messinian to Recent uplift of the Betic Cordillera as 
a whole was accompanied by sinistral strike-slip on N to NE trending 
faults, dextral strike-slip on W to WNW trending faults, and reverse 
motion on WSW to W trending structures. Some pre-existing horst 
blocks such as the Sierra Alhamilla were uplifted and thrust over the 
adjacent basins at this time, and the Neogene sediments were locally 
folded and overturned (Weijermars et al., 1985; Ott d’Estevou and 
Montenat, 1990).  

In addition to the Neogene sediments, mafic, intermediate, and 
silicic volcanics of Neogene age occur scattered across the Alboran 
Domain and adjacent belts of the Betic-Rif system (Torres Roldán et 
al., 1986; Hernandez et al., 1987; Turner et al. 1999; Duggen et al., 
2005). The earliest of these are early Miocene (22-23 Ma) basaltic 
dikes in the central and western Betics, whilst many of the middle 
Miocene and Pliocene calc-alkaline to ultrapotassic volcanics in the 
eastern Betics and eastern Rif seem spatially related to major strike-
slip faults (e.g., Montenat and Ott d’Estevou, 1990).

2.3. Structures in the Alboran Sea

The Alboran Sea has been extensively explored during the nineties 
(Watts et al. 1993; Comas et al. 1999, and references therein) 
involving seismic studies as well as commercial and scientific drilling. 
The results of these studies summarized below have been reviewed 
in detail by Comas et al. (1999). The Alboran Sea has a complex 
seafloor morphology with several sub-basins, ridges, and seamounts, 
reaching a maximum depth of 2 km. The 180 km long Alboran Ridge, 
the most prominent northeast-southwest trending topographic feature 
of the Alboran Sea, emerges locally to form the volcanic Alboran 
Island. Multichannel seismic reflection (MCS) profiles show that the 
major sedimentary accumulation of up to 8 km thick is located in the 
western part of the Alboran Basin while further east the sediments are 
probably less than 4 km thick. Available data indicate that the acoustic 
basement beneath the Alboran Sea is heterogeneous, formed of either 
metamorphic or volcanic rocks. Metamorphic rocks of the Betic and 
Rif Chains have been recovered at the bottom of commercial wells 
offshore Spain and Leg 161 site 976 close to DSDP 121 (Fig. 1; 
Comas et al., 1999). East of 4º W, most of the residual highs appear 
to consist of volcanic rocks. As emphasized by Comas et al. (1999), 
the nature of the true basement in the eastern Alboran region is in fact 
still unknown, because volcanic edifices may overlie older sediments 
in places. 
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The structural pattern of the Alboran Basin is currently explained 
to result from two consecutive stages, including an early to early–
late Miocene extensional stage, followed by a late Miocene to 
Holocene contractional stage (Comas et al., 1999). Multichannel 
seismic reflection profiles reveal both extensional and contractional 
structures. The dominant extensional structures include spectacular 
halfgraben geometries (Comas et al., 1992; Watts et al., 1993; Comas 
et al., 1999) at essentially the same scale as in the onshore basins such 
as, e.g., the Huercal Overa basin. Evidence exists for two stages of 
extensional faulting: i.e. an earlier Burdigalian–Langhian (~ 17–15 
Ma) and a Serravallian–early Tortonian (~ 14–9 Ma) stage. Tectonic 
subsidence analyses (Watts et al., 1993; Docherty and Banda, 1992, 
1995) estimate that rapid extension (initial rifting) continued during 
the early and middle Miocene, which is in line with the seismic 
data. Deep structures in the basement imaged from deep-seismic 
reflection profiles in the northern half of the Alboran Basin have been 
interpreted as extensional shear zones, presumably associated with 
major extensional detachments in the Betic Zone (Watts et al., 1993; 
Comas et al., 1997; see also Fig. 3, upper section).

The seismic studies suggest that extension was completed in the 
late Tortonian, and that a compressional regime has since affected the 
whole basin (e.g., Mauffret et al., 1987, 1992; Comas et al., 1992; 
Maldonado et al., 1992; Watts et al., 1993; Morel and Meghraoui, 
1996; Chalouan et al., 1997). Shortening directions appear to have 
been similar to those described from the onshore regions (e.g., 
Woodside and Maldonado, 1992). 

2.4. Main features of shallow tectonics in the Betic-Alboran system

The above data indicate that the fold-and-thrust belt structure of the 
External Zone developed during the Neogene well into Tortonian 
times. The youngest sediments involved in thrusting are Tortonian, 
while backthrusting must have occurred at the onset of the Langhian. 
While the External Zone became shortened during the Miocene, the 
Internal Zone shows abundant evidence for Miocene extension in 
the form of Neogene intramontane halfgraben basins in which the 
youngest stretched sediments are Tortonian, sealed in several basins 
by a Messinian unconformity. Likewise, the Alboran Sea shallow crust 
is characterized by a horst-and-graben structure filled with Neogene 
sediments. Seismic and well data indicate that the youngest stretched 
sediments again are Tortonian, unconformably overlain by Messinian 
sediments. Both in the onshore basins and in the Alboran Sea there is 
evidence for post Messinian inversion of earlier extensional structures. 

It follows that for much of the Miocene, shortening in the periferal 
External Zone occurred about coeval with extension in the internal 
part of the system, and that by the end of the Miocene a compressional 
regime started to prevail, leading to folding, inversion on previous 
normal faults and the development of associated strike slip (tear) 
faults. Regional data suggest compression directions varying between 
NW-SE and N-S, consistent with both structural (Meijninger and 
Vissers (2006), seismological (Stich et al., 2003 and Buforn et al., 

2004), plate motion (e.g., Dewey et al. 1989; DeMets et al., 1994; 
Vissers and Meijer, submitted) and dynamic model studies (Negredo 
et al., 2002). As a result, some extensional grabens of the early and 
middle Miocene Alboran basin progressively emerged, to become 
continental basins during the Pliocene. 

3. critical observations in the crystalline crustal rocks of 
the betic Zone

The Betic Zone is made up of a large number of tectonic units 
classically grouped into three tectono-metamorphic complexes (e.g., 
Torres Roldán, 1979), in ascending order, the Nevado-Filabride 
Complex, the Alpujarride Complex, and the Malaguide Complex. 
These complexes are distinguished on the basis of a variety of field 
criteria, including the lithological and metamorphic characteristics of 
the rocks involved, and strict definitions are impossible mainly due 
to lithological similarities between rocks of different complexes in 
combination with a varying metamorphic grade. Perhaps the most 
important characteristic is that wherever a contact between two 
of the complexes is preserved, there is almost invariably an abrupt 
decrease in metamorphic grade upward across it. This implies that 
these contacts are largely postmetamorphic and emphasizes the fact 
that there is an overall upward decrease in metamorphic grade. The 
Nevado-Filabride rocks are pervasively metamorphosed to high-
greenschist or amphibolite facies. Alpujarride rocks for the most 
part show low metamorphic grade, although they locally reach upper 
amphibolite to granulite facies, in particular in the vicinity of the 
Ronda peridotite in the western Betics. The Malaguide rocks are 
virtually unmetamorphosed.

3.1. Nevado-Filabride Complex

The main exposure of Nevado-Filabride rocks is an elongate structural 
culmination, 125 km long and up to 35 km wide, making up the major 
part of the Sierra Nevada and Sierra de los Filabres (Figs 1, 8). In 
addition, Nevado-Filabride rocks crop out in the cores of the Alhamilla 
and Cabrera ranges to the south, and in the Sierra Almenara further 
east. They comprise more than 5 km of monotonous graphitic mica-
schist and quartzite of probable pre-Permian age, locally intruded 
by Permian granite (Priem et al., 1966); a probably Permo-Triassic 
sequence of metamorphosed feldspathic sandstones, carbonates, and 
silicic meta-igneous rocks; and an association of metabasic rocks, 
serpentinite slivers and locally unserpentinized harzburgite (Morten 
and Puga, 1984), marble, and calcareous mica schist. The metabasic 
rocks are late Jurassic (Hebeda et al., 1980), and the calcareous schist 
locally contains poorly preserved microfossils of possible Cretaceous 
age (Tendero et al., 1993). This association of serpentinite slivers, 
occasional harzburgite, metabasic rocks, calcareous schist and marble 
has been interpreted as a disrupted ophiolite complex (Bodinier 
et al., 1987; Puga et al., 1989). The original stratigraphic sequence 
is repeated in a series of thrust sheets (Fallot et al., 1960; Nijhuis, 
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1964) or fold-nappes (García-Dueñas et al., 1988), but the present 
great lateral extent of these units (several tens of kilometers) relative 
to their thickness (a few hundreds of meters) suggests that they have 
been considerably thinned and modified by subsequent deformation. 

At deep levels in the Nevado-Filabride culmination the structure 
is dominated by a greenschist to amphibolite facies crenulation 
foliation, locally overprinted by later greenschist facies crenulations 
and associated foliations (e.g., Vissers, 1981; De Jong, 1991). The 
dominant crenulation foliation S2 is axial planar to commonly 
asymmetric F2 folds (Fig. 9a). Occasionally, interference is observed 
of such folds (labelled F2 in Fig. 9b) with an earlier generation of 
folds (F1). At high levels in the complex the structure is dominated 
by a strong subhorizontal foliation, commonly associated with 
isoclinal folds that may represent strongly attenuated F1 and/or F2 
folds, and a stretching lineation that is warped around the regional 
culminations. This foliation intensifies into a mylonite zone along the 
upper boundary of the complex described in more detail below, and 
postdates most of the metamorphic events.

There is evidence in the higher tectonic units of an early HP/LT 
metamorphism, reflected by locally preserved glaucophane schist and 
eclogite (De Roever and Nijhuis, 1964; Puga, 1971; Puga and Diaz 
de Federico, 1978; Vissers, 1981; Gomez Pugnaire and Fernandez-
Soler, 1987). An Ar-Ar plateau age on barroisitic amphibole of 48 
Ma may date the end of this event (Monié et al., 1991). Structural 
analyses aimed at relating metamorphic and deformational histories 
(Langenberg, 1972; Vissers, 1981; Bakker et al., 1989; De Jong, 1991; 
Jabaloy, 1993) differ somewhat in their detail but mostly show that 
the high-pressure metamorphic stage is either earlier than or related 
to the earliest recognizable foliation S1 (Fig. 9c, 10), preserved in 
most cases as relics in S2 crenulation foliations and within early 
porphyroblasts. This was followed by thorough overprinting under 
upper greenschist facies conditions, rising locally to amphibolite 
facies in the higher tectonic units (De Roever and Nijhuis, 1964; Platt 
and Behrmann, 1986; Vissers, 1981; Bakker et al., 1989) as evidenced 
by porphyroblasts of garnet, and occasional kyanite and staurolite, that 
enclose the S1 schistosity preserved in the crenulations but predate 
the main dominant crenulation foliation (Fig. 9d, 10). Widespread 
growth of chlorite and albite mark a stage of extensive midgreenschist 
facies retrogression. The local growth of late staurolite, oligoclase, 
and biotite may indicate a late-stage thermal overprint (Nijhuis, 1964; 
Vissers, 1981; Bakker et al., 1989). PT paths proposed for the complex 
are shown in Fig. 10.

3.2. Alpujarride Complex

The Alpujarride Complex includes a presumably Paleozoic sequence 
of graphitic mica-schist and quartzite identical to that of the Nevado-
Filabride Complex, Permo-Triassic aluminous phyllite and quartzite, 
and a thick sequence of Middle to Late Triassic dolomitized platform 
carbonates which locally enclose mafic intrusives of unknown age. 
No post-Triassic rocks have been found. 

Much of the Alpujarride Complex only shows lower greenschist 
facies metamorphism, but occurrences of sodic amphibole (Sánchez-
Vizcaíno et al., 1991) and carpholite (Goffé et al., 1989) suggest that 

ambient pressures during this low-grade event may have reached 7 
kbar, corresponding to a moderately high PT ratio. Ar-Ar ages from 
white micas in some of the intensely deformed and recrystallized 
Alpujarride rocks yield ages close to 50 Ma, which is interpreted 
as the timing of a main contractional event and associated high P/T 
metamorphism (Platt et al., 2005). An Ar-Ar plateau age of 25 Ma 
on phengite from a vein carrying carpholite, chloritoid, and aragonite 
may date the end of this event (Monié et al., 1991). Locally, however, 
the grade is much higher, and several areas show staurolite-garnet-
kyanite assemblages in metapelites, followed by growth of sillimanite 
and andalusite (Westra, 1969; Torres-Roldán, 1981). Upper 
amphibolite to granulite facies metamorphism at pressures up to about 
10 kbar is widespread in Alpujarride rocks of the western Betics in the 
vicinity of the peridotite massifs, and is accompanied by small bodies 
of anatectic granite and migmatitic gneiss (Westerhof, 1977; Tubía, 
1988; Argles et al., 1999). Narrow zones of garnet-alkali feldspar-
sillimanite rock adjacent to the peridotite bodies show cordierite-
spinel decompression rims around the garnets (Torres-Roldán, 1981). 
In the same area, metabasic rocks locally carry relict eclogite-facies 
assemblages suggesting peak pressures of the order of 15 kbar 
(Tubía and Gil Ibarguchi, 1991). These observations suggest an early 
medium to high PT ratio metamorphism followed by decompression 
at constant or rising temperature. Radiometric ages in the range 22-19 
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Ma (Zeck et al., 1989; Monié et al., 1991; Platt et al., 1998, 2005, Platt 
and Whitehouse, 1999) suggest that the thermal event occurred late in 
the tectonic evolution of the Betic Zone. By 21–22 Ma, exhumation 
had proceeded far enough for the highest grade and originally deepest 
rocks to cool below about 800ºC, and by 19 Ma exhumation of the 
high-grade rocks was largely complete (Platt and Whitehouse,1999). 
Exhumation and decompression occurred very rapidly, because 
in several areas Alpujarride rocks are overlain by early to middle 
Miocene sediments (Zeck et al., 1992). PT paths and PT estimates 
suggested for the Alpujarride Complex are shown in Fig. 11.

Alpujarride rocks show lithological repetitions that are at 
least in part due to thrusting. In the Sierra Alhamilla, early thrusts 
and associated folds are south vergent (Platt et al., 1983), but this 
observation has not been confirmed in other areas. Foliations and 
lineations associated with NE to NNE directed shear are widely 
reported from the complex and are commonly interpreted as being 
related to synmetamorphic thrusting (Tubía and Cuevas, 1986; Tubía 
et al., 1992). Tubía et al. (1992) suggested that the complex consists 
of three regionally developed units, the highest of which shows 
the highest grade and includes large volumes of Paleozoic rocks as 
well as the peridotite massifs, and the lowest of which shows only 
low-grade metamorphism and lacks Paleozoic rocks. This issue 
has been discussed by Vissers et al. (1995) who conclude that the 
structural pattern in the Alpujarride rocks has been strongly modified 
by late-orogenic extension, that the highest grade rocks have been 
exhumed from the greatest depths, and that, during extension, rocks 
at structurally high levels were affected in an irregular fashion by HT/
LP metamorphism. 

The complex shows considerable evidence for late extensional 
deformation. Torres-Roldán (1981) already pointed out that the 
rapid change in PT conditions within Alpujarride rocks adjacent to 
the Ronda peridotite requires tectonic thinning of the metamorphic 
zones. Platt et al. (2003b) suggested that this thinning of the crustal 
pile above the peridotites of the Ronda region occurred by slip on a 
series of extensional detachments. In the Sierra Alhamilla, Platt et al. 
(1983) identified the contact between low greenschist facies Permo-
Triassic rocks above and amphibolite-facies Paleozoic rocks below 
as an extensional fault. In the Sierra de las Estancias (Fig. 8), there 

is a transition from ductile extension associated with a regional flat-
lying foliation and ductile shear bands, to brittle normal faulting. 
This deformation was accompanied by patchily developed HT/LP 
metamorphism. The emerging picture of the Alpujarride Complex is 
that of an originally thick (>20 km) pile of thrust sheets that has been 
dissected by normal faults and reduced to an aggregate thickness of 
less than 10 km. HT/LP metamorphism accompanied extension. 

3.3. Malaguide Complex

Exposures of the Malaguide Complex are largely limited to the 
western Betics north of Malaga and to a narrow zone along the 
internal-external zone boundary (IEZB, Figs 1, 8). It comprises a 
well-differentiated sequence of Paleozoic clastic and carbonate rocks, 
Permo-Triassic red-beds, Middle to Late Triassic carbonate rocks 
and evaporites, a patchily developed sequence of Jurassic to Eocene 
carbonate rocks, and, in the Sierra Espuña (Fig. 8), a remarkable 
sequence of foreland basin clastic sediments extending up to the 
middle Miocene (Lonergan, 1993). The Malaguide rocks show at best 
sub-greenschist facies metamorphism.

3.4. Major extensional structures in the Betic crust

Alpujarride-Nevado Filabride contact: Betic Movement Zone (BMZ)
The contact between the Nevado-Filabride and Alpujarride units is 
a major discontinuity involving an abrupt upward decrease of peak 
metamorphic pressures and a sudden increase in brittle deformation. 
The contact is decorated by a thick zone of mylonitic and cataclastic 
rocks indicating large-scale shear under conditions that evolved from 
ductile to brittle. This shear zone, identified and named as the Betic 
movement zone (BMZ) by Platt and Vissers (1980), can be traced for 
some 230 km in an E-W direction from Cartagena to the western end 
of the Sierra Nevada (Platt et al., 1984; Alvarez, 1987); it coincides 
with the Mecina Extensional System of Galindo-Zaldivar et al. (1989) 
and Jabaloy et al. (1992), and in part with the Filabres detachment of 
Martínez-Martínez and Azañón (1997).

The BMZ has been described in some detail in the Sierra Alhamilla 
(Platt and Behrmann, 1986), the Sierra de los Filabres (Vissers, 1981; 
De Jong, 1991), and in several areas of the Sierra Nevada (Martínez-
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Martínez, 1986; Jabaloy et al., 1993) and shows the following 
characteristics (Vissers et al., 1995). The lower boundary of the 
BMZ is commonly diffuse: S2 crenulation foliations predominating 
at deeper levels in the Nevado-Filabride Complex gradually become 
intensified, whilst early (F1 and F2) folds show decreasing interlimb 
angles with isoclinal geometries close to the contact. Intensification of 
the foliation in strongly anisotropic micaceous schists is accentuated 
by the ubiquitous development of single, conjugate, or multiple sets 
of extensional crenulation cleavages (Platt and Vissers, 1980; Fig. 
9e). Quartz-rich rocks become platy and show mylonitic (Fig. 9f) and, 
locally, ultramylonitic microstructures. Nearly everywhere close to the 
contact, the mylonite zone includes platy quartz-albite-chlorite schist, 
meter-scale bands of tourmaline-bearing quartz-feldspar mylonite, 

and bands of intensely folded and disrupted mylonitic marble. None of 
these rock types are unique to the BMZ, but the lithological variability 
indicates that a significant original thickness of rocks, mainly derived 
from the higher Nevado-Filabride units in the east, was stretched, 
thinned, and incorporated into the mylonite zone. In addition to small 
extensional faults bending into gouge layers parallel to the mylonites, 
larger normal faults in Alpujarride rocks of the hanging wall do in 
places sole down onto the BMZ (Vissers et al., 1995). The width of the 
mylonite zone, measured perpendicular to the platy foliation from the 
first detectable extensional crenulation cleavages to the contact, varies 
from a few hundred meters to about one kilometer. Ar-Ar dating by 
Monié et al. (1991) suggests that the mylonites cooled below 350°C at 
around 16 Ma, i.e., during the late Burdigalian, whilst apatite fission 
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track ages indicate that the underlying Nevado-Filabride rocks cooled 
below ~70-100°C between 12 and 9 Ma, suggesting exhumation 
during the Tortonian (Johnson et al., 1997).

The significance of the BMZ is not unambiguous. In view of the 
duplication of Paleozoic and Mesozoic strata, the original contact 
between the Alpujarride and Nevado-Filabride Complexes must 
have been contractional, and the present contact has classically 
been consid ered a thrust (e.g., Fallot et al., 1960; Egeler and Simon, 
1969). It is now accepted to be extensional over its entire trajectory 
for reasons reviewed in detail by Vissers et al. (1995), including a 
sudden upward decrease in metamorphic grade, excision of the higher 
Nevado-Filabride units in the direction of transport, and its evolution 
from ductile to brittle. Kinematic data from the BMZ mylonites (Fig. 
8) show an arcuate pattern of transport directions, swinging from 
around N in the Sierra Alhamilla and southeastern Sierra Nevada, to 
WNW in the central Sierra de los Filabres, via W in the northern Sierra 
Nevada to SW in the western Sierra Nevada. These observations are 
consistent with the results of a similar study by Jabaloy et al. (1993). 
It follows that the dominant sense of shear on the BMZ is westward. 
The only possible correlation of rocks across the contact is between 
the amphibolite facies marble, granitic gneiss, schist, and metabasic 
rocks of the higher Nevado-Filabride units in the eastern Sierra de los 
Filabres with a similar lithology in the Alpujarride of the Ojen region 
in the western Betics. This would imply a displacement of more than 
100 km (Fig. 12, E-W section). Given the evidence for substantial 
extension in both Nevado-Filabride and Alpujarride complexes and 
the evidence described above for variations in shear direction in both 
space and time, it may be better to view the BMZ as a detachment 
horizon between two crustal levels that were deforming to some 
extent independently, and that has itself been substantially extended. 

Malaguide/Alpujarride Contact (MAC)

The contact between the Alpujarride Complex and the overlying 
Malaguide Complex in the Velez Rubio region (Fig. 8) is marked 
by a steeply north dipping zone, up to 20 m thick, of calc-mylonite 
derived from Alpujarride carbonate rocks, overlain by fault gouge 
derived from Malaguide Paleozoic greywacke. The steep orientation 
is a consequence of Neogene tilting along the adjacent internal-
external zone boundary (Lonergan et al., 1994; Lonergan and Platt, 
1995). The fault gouge generally shows a chaotic pattern of lineations 
indicating reactivation in several phases of motion. The calc-mylonite 
is extremely fine-grained and contains abundant clasts of limestone 
and dolomite, many of which show fragmented or recrystallized tails. 
The stretching lineation in the mylonites is subhorizontal, trending 
ENE, and the sense of shear is consistently dextral (i.e., top-to-the-
east-northeast). Related deformation can be traced downward and 
southward into the underlying Alpujarride phyllites and quartzites, 
where it is represented by a foliation, ENE trending stretching 
lineation, and abundant 10-cm-scale shear bands with a top-to-the-
east-northeast shear sense (Platzman and Platt, 2004). The shear 

bands range from ductile-type shear bands which contribute to the 
intensification of the foliation and lineation, to more discrete brittle 
shear bands marked by fiber-lineated quartz veins and striated brittle 
fracture surfaces. These structures overprint earlier folds and ductile 
fabrics in the Alpujarride rocks and show a consistent orientation and 
shear sense.

Like the Alpujarride/Nevado-Filabride contact, the Malaguide/
Alpujarride contact must have originated as a contractional structure, 
but several lines of evidence suggest that at least in the Velez-Rubio 
area, the contact has been reactivated as a normal fault. Arguments 
are similar to those in favour of an extensional nature of the BMZ 
(see also Platt, 1986; Aldaya et al., 1991; Vissers et al., 1995) of 
which a marked decrease upward in metamorphic grade is the most 
obvious: everywhere along the contact, Malaguide rocks showing at 
most sub-greenschist facies metamorphism are in direct contact with 
greenschist facies Alpujarride phyllites. Illite crystallinity data from 
the Sierra-Espuña suggest that this difference in grade corresponds 
to a temperature contrast of about 100°C (Lonergan, 1993). A 
significant pressure difference is also likely because the Alpujarride 
rocks in the northern Sierra de las Estancias locally carry carpholite 
pseudomorphs (Goffé et al., 1989), indicating pressures of about 7 
kbar. Apatite fission track ages suggest exhumation along this contact 
at about 23 Ma (Johnson, 1993). Together with the distorted shape of 
the Malaguide/Alpujarride contact, these data suggest that extensional 
motion on the MAC may have ceased somewhat earlier than on the 
BMZ. The opposing sense of shear on the two contacts contributes to 
a picture of large-scale, roughly coaxial horizontal extension in the 
Betic crust (see E-W section, Fig. 12).

3.5. Summary of main features in the Betic crust

The Nevado-Filabride rocks show a multistage metamorphic history 
from early high-pressure to lower pressure conditions. Adjacent 
Alpujarride units in the central and eastern parts of the Betic Zone 
are quite low-grade, but locally show low-pressure high-temperature 
facies series. The two complexes are separated by a major crustal-
scale shear zone (BMZ) surrounding a 100 km scale elongate 
structural dome. Rocks below and above this shear zone show a 
distinct pressure gap indicating that the BMZ should be an extensional 
detachment. Transport directions vary between N and NW directed 
in the east to W and SW directed in the west, indicating overall E-W 
extension in Betic middle crust. Geochronology indicates a Miocene 
age of low-greenschist facies ductile shearing at around 16 Ma, while 
apatite fission track ages suggest exhumation between 12 and 9 Ma.
The contact of the Malaguide complex with the underlying Alpujarride 
rocks (MAC) is marked by a distinct difference in metamorphic grade, 
with almost non-metamorphic Malaguide rocks overlying Alpujarride 
greenschist facies phyllites and micaschists along a mylonitic contact 
that evolved from ductile to brittle. Geochronology suggests Miocene 
exhumation along the MAC at 23 Ma, hence extension on this contact 
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central Betic Cordillera and neighbouring regions, 
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of sections shown in Fig. 1. (a) N-S section. Note 
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may have ceased earlier than on the BMZ.  

4. the Alboran upper mantle: the ronda peridotite record

In the western Betic Zone and internal Rif of northern Morocco, 
upper mantle peridotites with Neogene emplacement ages (Priem et 
al., 1979; Zindler et al., 1983) are exposed amidst mostly high-grade 
crustal rocks (Figs 1 and 12). Graphite pseudomorphs after diamond 
in these peridotites (Pearson et al., 1989; Davies et al., 1993) indicate 
a deep lithospheric or asthenospheric origin. In addition, several of 
the peridotites show a structural and compositional heterogeneity 
reflecting successive stages of uplift and eventual emplacement. The 
Neogene emplacement ages suggest that this heterogeneity results 
at least partly from geologically young processes in the western 
Mediterranean mantle.

A marked feature of the Ronda peridotite body is its roughly 
concentric pattern of all three peridotite facies (i.e., garnet-, spinel- and 
plagioclase-peridotite facies (Obata, 1980), in an essentially coherent 
outcrop of some 300 km2. A structural study of this massif (van der 
Wal, 1993; van der Wal and Vissers, 1993, 1996) shows that the 
three facies domains are related to and coincide with the progressive 
development of three different structural domains (Fig. 13). These are 
(1) foliated garnet-bearing peridotites in the northwestern part of the 
massif, (2) coarse-grained granular spinel peridotites in the central 
part, and (3) porphyroclastic plagioclase tectonites in the southern 
and eastern part. Note that the term porhyroclastic is used here as in 
mantle geology studies to describe a coarse-grained, foliated mantle 
peridotite containing deformed and partly recrystallized grains of the 
constituent minerals such as olivines and pyroxenes in a somewhat 
finer-grained matrix of these same minerals.

The garnet-bearing peridotites of the northwestern part of the 
massif (Fig. 13) include foliated Ariegite-facies spinel lherzolites (i.e., 
spinel lherzolites enclosing layers of garnet pyroxenite), referred to as 
spinel tectonites (Fig. 14a). They represent the oldest deformational 
structure preserved (van der Wal, 1993). Their microstructure 
is dominated by elongate olivines, elongate orthopyroxene 
porphyroclasts surrounded by recrystallized orthopyroxenes and 
clinopyroxenes (Fig. 14b), and oriented trains of spinel. Porphyroclast 
core compositions indicate high temperatures (1110±65 °C, labelled 

R1) at spinel-peridotite facies conditions, while the mineral chemistry 
of the recrystallized pyroxenes suggests dynamic recrystallization at 
much lower temperatures (810-900 °C, labelled R2) consistent with 
progressive cooling during deformation (Fig. 15). 

Towards the margin of the peridotite body, the tectonite foliation 
bends over low angles into a mylonitic foliation of garnet-spinel 
mylonites (Figs 13, 14c) defining a mylonitic shear zone of a few 
hundred meters width (see also Precigout et al., 2007). A few 
similar but much narrower mylonite zones occur within the massif. 
The mylonites contain extremely stretched clasts of orthopyroxene 
(Fig.14d), elongate spinel, and spinel rimmed by a fine-grained 
kelyphitic assemblage with bulk compositions of a pyropic garnet, 
suggesting deformation near the transition from spinel to garnet 
peridotite (18-22 kbar, Fig. 15). This is supported by the stable 
occurrence, in the mylonitic matrix, of garnets derived from 
extremely stretched garnet-pyroxenite layers. The mineral chemistry 
of recrystallized orthopyroxene grains suggests temperatures around 
830-880°C (labelled R3 in Fig. 15) during mylonitization.

Towards the core of the massif, the porphyroclastic microstructures 
as well as occasional narrow mylonite zones are overprinted by 
intense recrystallization and development of granular peridotites 
(Fig. 14e). The boundary between the spinel tectonites and the 
granular rocks, currently known as the Ronda recrystallization front 
(van der Wal & Vissers, 1993, 1996), lies oblique to the trend of the 
spinel tectonite foliation (Fig. 13). The boundary is not sharp but 
occurs gradually over about 200 m. In sections across this transition, 
orientations of pyroxenite dykes, compositional banding, and olivine 
petrofabrics seen in the spinel tectonites remain essentially constant, 
whilst the microstructure progressively evolves, via strain-free olivine 
microstructures (Fig. 14f) enclosing elongate pyroxenes and trains of 
spinel, to a coarse granular peridotite. This structural continuity and 
the evidence for concurrent growth of olivine, pyroxene, and spinel 
suggest that the granular rocks developed as the result of extensive 
recrystallization affecting the spinel-bearing tectonites and local 
garnet-spinel mylonites. Mineral chemistry based thermobarometry by 
van der Wal et al. (1993) suggests temperatures in the granular domain 
of 1090±70 °C (labelled R5 in Fig. 15). The associated pressures were 
inferred from the progressive transformation of garnet pyroxenites at 
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the transition into spinel pyroxenites (Seiland subfacies, i.e., spinel 
lherzolites enclosing spinel pyroxenites), indicating substantial 
exhumation to pressures of 8-14 kbar (Fig. 15). Van der Wal (1993) 
and van der Wal and Vissers (1993) inferred that exhumation of the 
Ronda rocks proceeded under relatively cool conditions between 770 
and 880 °C (shown in Fig. 15 as path towards conditions labelled R4), 
after which the outer and presumably higher part of the Ronda body 
remained relatively cool (dashed grey trajectory in Fig. 15) while the 
deeper part of the body became heated and affected by melting and 
melt-rock interaction processes (solid grey trajectory from R4 to R5).

Van der Wal & Bodinier (1996) have shown that the recrystalization 
front results from extensive melt-rock interaction and melt-assisted 
recrystallization affecting the foliated spinel tectonites and occasional 
mylonites at spinel-facies conditions. Van der Wal & Vissers (1993) 
obtained rather low temperatures (770-880 °C) in the spinel tectonites 

close to the front, but renewed thermobarometry by Lenoir et al. 
(2001) of similar samples has yielded much higher temperatures of 
around 1050-1100 °C. In addition, Lenoir et al. (2001) concluded that 
the development of the recrystallization front occurred at temperatures 
in the range 1180-1225 °C and pressures near those of the ariegite-
seiland (a-s) subfacies boundary (field R5L in Fig. 15), i.e. at higher 
temperatures but also higher pressures than inferred by van der Wal 
& Vissers (1993). Lenoir et al. (2001) consequently interpreted the 
Ronda recrystallization front as a lithospheric melting front.

The melting and melt-rock interaction processes were followed 
by peridotite emplacement into the crust along high-temperature 
plagioclase-facies shear zones developed in the deeper parts of 
the spinel-facies granular peridotites. Most plagioclase tectonites 
show north directed shear (i.e., north directed displacement of the 
hanging wall), but a later set of narrower plagioclase tectonite shear 
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Figure 14. Structures and microstructures in the Ronda peridotite of the western Sierra Bermeja. (a) Field aspect of spinel tectonite foliation with garnet pyroxenite 
layers parallel to foliation, note hammer for scale. (b) Photomicrograph of spinel tectonite microstructure showing elongate orthopyroxene (OPX) dispersed in 
olivine matrix. Crossed nicols, scale bar 2 mm. (c) Field aspect of garnet-spinel mylonites with strongly boudinaged garnet pyroxenite bands, diameter of coin 2 
cm. (d) Photomicrograph of garnet-spinel mylonite microstructure, showing elongate stretched orthopyroxene (OPX) in fine grained mylonitic matrix. Crossed 
nicols, scale bar 2 mm. (e) Field aspect of granular peridotite, diameter of coin 2 cm. (f) Annealed olivine microstructure from transition zone between sheared 
spinel tectonites and granular peridotites. Crossed nicols, scale bar 2 mm.
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zones show south and west directed displacements (Fig. 13). The 
syntectonic plagioclase assemblages indicate that the shear zones 
developed during exhumation of the peridotite toward crustal levels 
(R6 in Fig. 15). Cooling ages of hornblende bearing leucocratic dikes 
(~22 Ma; Priem et al., 1979) transecting the plagioclase tectonites 
suggest that this stage of exhumation of the peridotite proceeded till 
the lower Miocene.

Van der Wal and Vissers (1993) interpreted the observed cooling 
during the development of the spinel tectonites and garnet-spinel 
mylonites and the plausible increase in pressure toward the garnet 
peridotite field in terms of (Paleogene) subduction-related thickening. 
With the aim to reconcile the structural and geothermometric data 
from the peridotites with those seen in the crustal envelope, Platt et 
al. (2003b) reconsidered the significance of the spinel tectonites and 
garnet-spinel mylonites. They suggested that, instead of subduction-
related lithosphere thickening, the low-temperatures obtained from 
the garnet-spinel mylonites may equally be consistent with the onset 
of lithospheric extension, and that the mylonites may represent an 
extensional ductile shear zone deforming at temperatures that remained 
relatively low as a result of continuous cooling against a hanging wall 
of previously thickened crust. Recent structural work (Precigout et 
al., 2007) in addition suggests that the spinel tectonites and garnet-
spinel mylonites may form one heterogeneous shear zone system, 
such that the spinel tectonites may equally represent extensional 
deformation in the upper mantle. On the basis of this alternative 
interpretation, and using the van der Wal & Vissers (1993) estimates 
for the garnet-spinel mylonites in combination with the Lenoir et al. 

(2001) thermobarometric results for the granular peridotites, Platt et 
al. (2003b) propose a P-T path for the Ronda peridotites involving 
substantial heating (~400 °C, from 800 to 1200 °C) followed by rapid 
(almost adiabatic) exhumation (Fig. 15, green trajectory). 

The peridotites are underlain by high-grade gneisses (Lundeen, 
1978) and migmatites beneath a faulted contact marked by extensive 
brecciation and gouge development, indicating final emplacement 
under brittle, upper crustal conditions (Fig. 13, cross section). 
Likewise, a 10 m scale zone of fault gouge separates the garnet-spinel 
mylonites of the northwestern margin from an overlying sequence 
of high-grade gneisses which, away from the peridotites, pass over 
short distances into lower-grade andalusite-facies pelites previously 
described as the Ronda contact aureole (Loomis, 1972; Westerhof, 
1977; Torres Roldán, 1981). 

5. Discussion 

Any explanation for the Neogene tectonic evolution of the Betic 
Cordillera and Alboran Domain must account for the following 
observations. 

1. The predominantly extensional deformation of the region 
during the Neogene took place in a context of overall convergence 
between Africa and Eurasia. A variety of plate motion paths have been 
proposed, and all of them show slow N to NW directed convergence 
in the Alboran region during the Neogene. The analysis by Vissers 
and Meijer (submitted) for example shows about 200 km of northward 
motion of Africa relative to Iberia between 83 and 19 Ma, followed by 
50 km of WNW directed motion up to the present day (Fig. 16). It is 
clear therefore that extension in the region was not caused by motions 
of the bounding plates but was driven by some process acting within 
the Alboran system itself. 

2. Extension and subsidence in the Alboran Domain (i.e., 
including the internal zone of the Betic Cordillera) occurred coevally 
with thrusting and shortening in the external zones of the Betic and 
Rif mountains. Extension in the Alboran Sea must have started at 
some time prior to the Burdigalian and continued at a reduced rate 
through the middle and possibly into the late Miocene (Watts et 
al., 1993). Onshore, the extensional detachments forming the BMZ 
and MAC were active in early Miocene time, and extension in the 
Neogene basins continued through the middle Miocene into the 
Tortonian. Meanwhile, thrusting of the flysch domains along the 
internal-external zone boundary around the Betic-Rif arc began in 
Burdigalian to Langhian time (~17-15 Ma; Wildi, 1983; Hermes, 
1978; Martín-Algarra, 1987; Olivier, 1984; Lonergan et al., 1994). 
Kinematic indicators along this boundary suggest NW convergence 
in the eastern Betics (Lonergan et al., 1994) and WNW in the western 
Betics (Platt et al., 2003a), and they swing to the S in the Rif (Platzman 
et al., 1993; Platt et al., 2003a). NW directed convergence continued 
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in the Subbetic during the middle Miocene (Banks and Warburton, 
1991), and WNW convergence in the Prebetic possibly continued 
into the Messinian (Frizon de Lamotte et al., 1991; Meijninger and 
Vissers, 2007). Similarly, W to WSW directed thrusting continued in 
the external Rif through into the late Miocene (Frizon de Lamotte 
et al., 1991; Platt et al., 2003a). During this process, extended rocks 
of the Alboran Domain were thrust onto the Iberian margin along 
the internal-external zone boundary (Fig. 1, 12): these rocks have 
effectively been translated from the extending into the compressional 
domain.

3. Extension in the Alboran Domain was largely confined to the 
site of former crustal thickening, suggesting a causal relationship. 
This is clearly visible from the distribution of the extensional basins 
in relation to the internal zones of the Betic-Rif arc (Figs 5 and 8). 
A few late Neogene basins do occur in the external zones: some of 
these may be deformed remnants of old flexural basins (Van der Beek 
and Cloetingh, 1992), and a few are genuinely extensional (e.g., the 
Ronda basin) and reflect minor amounts of post-thrusting extension in 
the external zones.

4. Extension in the Alboran Domain was accompanied by 
the exhumation of substantial bodies of mantle peridotite at high 
temperature, by a regional metamorphic event that locally reached 
very high temperatures, and by scattered mixed mode volcanism. 

5.1. Tectonic Hypotheses for the Betic/Alboran Region

Several hypotheses have been proposed that call on changes in 
the underlying mantle structure to explain the pattern of Neogene 
deformation in the Alboran region. Royden (1993) and Lonergan 
and White (1997) have suggested back arc extension driven by slab 
rollback to explain the pattern of Neogene deformation in the Alboran 
region. Seismic tomography by Gutscher et al. (2002) and Spakman 
and Wortel (2004) shows the presence of a southeast to east dipping 
curved slab underneath the Betics, leading these authors to suggest 
that extension and thinning in the Betic-Rif belt and Alboran Domain 
was induced by west-directed rollback and steepening of a subducting 
oceanic plate. Two problems surround this hypothesis. First, there is no 
clearcut geological evidence for the existence of oceanic lithosphere 
in the region at any time during the Neogene. The local occurrence 
of thin slivers of E-MORB basic rocks, however, may indicate 
that the Flysch Trough units in the western Betics were floored by 
oceanic crust (Durand-Delga et al., 2000; Booth-Rea et al., 2007, and 
references therein). Secondly, slab roll-back by itself cannot account 
for the both extreme and rapid heating at shallow depths documented 
in the metamorphic crustal envelope of the Ronda peridotites (Platt et 
al., 2003b) and in the metamorphic rocks at Site 976 in the Alboran 
Sea (Comas et al., 1999), nor for the high temperatures implied by 
the melt-rock interaction and melt impregnation processes leading to 
the development of a lithospheric melting front in the Ronda massif. 

As opposed to the concept of slab roll-back driving trench retreat, 
three in a sense similar but differently formulated hypotheses may 
account for the geological observations in the Alboran system. These 
include detachment of a subducting slab (Blanco and Spakman, 1993) 
and either delamination (Channell and Mareschal, 1989; Seber et 
al., 1996) or convective removal (Platt and Vissers, 1989) of part or 
all of the lithospheric mantle beneath the Alboran region (Fig. 17). 

Each of these processes involve the separation and sinking of dense 
lithospheric mantle from beneath the zone of convergence, thereby 
removing a downward load. The result should be first an increase in 
surface elevation and potential energy of the region, which could cause 
it to extend, even though the bounding plate motions continue to be 
convergent (England and Houseman, 1989; Platt and England, 1994). 
Secondly, the ensuing ascent of asthenospheric mantle to shallow 
levels close to or at the base of the crust should lead to a thermal pulse 
causing magmatism and metamorphism. The three hypotheses differ 
mainly in the mechanical properties assumed for the lithosphere and 
the amount that is removed. The concept of slab detachment (Wortel 
and Spakman, 1992, 2000; Davies and von Blanckenburg, 1995) 
requires the subduction of a rigid, presumably oceanic plate that is 
likely to detach, in particular once collision has occurred. In view of 
the evidence for continental collision in the Alboran region as early 
as the Eocene and the lack of genuine evidence for Tertiary oceanic 
crust, Platt and Vissers (1989) and Vissers et al. (1995) preferred to 
think in terms of the deformation of continental lithosphere along a 
pre-existing lithospheric discontinuity. Delamination (Bird, 1979; 
Channell and Mareschal, 1989) assumes that the subcontinental 
mantle lithosphere in a region of continental collision will behave in 
slab-like fashion and will peel off along the Moho. The consequence 
will be the juxtaposition of asthenospheric mantle with the base of the 
crust, which is likely to cause immediate and widespread melting of 
the lower crust. Convective removal of lithosphere draws on a concept 
developed by Houseman et al. (1981) that treats the lithosphere as 
a conductive thermal boundary layer to the convecting mantle, with 
the lower part of the lithosphere behaving as a viscous fluid that is 
only intermittently involved in convection. Thickening results in 
an increase of the Rayleigh number of the fluid lower lithosphere 
and hence of the rate at which it is involved in convective motion, 
resulting in its removal and the reestablishment of a thermally stable 
boundary layer thickness. 

5.2. An Integrated Hypothesis for the Betic/Alboran Region 

The Alpine history of the Alboran region began with the left-lateral 
oblique rifting event that accompanied the separation of Africa and 
Eurasia during the Jurassic (e.g. Dewey et al., 1989), creating passive 
continental margins on the African and Iberian sides of the opening 
Neotethys basin. This basin was probably floored in part by oceanic 
crust, but contained one or more partially submerged continental 
platforms, now represented by the various Paleozoic basement 
complexes in the internal Betic and Rif mountains. The early uplift 
of the diamond-bearing peridotites of the Ronda and Beni Bousera 
massifs from depths of around 150 km into the spinel peridotite 
stability field (i.e., mid-lithospheric levels) may well have occurred 
during this phase of extension, as suggested by the recovery of zircon 
ages around 160 Ma (Sánchez-Rodríguez, 1998). 

Plate motion analyses suggests that significant convergence 
between Africa and Iberia began at about 51 Ma (Dewey et al., 1989) 
or as early as 83 Ma (Vissers and Meijer, submitted). Stratigraphic 
evidence (Lonergan, 1993) and radiometric dates on the high P/T 
metamorphism (Monié et al., 1992) suggest that convergence began 
or was already underway by late Eocene time, although earlier dates 
have been suggested (e.g., De Jong, 1991). This resulted in the 
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Figure 17. Cartoon illustrating three ways in which the lithosphere-scale structure may change at geologically short time scales. Note that delamination, convective 
removal and slab detachment each imply that cold and gravitationally unstable heavy lithosphere sinks into the underlying mantle, and that hot asthenospheric 
mantle replaces this cold lithosphere at shallow levels. For further explanation see text.
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stacking of tectonic units in the Alboran region to create a region of 
thickened continental crust and lithosphere. Early thrusting directions 
have been documented towards the NW in the Nevado-Filabride 
Complex (Bakker et al., 1989), the NE (Tubía et al., 1992) or the S 
(Platt et al., 1993) in the Alpujarride Complex, and the NW in the 
Malaguide Complex (Lonergan, 1993). In any case, early kinematic 
indicators have most probably been affected by large rotations about 
vertical axes (Allerton et al., 1993). The paleogeography and gross 
lithosphere structure of the Alboran region are illustrated in Fig. 18a. 
The stress-depth graphs to the right in Fig. 18a serve to illustrate the 
physics of lithosphere thickening. As outlined by Molnar and Lyon-
Caen (1988), the gravitional potential energy of a lithosphere column 
equals the vertically integrated vertical stress, i.e., the area below 
the vertical stress - depth curve for that column. It follows that for 
a normal and a thickened lithosphere the difference of these areas 
below the two graphs represents the difference in potential energy of 
the two columns. In the case of lithosphere thickening, the effect of 
an increase in potential energy of the crust (indicated in red in Fig. 
18) is commonly outweight by a larger decrease (indicated in blue) 
due to thickening of the underlying lithospheric mantle (Fig. 18a), 
such that the net potential energy of the thickened lithosphere will 
be less that that of a normal lithosphere (see also Platt and England, 
1994). Fig. 19 illustrates the evolution of the Alboran Domain and 

surrounding chains for two different hypotheses with regard to the 
underlying upper mantle processes, i.e., homogeneous thickening 
followed by convective removal of the thermal boundary layer (Fig. 
19a), and subduction of a relatively small oceanic domain followed by 
slab detachment (Fig. 19b). 

Some form of detachment or convective removal of lithospheric 
mantle occurred in latest Oligocene or earliest Miocene time (Figs 
18b, 19a and b, panels 2). Removal of part of the lithospheric 
mantle beneath the collisional ridge had several direct and indirect 
consequences. 

(1) There should have been an immediate increase in surface 
elevation (England & Houseman, 1989), possibly reflected in the 
increased clastic sedimentation during the Oligocene to early Miocene 
in the flysch basins on the north African margin and in the Gibraltar 
area (Wildi, 1983; Olivier, 1984).

(2) The increase in potential energy of the system (Fig. 18b) 
resulting from the increase in surface elevation caused the Alboran 
domain to extend, exhuming high-pressure crustal and mantle rocks 
along large-scale extensional detachments, and forming extensional 
basins at the surface. Panels 3 in Fig. 19a and b illustrate this 
extensional collapse for the two scenarios. The extension certainly 
included a N-S component, as indicated by kinematic data from the 
extensional basins and the predominance of E-W trending horst and 
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graben structures, but there was also a strong E-W component, as 
shown by the kinematic data from the mylonites along the crustal 
detachments. Sense and directions of shear changed in both space and 
time, presumably reflecting the complex and changing geometry of 
the extending crust. The spinel-tectonites and garnet-spinel mylonites 
in the Ronda body reflect the onset of ductile extension at upper 
mantle levels.

(3) An abrupt step in the geotherm was created at the base of 
the thinned lithosphere, which triggered partial melting in the latter 
(Pearce et al., 1990; Platt & England, 1994), leading to early Miocene 
mafic magmatism in the Malaga region, for example (Torres-Roldán 
et al., 1986). 

(4) The combination of convective removal of the lithospheric 
root and extension allowed a transient thermal pulse to affect the upper 
mantle and crust during and after decompression (Platt & England, 
1994). In the Ronda peridotite this is reflected by decompression 
from the spinel-garnet transition zone into the Seiland subfacies 
stability field, accompanied by extensive recrystallization and melt-
rock interaction to develop the granular spinel peridotites (Fig. 
15). These were exhumed along low-pressure, plagioclase-bearing 
tectonite shear zones (i.e., major upper-mantle extensional faults 
accommodating tectonic denudation), which evolved into cataclastic 
fault zones related to the final emplacement of the peridotite bodies 
amidst tectonic slices of crustal origin (Tubía & Cuevas, 1986, 
Lundeen, 1978). In deep crustal rocks the thermal event produced 
the characteristic late intermediate to LP/HT metamorphism that 
accompanied exhumation; in shallower crustal rocks it caused local 
postkinematic LP/HT metamorphism.

(5) Continued extension and decompression of asthenosperic 
mantle resulted in partial melting; together with partial melting in the 
crust associated with the thermal event this resulted in scattered mafic, 
intermediate and silicic volcanism during the Neogene (Fig. 19a and 
b, panels 3). 

(6) Extension of the Alboran domain caused its margins to move 
outwards. Because of its elongate shape this involved a component 
of westward motion, particularly at the western end of the region. 
Combined with continuing Africa/Iberia convergence this caused a 
pattern of outwardly directed thrusting in the external zones of the 
Betic and Rif chains (Platzman, 1992; Platt et al., 2003a). The margins 
of the Alboran domain were thrust over the surrounding basins onto 
the continental margins of Iberia and Africa. As a result, some regions 

first involved in extensional exhumation (including the Ronda and 
other peridotites; Fig. 12, Fig. 19a and b, panel 4) were transported 
into the compressional region on the margins of the Alboran domain 
and became involved in thrusting.

(7) Both convective removal of lithosphere and the subsequent 
extension elevated the thermal gradient, hence the surface heat flow 
of the region, so that overall cooling and subsidence followed. This 
resulted in much of the Alboran domain subsiding below sea-level 
during the Miocene and the accumulation of marine sediments. 
Towards the end of the Miocene much of the Betic/Alboran region 
was affected by a combination of strike-slip faulting, local folding and 
thrusting, inverting the earlier sedimentary basins. These effects may 
reflect the progressive cooling and decrease in potential energy of the 
region (Figs 18c; Fig. 19a and b, panels 4), such that the convergent 
motion between Africa and Europe once more became the dominant 
tectonic process. At the same time the presently emergent part of the 
internal Betic Cordillera underwent a substantial increase in surface 
elevation: sedimentary basins that were marine in the Tortonian are 
now exposed at elevations between 200 and 1000 m. The elevated 
region approximately corresponds to the area that has been emplaced 
onto the Iberian continental basement that originally underlay the 
External Zones (Fig. 12). This crustal thickening on the margins of 
the extending Alboran domain may explain the current elevation. 

6. conclusive remark

The geology of the Alboran region and its underlying geodynamics 
are in all likelihood not unique to the region, and many similarities 
can be identified with processes inferred for the Tibetan Plateau in the 
Alpine orogenic system, but also for the Variscan (Ménard & Molnar, 
1988) and Pan-African orogenic belts (Black & Liegeois, 1993) 
where extensional processes can be shown to also have occurred in an 
essentially convergent setting. The Alboran region, however, is rather 
unique in that aside geological studies of the metamorphic crustal 
rocks and overlying basin sediments, large exposures of mantle rocks 
allow to directly investigate coeval processes in the pertinent upper 
mantle. The overall westward motion during Neogene extension of the 
Alboran domain indicates that the underlying processes in the upper 
mantle may, in fact, have occurred east and northeast of the present-day 
Alboran region. These earlier stages are, therefore, necessarily related 
to the evolution of the western Mediterranean region as a whole, and 
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further research is needed to obtain a firm grip on that evolution, and 
on relationships with the adjacent parts of the Alpine belt such as the 
Alps. The resulting geodynamic scenarios and hypotheses should, 
in any case, account for the first-order characteristics of the Betic/
Alboran system. Quoted differences between current hypotheses may 
in fact be less fundamental than they seem at first inspection. Fig. 19 
illustrates how different hypotheses for the upper mantle processes in 
the Alboran region may be consistent with the same surface geology. 
As outlined by Turner et al. (1999): “Delamination, convective 
removal of lithosphere and slab detachment all predict significant 
uplift before the onset of extension, together with decompressional 
magmatism and transient conductive heating of the lithosphere (Platt 
& England, 1994). The surface geometry and evolution of the effects 
should differ according to the model, but the differences may not be 
sufficiently clearcut to be diagnostic”.

7. Acknowledgements 

I am grateful to Geologica Belgica for the opportunity to write this 
paper following the generous award of the André Dumont Medal in 
Leuven in March 2011 for which I am deeply indebted. Constructive 
reviews by Jean-Paul Liégeois and Manuel Sintubin were of great 
help in attempts to clarify complicated aspects of the Betic geology. 
At this stage I would like to acknowledge the many colleagues and 
students that have contributed with their enthusiasm and inspiration, 
in particular two of my former research students who worked in the 
Betics. Dirk van der Wal studying the Ronda peridotite convinced me 
that foliated garnet peridotites did become granular during a melt-
assisted heating event. Bart Meijninger did his painstaking work in the 
Neogene basins resulting in the first true-scale cross sections across 
heavily faulted basin margins and loads of kinematic data. Over the 
years since my own early fieldwork in the seventies, I continued 
intermittent collaboration with my friend and colleague John Platt. 
Discussions with him in the field have been of incredible value to me, 
and I am indebted to him for his continuous friendship and interest.

8. references

Albert-Beltrán, J.F., 1979. El mapa español de flujos calorificos. Intento de 
correlación entre anomalias geotérmicas y estructura cortical. Boletín 
Geológico y Minero, 90, 36-48.

Aldaya, F., Alvarez, F., Galindo-Zaldivar, J., Gonzalez-Lodeiro, F., Jabaloy, 
A. & Navarro-Vila, F., 1991. The Malaguide-Alpujarride contact (Betic 
Cordilleras, Spain): a brittle extensional detachment. Comptes Rendus de 
l’Académie des Sciences de Paris, 313, 1447-1453.

Aldaya, F., Campos, J., Garcia-Dueñas, V., Gonzalez-Lodeiro, F. & Orozco, 
M., 1984. El contacto Alpujárrides/Nevado-Filábrides en la vertiente 
meridional de Sierra Nevada. Implicaciones tectonicas. In: El borde 
mediterráneo Español: evolución del orógeno bético y geodynámica de 
las depresiones neógenas, Granada, 18-20. 

Allerton, S., Lonergan, L., Platt, J.P., Platzman, E. & McClelland, E., 1993. 
Palaeomagnetic rotations in the eastern Betic Cordillera, southern Spain. 
Earth and Planetary Science Letters, 119, 225-241.

Alvarez, F., 1987. Subhorizontal shear zones and their relation to nappe 
movements in the Cantal and Minarros Units, Eastern Betic Zone (Spain). 
Geologie en Mijnbouw, 66, 101-110.

Andrieux, J., Fontboté, J.M. & Mattauer M., 1971. Sur un modèle explicatif 
de l’arc de Gibraltar. Earth and Planetary Science Letters, 12, 191-198.

Argles, T.W., Platt, J.P. & Waters, D.J., 1999. Attenuation and excision of a 
crustal section during extensional exhumation: the Carratraca Massif, 
Betic Cordillera, Southern Spain. Journal of the Geological Society, 
London, 156, 149 – 162. 

Bakker, H.E., de Jong, K., Helmers, H. & Biermann, C., 1989. The geodynamic 
evolution of the Internal Zone of the Betic Cordilleras (south-east Spain): 
a model based on structural analysis and geothermobarometry. Journal of 
Metamorphic Geology, 7, 359-381. 

Banda, E., Udias, A., Mueller, S., Mezcua, J., Boloix, M., Qallart, J. & 
Aparicio, A., 1983. Crustal structure beneath Spain from deep seismic 
sounding experiments. Physics of the Earth and Planetary Interiors, 31, 
277-280.

Banks, C. J. & Warburton, J., 1991. Mid-crustal detachment in the Betic 
system of southern Spain. Tectonophysics, 191, 275-289.

Behrmann, J.H. & Platt, J.P., 1982. Sense of nappe emplacement from quartz 
c-axis fabrics; an example from the Betic Cordilleras (Spain). Earth and 
Planetary Science Letters, 59, 208-215.

Bird, P., 1979. Continental delamination and the Colorado Plateau. Journal of 
Geophysical Research, 84, 7561–7571.

Black, R. & Liégeois, J.-P., 1993. Cratons, mobile belts, alkaline rocks and 
continental lithospheric mantle: the Pan-African testimony. Journal of the 
Geological Society, London,, 150, 89-98.

Blanco, M.J. & Spakman, W., 1993. The P-wave velocity structure of the 
mantle below the Iberian Peninsula: evidence for subduction lithophere 
below southern Spain, Tectonophysics, 221, 13-34.

Bodinier, J.L., Morten, L., Puga, E. & Diaz de Federico, A., 1987. Geochemistry 
of metabasites from the Nevado-Filabride Complex, Betic Cordilleras, 
Spain: Relics of a dismembered ophiolitic sequence. Lithos, 20, 235-245.

Booth-Rea, G., Ranero, C.R, Martínez-Martínez, J.M. & Grevemeyer, I., 2007. 
Crustal types and Tertiary tectonic evolution of the Alborán sea, western 
Mediterranean. Geochemistry Geophysics Geosystems, 8, Q10005, 
doi:10.1029/2007 GC001639

Borghini, G., Fumagalli, P. & Rampone, E., 2009. The stability of plagioclase 
in the upper mantle: subsolidus experiments on fertile and depleted 
lherzolite. Journal of Petrology, 51, 229-254, doi:10.1093/petrology/
egp079.

Briend, M., 1981. Evolution morpho-tectonique du Bassin Néogène de 
Huércal-Overa (Cordillères Bétiques orientales - Espagne, Documents et 
Travaux de l’Institut Geologique Albert de Lapparent (IGAL), 4, 208 pp.

Brouwer, H.A., 1926. Zur Tektonik der Betischen Kordilleren. Geologische 
Rundschau, 17, 332-336.

Buforn, E. & Udías, A., 1991. Focal mechanisms of earthquakes in the Gulf 
of Cadiz, South Spain and Alboran Sea. In: Mezcua, J. & Udías, A. (eds), 
Seismicity, Seismotectonics and Seismic Risk of the Ibero-Maghrebian 
Region, Instituto Geográfico Nacional Monograph, 8, 29-40.

Buforn, E., Bezzeghoud, M., Udías, A. & Pro, C., 2004. Seismic sources on 
the Iberia-African plate boundary and their tectonic implication. Pure and 
Applied Geophysics, 161, 623-646.

Chalouan, A., Saji, R., Michard, A., and Bally, A.W., 1997. Neogene tectonic 
evolution of the southwestern Alboran Basin as inferred from seismic data 
off Morocco. American Association of Petroleum Geologists Bulletin, 81, 
1161–1184.

Channell, J.E.T. & Mareschal, J.C., 1989. Delamination and asymmetric 
lithospheric thickening in the development of the Tyrrhenian Rift. 
In: Coward, M.P., Dietrich, D. & Park R.G. (eds), Alpine Tectonics. 
Geological Society of London Special Publications, 45, 285-300.

Comas, M.C., Dañobeitia, J.J., Alvarez-Marrón, J., & Soto, J.I., 1997. Crustal 
reflections and structure in the Alboran Basin: preliminary results of the 
ESCI-Alboran Survey. Revista de la Sociedad Geologica de España, 8, 
76–88. 

Comas, M.C., García-Dueñas, V. & Jorado, M.J., 1992. Neogene tectonic 
evolution of the Alboran Basin from MCS data. Geo-Marine Letters, 12, 
157-164.

Comas, M.C., Platt, J.P., Soto, J.L. & Watts, A.B., 1999. The origin and 
tectonic history of the Alboran Basin: insights from Leg 161 Results. 
In: Zahn R., Comas, M.C. & Klaus, A. (eds), Proceedings of the ocean 
drilling program, scientific results, 161, 555-580. 

Davies, G.R., Nixon, P.H., Pearson, D.G. & Obata, M., 1993. Tectonic 
implications of graphitized diamonds from the Ronda peridotite massif, 
southern Spain. Geology, 21, 471-474.

Davies, J.H. & von Blanckenburg, F., 1995. Slab breakoff: A model of 
lithosphere detachment and its test in the magmatism and deformation 
of collisional orogens. Earth and Planetary Science Letters, 129, 85-102.

De Jong, K., 1991. Tectono-metamorphic studies and radiometric dating in 
the Betic Cordilleras (SE Spain) - with implications for the dynamics 
of extension and compression in the western Meditarranean area. PhD 
Thesis, Free University Amsterdam, 204 p. 

De Larouzière, F.D., Bolze, J., Bordet, P., Hernández, J., Montenat, C. & Ott 
d’Estevou, P., 1988. The Betic segment of the lithospheric Trans-Alboran 
shear zone during the Late Miocene. Tectonophysics, 152, 41-52.

De Roever, W.P. & Nijhuis, H.J., 1964. Plurifacial alpine metamorphismin the 
eastern Betic Cordilleras (SE Spain) with special reference to the genesis 
of glaucophane. Geologische Rundschau, 53, 324-336.

De Smet, M.E.M., 1984. Wrenching in the External Zone of the Betic 
Cordilleras, southern Spain. Tectonophysics, 107, 57-79.

DeMets, C., Gordon, R. G., Argus, D. F. & Stein, S., 1994. Effect of recent 
revisions to the geomagnetic reversal time scale on estimates of current 
plate motions, Geophysical Research Letters, 21, 2191-2194.

Dewey, J.F., 1988. Extensional collapse of orogens. Tectonics, 7, 1123-1140.
Dewey, J.F., Helman, M.L., Turco, E., Hutton, D.H.W. & Knott, S.D., 1989. 

Kinematics of the western Mediterranean. In: Coward, M.P., Dietrich, 
D. & Park R.G. (eds), Alpine Tectonics. Geological Society of London 
Special Publications, 45, 265-283.

Docherty, J.I.C. & Banda, E., 1992. A note on the subsidence history of the 
northern margin of the Alboran Sea. Geo-Marine Letters, 12, 82–87. 

Docherty, J.I.C., & Banda, E., 1995. Evidence for the eastward migration of 
the Alboran Sea based on regional subsidence analysis: a case for basin 
formation by delamination of the subcrustal lithosphere? Tectonics, 14, 
804–818. 



70 R. L.M. Vissers

Duggen, S., Hoernle, K., Van Den Bogaard, P. & Garbe-Schönberg, D., 
2005. Post-collisional transition from subduction- to intraplate-type 
magmatism in the westernmost Mediterranean: evidence for continental 
edge delamination of subcontinental lithosphere. Journal of Petrology, 46, 
155-1201.

Durand-Delga, M., Rossi P., Olivier P. & Puglisi, D., 2000. Situation structurale 
et nature ophiolitique des roches basiques jurassiques associées aux 
flyschs maghrébins du Rif (Maroc) et de Sicile (Italie). Comptes Rendus 
de l’Académie des Sciences, Ser. II, 331, 29-38.

Egeler, C.G. & Simon, O.J., 1969. Orogenic evolution of the Betic Zone (Betic 
Cordilleras, Spain) with emphasis on the nappe structures. Geologie en 
Mijnbouw, 48, 296-305.

England, P.C. & Houseman, G.A., 1989. Extension during continental 
convergence, with application to the Tibetan plateau. Journal of 
Geophysical Research., 94, 17561-17579.

Fallot, P., Faure-Muret, A., Fontboté, J.M. & Solé Sabaris, L., 1960. Estudios 
sobre las series de Sierra Nevada y la llamada Mischungszone. Boletín 
Instituto Geológico y Minero de España, 71, 347-557.

Frizon de Lamotte, D., Andrieux, J. & Guézou, J-C., 1991. Cinématique des 
chévauchements Néogènes dans l’arc Bético-Rifain: discussion sur les 
modèles géodynamiques. Bulletin de la Societé Géologique de France, 
4, 611-626.

Galindo-Zaldivar, F., Gonzalez Lodeiro, F. & Jabaloy, A., 1989. Progressive 
extensional shear structures in a detachment contact in the western Sierra 
Nevada (Betic Cordilleras, Spain). Geodynamica Acta, 3, 73-85.

García-Dueñas, V., Martinéz, J.M., Orozco, M. & Soto, J.I., 1988. Plis-nappes, 
cisaillements syn- à post-métamorphiques et cisaillements ductiles-
fragiles en distension dans les Nevado-Filabrides (Cordillères bétiques, 
Espagne). Comptes Rendus de l’Académie des Sciences Paris, 307, 1389-
1395.

García-Hernandez, M., Lopez-Garrido, A.C., Rivas, P., Sanz de Galdeano, C. 
& Vera J.A., 1980. Mesozoic palaeogeographic evolution of the external 
zones of the Betic Cordillera. Geologie en Mijnbouw, 59, 155-168.

Geel, T. & Roep, T. B., 1999. Oligocene to Middle Miocene basin development 
in the Velez Rubio Corridor - Espuña (Internal-External Zone boundary; 
Eastern Betic Cordilleras, SE Spain). Geologie en Mijnbouw, 77, 39-61.

Goffé, B., Michard, A., García-Duenas, V., Gonzalez Lodeiro, F., Monié, 
P., Campos, P., Galindo-Zaldivar, F., Jabaloy, A., Martinez, J.M. & 
Simancas J.F., 1989. First evidence of high-pressure, low-temperature 
metamorphism in the Alpujarride nappes, Betic Cordilleras (SE Spain). 
European Journal of Mineralogy, 1, 139-142.

Gomez-Pugnaire, M.T. & Fernandez-Soler, J., 1987. High-pressure 
metamorphism in metabasites from the Betic Cordilleras (S.E.Spain) and 
its evolution during the Alpine orogeny. Contributions to Mineralogy and 
Petrology, 95, 231-244.

Gutscher, M.A., Malod, J., Rehault, J.P., Contrucci, I., Klingelhoefer, F., 
Mendes-Victor, L. & Spakman, W., 2002. Evidence for active subduction 
beneath Gibraltar. Geology, 30, 1071-1074.

Hebeda, E.H., Boelrijk, N.A.I.M., Priem, H.N.A. & Verdurmen Th., 1980. 
Excess radiogenic Ar and undisturbed Rb-Sr systems in basic intrusives 
subjected to Alpine metamorphism in SE Spain. Earth and Planetary 
Science Letters, 47, 81-90.

Hermes, J.J., 1978. The stratigraphy of the Subbetic and southern Prebetic of 
the Velez Rubio - Caravaca area and its bearing on transcurrent faulting 
in the Betic Cordilleras of southern Spain. Verhandelingen Koninklijke 
Nederlandse Akademie van Wetenschappen, 81, 1-54.

Hernandez, J., de Larouzière, F.D., Bolze, J. & Bordet P., 1987. Le magmatisme 
Néogène bético-rifain et le couloir de décrochement Trans-Alboran. 
Bulletin de la Société Géologique de France, 3, 257-267. 

Houseman, G.A., McKenzie, D.P. & Molnar, P., 1981. Convective instability 
of a thickened boundary layer and its relevance for the thermal evolution 
of continental convergence belts. Journal of Geophysical Research, 86, 
6115-6132.

Jabaloy, A., 1993. La estructura de la región occidental de la Sierra de los 
Filabres (Cordilleras Béticas). Monografica Tierras del Sur, Granada, 200 
pp.

Jabaloy, A., Galindo-Zaldívar, J. & González –Lodeiro, F., 1992. The Mecina 
Extensional System: its relation with the post Aquitanian piggy-back 
Basins and the paleostresses evolution (Betic Cordilleras, Spain). Geo-
Marine Letters, 12, 96-103.

Jabaloy, A., Galindo-Zaldívar, J. & González-Lodeiro, F., 1993. The 
Alpujarride - Nevado-Filabride extensional shear zone, Betic Cordillera, 
SE Spain. Journal of Structural Geology, 15, 555-570.

Johnson, C., 1993. Contrasted thermal histories of different nappe complexes 
in S.E. Spain: evidence for complex crustal extension. In: Séranne, M. & 
Malavielle, J. (eds), Late Orogenic Extension in Mountain Belts. Doc. 
Bureau des Recherches Géologiques et Mineralogiques de France, 219, 
103. 

Johnson, C., Harbury, N. & Hurford, A. J., 1997. The role of extension in the 
Miocene denudation of the Nevado-Filabride Complex, Betic Cordillera 
(SE Spain). Tectonics, 16, 189-204.

Langenberg, C.W., 1972. Polyphase deformation in the eastern Sierra de los 
Filabres north of Lubrín, SE Spain. PhD Thesis, University of Amsterdam, 

81 pp.
Leblanc, D., & Olivier P., 1984. Role of strike-slip faults in the Betic-Rifian 

Orogeny, Tectonophysics, 101, 345-355.
Lenoir, X., Garrido, C. J., Bodinier, J.-L., Dautria, J. M. & Gervilla, F., 2001. 

The recrystallization front of the Ronda peridotite: evidence from melting 
and thermal erosion of subcontinental lithosphere mantle beneath the 
Alboran basin. Journal of Petrology, 42, 141-158. 

Lonergan, L., 1993. Timing and kinematics of deformation in the Malaguide 
Complex, Internal Zone of the Betic Cordillera, southeast Spain. 
Tectonics, 12: 460-476.

Lonergan, L. & Platt, J. P., 1995. The Malaguide-Alpujarride boundary: a major 
extensional contact in the Internal Zone of the eastern Betic Cordillera, SE 
Spain, Journal of Structural Geology, 17, 1655-1671.

Lonergan, L., Platt J.P. & Gallagher L., 1994. The Internal-External Zone 
Boundary in the eastern Betic Cordillera, SE Spain. Journal of Structural 
Geology, 16, 175-188.

Lonergan, L. & White, N., 1997. Origin of the Betic-Rif mountain belt. 
Tectonics, 16, 504-522.

Loomis, T.P., 1972. Contact metamorphism of pelitic rocks by the Ronda 
ultramafic intrusion, southern Spain. Geological Society of America 
Bulletin, 83, 2475-2496.

Loomis, T.P., 1975. Tertiary mantle diapirism, orogeny, and plate tectonics east 
of the Strait of Gibraltar. American Journal of Science, 275, 1-30.

Lourens, L. J., Hilgen, F. J., Laskar, J., Shackleton, N. J. & Wilson, D., 
2004. The Neogene period. In: Gradstein, F., Ogg, J. & Smith, A. (eds), 
A Geologic Time Scale 2004. Cambridge University Press, Cambridge, 
409-440.

Lundeen, M.T., 1978. Emplacement of the Ronda peridotite, Sierra Bermeja, 
Spain. Geological Society of America Bulletin, 89, 172-180.

Maldonado, A., Campillo, A.C., Mauffret, A., Alonso, B., Woodside, J., & 
Campos, J., 1992. Alboran Sea late Cenozoic tectonic and stratigraphic 
evolution. Geo-Marine Letters, 12, 179–186.

Martín-Algarra, A., 1987. Evolucion geologica Alpina del contacto entre las 
zonas internas y las zonas externas de la Cordillera Betica. Tesis Doctoral, 
Granada, vol 1 & 2, 1171 pp.

Martínez-Martínez, J. M., & Azañón, J.-M., 1997. Modes of extensional 
tectonics in the southeastern Betics (SE Spain): Implications for the 
tectonic evolution of the peri-Alborán orogenic system. Tectonics, 16: 
205-225. 

Martínez-Martínez, J.M., 1986. Evolucion tectono-metamorfica del complejo 
Nevado-Filábride en el sector de unión entre Sierra Nevada y Sierra de los 
Filabres (Cordilleras Béticas), Cuadernos Geológicos de la Universidad 
de Granada, 13, 1-194.

Mauffret, A., El-Robrini, M. & Gennesseaux, M., 1987. Indice de la 
compression récente en mer Méditerranée: un bassin losangique sur la 
marge nor-algérienne. Bulletin de la Société Géologique de France, 8, 
1195–1206. 

Mauffret, A., Maldonado, A. & Campillo, A.C., 1992. Tectonic framework of 
the Eastern Alboran and Western Algerian Basins, Western Mediterranean. 
Geo-Marine Letters, 12, 104–110. 

Meijninger, B. M. L., 2006. Late-orogenic extension and strike-slip 
deformation in the Neogene of southeastern Spain. PhD Thesis, Utrecht 
University, 250 pp.

Meijninger, B.M.L. & Vissers, R.L.M., 2006. Miocene extensional basin 
development in the Betic Cordillera, SE Spain revealed through analysis 
of the Alhama de Murcia and Crevillente Faults. Basin Research, 18, 547–
571, doi: 10.1111/j.1365-2117.2006. 00308.x

Meijninger, B.M.L. & Vissers, R.L.M., 2007. Thrust-related extension in the 
Prebetic (Southern Spain) and closure of the North Betic Strait. Revista de 
la Sociedad Geológica de España, 20, 153-170.

Ménard, G. & Molnar, P., 1988. Collapse of a Hercynian Tibetan Plateau into 
a Late Paleozoic European Basin and Range province. Nature, 334, 235-
237.

Molnar, P. & Lyon-Caen, H., 1988. Some simple physical aspects of the 
support, structure, and evolution of mountain belts. Geological Society of 
America Special Paper, 218, 179-207.

Monié, P., Galindo-Zaldivar, J., Gonzalez Lodeiro, F., Goffé, B. & Jabaloy, 
A., 1991. 40Ar/39Ar geochronology of Alpine tectonism in the Betic 
Cordilleras (southern Spain). Journal of the Geological Society London, 
148, 289-297.

Montenat, C. & Ott d’Estevou, P., 1990. Eastern Betic Neogene basins - 
A review. Documents et Travaux de l’Institut Geologique Albert de 
Lapparent (IGAL), 12-13, 9-15.

Montenat, C. & Ott d’Estevou, P., 1999. The diversity of Late Neogene 
sedimentary basins generated by wrench faulting in the Eastern Betic 
Cordillera, SE Spain. Journal of Petroleum Geology, 22, 61-80.

Montenat, C., Ott d’Estevou, P. & Masse, P., 1987. Tectonic-sedimentary 
characters of the Betic Neogene basins evolving in a crustal transcurrent 
shear zone (SE Spain). Bulletin Centre de Recherche Exploration et 
Production Elf Aquitaine, 11, 1-22.

Mora-Gluckstadt, M., 1993. Tectonic and Sedimentary analysis of the Huercal-
Overa region, South East Spain, Betic Cordillera, PhD Thesis, Oxford, 
300 pp.



A lithospheric view on the AlborAn system of sw europe 71

Morales, J., Vidal, F., de Miguel, F., Alguacil, G., Posadas, A.M., Ibañez, J.M., 
Guzman, A. & Guirao, J.M., 1990. Basement structure of the Granada 
basin, Betic Cordilleras, Southern Spain. Tectonophysics, 177, 337-348.

Morel, J.L. & Meghraoui, M., 1996. Gorringe-Alboran-Tell tectonic zone: a 
transpression system along the Africa-Eurasia plate boundary. Geology, 
24, 755–758.

Morten, L. & Puga, E., 1984. Blades of olivines and orthopyroxenes in 
ultramafic rocks from the Cerro del Almirez, Sierra Nevada Complex, 
Spain: Relics of quench-textured harzburgites? Neues Jahrbuch der 
Mineralogie Monatshefte, 5, 211-218.

Negredo, A.M., Bird, P., Sanz de Galdeano, C. & Buforn, E., 2002. Neotectonic 
modeling of the Ibero-Maghrebian region. Journal of Geophysical 
Research, 107, 2292. doi:10.1029/2001JB000743

Nijhuis, H.J., 1964. Plurifacial Alpine metamorphism in the southeastern 
Sierra de los Filabres south of Lubrín, SE Spain. PhD Thesis, Amsterdam, 
151 pp.

Obata, M., 1980. The Ronda peridotite: Garnet-, spinel- and plagioclase-
lherzolite facies and the PT trajectory of a high temperature mantle 
intrusion. Journal of Petrology, 21, 533-572. 

Olivier, P., 1984. Evolution de la limite entre zones internes et zones externes 
dans l’Arc de Gibraltar. PhD Thesis, University of Toulouse, 229 pp.

Ott d’Estevou, P. & Montenat, C., 1990. Le bassin de Sorbas-Tabernas. 
Documents et Travaux de l’Institut Geologique Albert de Lapparent 
(IGAL), 12-13, 101-128.

Pearce, J.A., Bender, J.F., De Long, S.E., Kidd, W.S.F., Low, P.J., Güner, Y., 
Saroglu, F., Yilmaz, Y., Moorbath, S. & Mitchell, J.G., 1990. Genesis 
of collision-related volcanism in Eastern Anatolia, Turkey. Journal of 
Volcanological and Geothermal Research, 44, 189-229.

Pearson, D.G., Davies, G.R., Nixon, P.H. & Milledge H.J., 1989. Graphitized 
diamonds from a peridotite massif in Morocco and implications for 
anomalous diamond occurrences. Nature, 338, 60-62.

Platt, J. P. & Behrmann, J.H., 1986. Structures and fabrics in a crustal-scale 
shear zone, Betic Cordillera, SE Spain. Journal of Structural Geology, 8, 
15-34.

Platt, J. P. & England, P.C., 1994. Convective removal of lithosphere beneath 
mountain belts: Thermal and mechanical consequences. American Journal 
of Science, 294, 307-336.

Platt, J. P., Allerton, S., Kirker, A., Mandeville, C., Mayfield, A., Platzman, 
E. S. & Rimi, A., 2003a. The ultimate arc: Differential displacement, 
oroclinal bending, and vertical axis rotation in the External Betic-Rif arc. 
Tectonics, 22, 3, 1017, doi:10.1029/2001TC001321.

Platt, J. P., Argles, T. W., Carter, A., Kelley, S. P., Whitehouse, M. J. & 
Lonergan, L., 2003b. Exhumation of the Ronda peridotite and its crustal 
envelope: constraints from thermal modelling of a P-T-time array. Journal 
of the Geological Society, London, 160, 655-676. 

Platt, J.P. & Vissers, R.L.M., 1980. Extensional structures in anisotropic rock. 
Journal of Structural Geology, 2, 397-410.

Platt, J.P. & Vissers, R.L.M., 1989. Extensional collapse of thickened 
continental lithosphere: A working hypothesis for the Alboran Sea and 
Gibraltar Arc. Geology, 17, 540-543.

Platt, J.P. & Whitehouse, M.J., 1999. Early Miocene high-temperature 
metamorphism and rapid exhumation in the Betic Cordillera (Spain): 
evidence from U – Pb zircon ages. Earth and Planetary Science Letters, 
171, 591- 605. 

Platt, J.P., 1986. Dynamics of orogenic wedges and the uplift of high-pressure 
metamorphic rocks. Geological Society of America Bulletin, 97, 1037- 
1053. 

Platt, J.P., Behrmann, J.H., Martinez, J-M. & Vissers, R.L.M., 1984. A zone of 
mylonite and related ductile deformation beneath the Alpujarride nappe 
complex, Betic Cordilleras, S Spain. Geologische Rundschau, 73, 773-
785. 

Platt, J.P., Kelley, S.P., Carter, A. & Orozco, M., 2005. Timing of tectonic 
events in the Alpujárride Complex, Betic Cordillera, S. Spain. Journal of 
the Geological Society London, 162, 1-12. 

Platt, J.P., Soto, J.-I., Whitehouse, M.J., Hurford, A.J. & Kelley, S.P., 1998. 
Thermal evolution, rate of exhumation, and tectonic significance of 
metamorphic rocks from the floor of the Alboran extensional basin, 
western Mediterranean. Tectonics, 17, 671 – 689. 

Platt, J.P., van den Eeckhout, B., Janzen, E., Kohnert, G., Simon, O.J. & 
Weijermars, R., 1983. The structure and tectonic evolution of the Aguilón 
fold-nappe, Sierra Alhamilla, Betic Cordilleras, SE Spain. Journal of 
Structural Geology, 5, 519-538.

Platzman, E.S. & Platt, J. P., 2004. Kinematics of a twisted core complex: 
oblique axis rotation in an extended terrane (Betic Cordillera, southern 
Spain). Tectonics, 23, TC6010, doi:10.1029/2003TC001549. 

Platzman, E.S., 1992. Paleomagnetic rotations and the kinematics of the 
Gibraltar arc. Geology, 20, 311-314.

Platzman, E.S., Platt J.P. & Olivier, P., 1993. Palaeomagnetic rotations and 
fault kinematics in the Rif arc of Morocco. Journal of the Gelogical 
Society London, 150, 707-718.

Precigout, J., Gueydan, F., Gapais, D., Garrido, C. J. & Essaifi, A., 2007. Strain 
localization in the subcontinental mantle, a ductile alternative to the brittle 
mantle. Tectonophysics, 445, 318-336. 

Priem, H.N.A., Boelrijk, N.A.I.M., Hebeda, E.H. & Verschure, R.H., 1966. 
Isotopic age determinations on tourmaline granite-gneisses and a 
metagranite in the eastern Betic Cordilleras (southeastern Sierra de los 
Filabres), SE Spain. Geologie en Mijnbouw, 45, 184-187.

Priem, H.N.A., Hebeda, E.H., Boelrijk, N.A.I.M., Verdurmen, Th. & Oen I.S., 
1979. Isotopic dating of the emplacement of the ultramafic masses in the 
Serrania de Ronda, Southern Spain. Contributions to Mineralogy and 
Petrology, 61, 103-109.

Puga, E. & Diaz de Federico, A., 1978. Metamorfísmo polifásico y 
deformaciones alpínas en el Complejo de Sierra Nevada (Cordillera 
Bética): Implicaciones geodinámicas. Proc. Reunion sobre la Geodinámica 
de la Cordillera Bética y Mar de Alborán, Univ. Granada, 79-111.

Puga, E., 1971. Investigaciones petrológicas en Sierra Nevada occidental 
(Cordilleras Béticas, España). PhD Thesis, Granada, 257 pp.

Puga, E., Diaz de Federico, A., Fediukova, E., Bondi, M. & Morten, L., 1989. 
Petrology, geochemistry, and metamorphic evolution of the ophiolitic 
eclogites and related rocks from the Sierra Nevada (Betic Cordilleras, 
southeastern Spain). Schweizerische Mineralogische und Petrographische 
Mitteilungen, 69, 435-455.

Royden, L.H., 1993. Evolution of retreating subduction boundaries formed 
during continental collision, Tectonics, 12, 629-638.

Sánchez-Rodríguez, L., 1998. Pre-Alpine and Alpine evolution of the 
Ronda Ultramafic Complex and its country-rocks (Betic chain, southern 
Spain): U–Pb SHRIMP zircon and fission-track dating. PhD Thesis, 
Eidgenössischen Technischen Hochschule Zürich.

Sánchez-Vizcaíno, V.L., Gómez-Pugnaire, M.T., & Fernández-Soler J.M., 
1991. Petrological features of some Alpujarride mafic bodies from 
the Sierra Almagro (Betic Cordilleras, Spain). Revista de la Sociedad 
Geologica de España, 4, 321-336.

Sanz de Galdeano, C. & Vera, J.A., 1992. Stratigraphic record and 
palaeogeographical context of the Neogene basins in the Betic Cordillera, 
Spain. Basin Research, 4, 21-36.

Seber, D., Barazangi, M., Ibenbrahim, A. & Demnati, A., 1996. Geophysical 
evidence for lithospheric delamination beneath the Alboran Sea and Rif-
Betic mountains. Nature, 379, 785-790.

Spakman, W. & Wortel, R., 2004. A tomographic view on Western Mediterranean 
Geodynamics. In: Cavazza, W., Roure, F., Spakman, W., Stampfli, G. M. 
& Ziegler, P. (eds), The Transmed Atlas, The Mediterranean Region from 
Crust to Mantle. Berlin, Heidelberg, New York: Springer, 31-52. 

Stich, D., Ammon, C. J. & Morales, J., 2003. Moment tensor solutions for 
small and moderate earthquakes in the Ibero-Maghreb region, Journal of 
Geophysical Research, 108, B3, 2148, doi :10.1029/ 2002 JB002057. 

Tendero, J.A., Martín-Algarra A., Puga E. & Diaz de Federico, A., 1993. 
Lithostratigraphie des métasédiments de l’association ophiolitique 
Nevado-Filabride (SE Espagne) et mise en évidence d’objets ankéritiques 
évoquants des foraminifères planctoniques du Crétacé: conséquences 
paléogéographiques. Comptes Rendus de l’Académie des Sciences Paris, 
316, 1115-1122.

Torres Roldán, R.L., 1979. The tectonic subdivision of the Betic zone (Betic 
Cordilleras, southern Spain): its significance and one possible geotectonic 
scenario for the westernmost Alpine belt. American Journal of Science, 
279, 19-51.

Torres Roldán, R.L., 1981. Plurifacial metamorphic evolution of the Sierra 
Bermeja peridotite aureole (Southern Spain). Estudios Geologicos, 37, 
115-133.

Torres Roldán, R.L., Poli, G. & Peccerillo, A., 1986. An early Miocene 
arc-tholeiitic magmatic dike event from the Alboran sea - evidence 
for precollisional subduction and back-arc crustal extension in the 
westernmost Mediterranean. Geologische Rundschau, 75, 219-234.

Tubía, J. M. & Gil Ibarguchi, J.L., 1991. Eclogites of the Ojen nappe: a record 
of subduction in the Alpujárride complex (Betic Cordilleras, southern 
Spain). Journal of the Geological Society London, 148, 801-804.

Tubía, J. M., 1988. Estructural de los Alpujárrides occidentales: Cinemática y 
condiciones de emplazimiento de las peridotitas de Ronda, Publicaciones 
especiales del Boletín geológico y minero, 99, 1-124. 

Tubía, J. M., Cuevas, J., Navarro-Vilá, F., Alvarez, F. & Aldaya, F., 1992. 
Tectonic evolution of the Alpujárride Complex (Betic Cordillera, Southern 
Spain). Journal of Structural Geology, 14, 193-204. 

Tubía, J.M. & Cuevas, J., 1986. High temperature emplacement of the Los 
Reales peridotite nappe (Betic Cordillera, Spain). Journal of Structural 
Geology, 8, 473-482.

Turner, S.P., Platt, J.P., George, R.M.M., Kelley, S.P., Pearson, D.G. & Nowell, 
G.M., (1999). Magmatism associated with orogenic collapse of the Betic-
Alboran Domain, SE Spain. Journal of Petrology, 40, 1011-1036. 

Van Bemmelen, R.W., 1969. Origin of the western Mediterranean Sea. 
Geologie en Mijnbouw, 26, 13-52.

Van der Beek, P. A. & Cloetingh, S.A.P.L., 1992. Lithospheric flexure and the 
tectonic evolution of the Betic Cordilleras (SE Spain). Tectonophysics, 
203, 325-344. 

Van der Wal, D. & Vissers, R. L. M., 1996. Structural petrology of the Ronda 
peridotite, SW Spain: deformation history. Journal of Petrology, 37, 23-
43. 



72 R. L.M. Vissers

Van der Wal, D. & Vissers, R.L.M., 1993. Uplift and emplacement of upper 
mantle rocks in the western Mediterranean, Geology, 21, 1119-1122.

Van der Wal, D., 1993. Deformation processes in mantle peridotites, with 
emphasis on the Ronda peridotite of SW Spain. PhD Thesis, Utrecht 
University, 180 pp.

Vissers, R.L.M., 1981. A structural study of the central Sierra de los Filabres 
(Betic Zone, SE Spain) with emphasis on deformational processes and 
their relation to the alpine metamorphism. PhD Thesis, University of 
Amsterdam, 154 pp.

Vissers, R.L.M., Platt, J.P. & van der Wal, D., 1995. Late orogenic extension 
of the Betic Cordillera and the Alboran domain: A lithospheric view. 
Tectonics, 14: 786-803.

Watts, A.B., Platt, J.P. & Buhl, P., 1993. Tectonic evolution of the Alboran Sea 
basin, Basin Research, 5: 153-177.

Westerhof, A.B., 1977. On the contact relations of high-temperature peridotites 
in the Serrania de Ronda, Southern Spain. Tectonophysics, 39, 579-591.

Westra, G., 1969. Petrogenesis of a composite metamorphic facies series in 
an intricate fault zone in the southeastern Sierra Cabrera, SE Spain. PhD 
Thesis Amsterdam, 166 pp.

Weijermars, R., Roep, Th.B., Van den Eeckhout, B, Postma, G. & Kleverlaan, 
K., 1985. Uplift history of a Betic fold nappe inferred from Neogene-
Quaternary sedimentation and tectonics (in the Sierra Alhamilla and 
Almeria, Sorbas and Tabernas Basins of the Betic Cordilleras, SE Spain). 
Geologie en Mijnbouw, 64, 397-411.

Wildi, W., 1983. La chaine tello-rifaine (Algérie, Maroc, Tunisie): Structure, 
stratigraphie et évolution du Trias au Miocène. Revue de Géologie 
Dynamique et de Géographie Physique, 24, 201-297. 

Woodside, J.M. & Maldonado, A., 1992. Styles of compressional neotectonics 
in the Eastern Alboran Sea. Geo-Marine Letters, 12, 111–116. 

Wortel, M.J.R. & Spakman, W., 1992. Structure and dynamics of subducted 
lithosphere in the Mediterranean region. Verhandelingen Koninklijke 
Nederlandse Akademie van Wetenschappen, 95, 325-347. 

Wortel, M.J.R. & Spakman, W., 2000. Subduction and slab detachment in the 
Mediterranean-Carpathian region. Science, 290, 1910-1917. 

Zeck, H. P., Monié, P., Villa, I.M. & Hansen, B.T., 1992. Very high rates of 
cooling and uplift in the Alpine belt of the Betic Cordilleras, southern 
Spain. Geology, 20, 79-82. 

Zeck, H.P., Albat, F., Hansen, B.T., Torres-Roldán, R.L., García-Casco, A. 
& Martín-Algarra, A., 1989. A 21 ± 2 Ma age for the termination of the 
ductile Alpine deformation in the internal zone of the Betic Cordilleras, S. 
Spain. Tectonophysics, 169, 215-212.

Zindler, A., Staudigel, H., Hart, S.R., Endres, R. & Goldstein S., 1983. Nd and 
Sr isotopic study of a mafic layer from Ronda ultramafic complex. Nature, 
304, 226-230.

Manuscript received 11.07.2011, accepted in revised form 20.10.2011, 
available online 15.11.2011


